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INTRODUCTION 

To obtain exact information on the processes of metabolism in 

single-celled organisms, and particularly the Protozoa, experi- 

mental procedure must be based upon simple, well defined and 

reproducible conditions, so that the work may be repeated and 

verified. Attempts to fulfill this requirement are subject to the 
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2 E. J. LUND 

danger that the conditions may become so artificial as not to war- 
rant conclusions concerning what occurs under usual (‘normal’) 

conditions of the organism. Nevertheless, a certain degree of 
simplicity may often be obtained in the conditions of experimenta- 

tion and yet coincide with the usual conditions of a varied en- 

vironment to a sufficient degree so that the results give a definite 

answer to questions which are directed toward finding out what 
the principles are which underlie the processes. The following 

experiments have been carried out with an BAIS to fulfill 

the above requirements. 
In a previous paper (Lund 714) some of the most important 

external relations of Bursaria to food have been presented, in- 

cluding a demonstration of a selective extrusion among the food 

vacuoles. 
The following paper deals with the processes which take place 

in the food vacuole, and with the conditions under which it 

exists as an active system in this unicellular animal. 

Proteins, fats, and carbohydrates in the form of starches are 

present in the material eaten by Bursaria, as may easily be de- 

tected by direct observation or by: the aid of microchemical 

tests. Protein in the form of other living ciliates, flagellates, 

etc., is taken in and digested. Many of these Protozoa which 

serve as food contain fat globules and starch or amylum grains, 

and hence all three food substances may at times be found present 

in the cytoplasm of Bursaria from flourishing cultures. 

Since there is disagreement between results of different investi- 

gators, working with the same Infusoria; but more particularly 

because there are indications that similar forms among these 

animals differ in their food metabolism, the statements here 
made refer only to Bursaria and may or may not be valid for 

others, except where specifically stated. 
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MATERIAL AND METHODS 

Simple types of the three classes of food were found in lipoid- 

free egg yolk (vitellin), pure olein, and starch grains of various 

kinds. Potato starch was the most serviceable because grains of 

a very uniform size can be obtained by repeated decantation of — 

a suspension, and hence results may be expressed quantitatively 

in terms of unit volume. Fresh hard boiled yolk—a combina- 
tion, chiefly, of lipoids and protein—was also used. Olive oil 

of the best grade obtainable gave the same results as prepared 

olein. ~** 

From the yolk of the hen’s egg was prepared a protein (vitellin) 

that was perfectly lipoid-free, so far as could be determined; 

this was done as follows: An egg was boiled to hardness (15-20 

minutes), and the granular portion of the yolk was kneaded 

gently to a moist, fine, floury pulp. This was placed loosely ina 

Soxhlet apparatus and extracted with an alcohol-ether mixture, 

for eight to ten hours; in this way the fat and lecithin were re- 
moved. The vitellin was then washed several times with fresh 

alcohol-ether mixture, removed from the Soxhlet and while still 

moist, gently kneaded to a fine white powder. This was left to 

dry at 25°C. for twenty-four hours. After drying was completed 

the residue was gently rubbed between sheets of filter-paper. 

When the steps mentioned above were carefully carried out, the 

grains of vitellin were found to be separated. This white dry 

powder was kept in a dry bottle in a cool place, and used as a 

food stock. 

When the animals were to be fed, a suspension of the powder 

was made in tap or distilled water and rubbed up; then left to 

settle, and the supernatant liquid with the smaller particles was 

poured off. This process of separating the smaller grains from 

the larger ones was repeated until a perfectly clear suspension 

‘ of the protein replicas of the uniform hard-boiled grains was 

obtained. 
It is important to note that some eggs yield much more uni- 

form yolk grains after boiling, than others. Only those eggs 

were used in this work which were satisfactory in this respect. 
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It seems highly probable from the results, that all traces of 

lecithin and fat had been removed by this method. Cold ether 

or cold alcohol extraction alone is not sufficient to remove all the 
lipoid content from hard boiled yolk. This will appear from 

results (p. 29) of experiments in which such vitellin grains were 
used. 
By this method of preparation, lipoid-free vitellin may be ob- 

tained in very uniform grains, and this permits one to fulfill a 

condition most important for precise experimentation. One 

can feed definite unit quantities to a single cell} and this makes 

it possible to attack a number of questions regarding metabolism 

that would otherwise be inaccessible, and to express the results 

in quantitative terms. 

Fresh hard-boiled yolk served as a protein-lipoid diet, which 

could be fed in the same way, for the vitellin grains’ are simply 

the protein matrix of the fresh hard boiled yolk grains in which 

the lipoids and any other alcohol-ether soluble substances are 

imbedded. 
There is, of course, no means of knowing whether the vitellin 

of the unextracted yolk grain does not undergo change during 

ether-alcohol extraction; but the fact (demonstrated by the 
experiments) that in the food vacuole digestion of the protein 

in these two forms occurs in the same way and with about equal 

readiness, shows that the process of fat extraction does not alter 
the chemical or physical nature in such a way as to interfere with 

the digestion and resorption of the vitellin. 
In all the experiments where necessary, the animals were 

placed in 500 ce. of tap water twenty-four hours previous to 

feeding. The result of this was that the food and débris con- 

tained in the cell had been discharged during the twenty-four 

hours of starvation, and hence a cell with perfectly clear cyto- 
plasm was obtained for the experiments. By this means a parti- 

cularly desirable uniformity in physiological condition of the 
organisms was obtained. The material was from the same wild 

stock cultures as that used in the experiments reported in my 

earlier paper. 
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In most of the experiments the organisms were fed singly, 

and large numbers were used, so that any individual variations 
play a minor part, if any, in the final results. 

Where temperature regulation was necessary the experiments 

were carried on in an oven kept constant to within 1.5°C. 

TO WHAT EXTENT CAN YOLK BE CONSIDERED A FOOD FOR 
BURSARIA 

As yet it has not become possible to propagate pure races of 

‘Bursaria from single individuals, or in culture, by feeding it an 

artificial diet of vitellin or fresh yolk; so that it must be re- 

membered in conjunction with the facts presented at this time, 

that the full requirements for the maintenance of life and re- 

production have not been fully satisfied, and to this extent the 

ideal conditions have not been met. 

But to prove that vitellin and fresh yolk are drawn upon for 
the energy requirements and growth of the cell Experiment I is 
given: 

Experiment 1. Three sets of 74 individuals each were starved in tap 
water for 24 hours. Set A was fed with fresh hard boiled yolk in suspen- 
sion prepared as described above. Set B was fed vitellin; while Set C was 
not fed. Each individual in the three sets was left to eat as much as it 
would in 20 minutes. They were then picked out and washed once in tap 
water which had been boiled, from this they were removed to watch glasses 
each containing 2 cc. of boiled tap water. The water was boiled in order 
to kill any bacteria, or other organisms sometimes present in small 
numbers in the tap water. Two individuals were placed in each watch 
glass and these were set m moist chambers which were kept side by side. 
There was therefore no difference in the temperature at which the three 
sets remained during the experiment, although a daily fluctuation in 
temperature of 4 or 5°C. occurred. Such variation, however, does not 
affect the results of the experiment for the particular end in view. It 
was found that after feeding twenty minutes nearly all of those in the 
fresh yolk suspension (A) had eaten large quantities, while those in the 
vitellin suspension (B) had on the average not eaten so large a number of 
‘grains as those in the fresh yolk suspension, although in both Set A and 
Set B, each individual had eaten more than one grain. All the indi- 
viduals in the three sets were treated identically except in feeding. 
All were normal and active at the beginning of the experiment. At the 
end of every 24 hours detailed records were taken for each individual, 
as to whether it had a normal form or had undergone dedifferentiation— 
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which is under many conditions a typical reaction—and if the latter 
were the case, to what extent it bad proceeded. Death was taken to 
have occurred when the cell had ceased to move and began to disinte- 
grate. In this way a record of the effects of the food on the maintenance 
of form, degree of activity and length of life, was obtained, so that from 
these the means can be taken and compared. 

To save space, instead of giving the detailed results in the 

form of tables they are given by curves and averages. Curves 

A, B and C of figure 1 represent for the three sets respectively, 

the longevity or death rate. Points on the abscissa indicate the 
time in hours, while points on the ordinate represent the number 

of individuals which were still alive at the time the record was 

taken. 

The curves A and B of Sets A and B respectively, show clearly 
(1) that the yolk and vitellin had a definite effect in prolonging 

the life of the cell. The relation of curves A and B to each other 

will become clearer when we have considered later experiments 

(p. 28) which show, other things being equal, that we should 

expect longer life from individuals fed both lipoids and protein. 

By comparing the average length of life in the three sets we find 

that Set A lived 4.98, Set B, 5.39 and Set C 3.20 days. Sets A 

and B, therefore, lived on the average about two days longer than 

the unfed Set C. (2) The vitellin grains underwent total di- 

gestion and resorption in most cases, while the fresh yolk grains 

were generally only partially digested, this was especially the 
case where more than 2 or 3 grains were eaten. (3) The animals 

which had been fed were on the average more vigorous than 

those of Set C. (4) The animals of Set A grew to be larger in 

most cases than those of either Set B, or Set C. Many of Set 
A became twice as large as those of Set C, while those fed vitellin 

were on the average larger than any of Set C. The maximum 

size was reached about thirty-six hours after feeding. 

There can therefore be no question but that both the fresh 

yolk and the vitellin entered into the chain of metabolic proc- 

esses and were in part at least, drawn upon by the cell for its 

energy requirement. But very few of the organisms divided. 

Whether yolk or vitellin is a sufficient diet for cell division as 
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8 B.S. LOND 

well as for growth can not be answered at present. But for the 

questions dealt with in the present paper the important fact to 

establish is that the yolk or vitellin can be drawn upon for the 
energy requirements and growth of Bursaria. 

PROTEIN. DIGESTION 

1. The food vacuole; formation and physical changes 

The passage of the grain into the body is brought about par- 

tially by ciliary action at the base of the buccal pouch; but large 

grains or masses of food are pushed through the base of the gullet 

and into the endoplosm, by what seem to be contractions of the 

wall of the base of the gullet, and also apparently by activity of 

the endoplasm about the gullet behind the food. During this 
process of swallowing, a liquid comes to be included about the 

food so that when the vacuole separates from the base of the 

gullet liquid surrounds the yolk grain. 

Where does the liquid enclosed with the grain come from? 
Part of it is derived from the external medium, as is readily 

determined by direct observation of the process of swallowing. 
But the liquid in the vacuole, when the latter is separated from 

the base of the gullet, is likewise partially made up of an acid 

secretion from the cytoplasm of the lower portion of the gullet, 

as will be demonstrated below. When the vacuole has formed 

it is usually carried toward the middle of the cell and may remain 

practically stationary, especially if it is large. If movement 

takes place, which is nearly always the case when the vacuole 

is small, then the vacuole may traverse any part of the cyto- 

plasm, and in any direction. In Bursaria there is no such regu- 

larity in the course of the food vacuole as has been described for 

Paramecium by Nirenstein (’05); and for Carchesium by Green- 

wood (’94). Often digestion and resorption begin and are 

completed in one and the same place, without any circulation of 

the vacuole. Residues are extruded from a small area on the 
dorsal side of the body. 

The first visible change which takes place is the absorption of 

the liquid which has been enclosed with the grain during the 
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formation of the vacuole. This is always definite and can 

generally be readily observed and followed throughout the 
process. This is exemplified by the following experiment: 

Experiment IT. Single normal individuals which had been placed 
in tap water 24 hours previously, were each fed a single grain of fresh 
yolk and the time interval noted between the separation of the vacuole 
from the base of the gullet and the point of complete disappearance of 
the liquid about the yolk grain. 

Table 1 shows records from ten individuals each fed one grain. 

From the table it will be seen that the duration of the process is 

relatively uniform. The point when all the liquid about the 

grain has been absorbed was determined to within about thirty 

seconds. 
TABLE 1 

Experiment II 

INDIVIDUAL NUMBER 1 | 2) 3 4 | 5 5} Gi [3 | 9 0 10° AVERAGE 

L 

Number of minutes for resorption of AG al 

liquid about yolk grain............ 4 | 33 3 43) 7 f+] 33 5 | 4.45 

When more than one grain is enclosed in the vacuole the same 

process of absorption takes place, following the separation of the 

vacuole from the base of the gullet; the vacuole membrane be- 
coming closely applied to the surface of the grains as is shown in 

figure 2. 
Different vacuoles in the same cell are quite independent as 

to the absorption of fluid. To illustrate, figure 3 is given. Here 

the new vacuole contained a comparatively large amount of liquid 

about the grain (in most cases the quantity of liquid is less), 

and came to be located close to an older vacuole in which the 

process of digestion of a Paramecium had practically been com- 
pleted, and which contained a considerable quantity of liquid. 

The vacuole containing the digested Paramecium was unaffected 

in size by the absorption of the liquid about the yolk grain in 

the newly formed vacuole. 

An explanation on the basis of osmotic relations within the 

cytoplasm and in the vacuoles, assuming the vacuole membrane 
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to remain in a uniform condition, might perhaps account for the 

visible difference in the vacuoles in this and similar cases. But 

a conception of this process may more properly be obtained if we 

Ke, 
) 
mer 
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eel 
eS e, POO fy? 

Fig. 2 Shows the resorption of the liquid included with the yolk grains during 

formation of the vacuole. A, food vacuole just separated from base of gullet; 

B, the same, five minutes after separation. 
Fig. 3 Showing the independence of vacuoles with respect to resorption of 

liquid contents. The larger vacuole containing a partially digested Paramecium 

is not affected by the resorption of the fluid in the vacuole containing the fresh 

yolk grain. B drawn 53 minutes after A. 

think of it as a process of imbibition of the liquid by the colloidal 

cytoplasm, accompanied by changes in the permeability of the 

vacuole membrane. The problem here must be similar to that 
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which will confront us later regarding the absorption of the 
liquefied products of digestion. 

Within one or two hours after the grain comes to lie in the 

vacuole, the beginning of solution becomes apparent as a lique- 

faction and consequent rounding off of the corners and_ edges. 

This proceeds in exactly the same manner as when cubes of 

coagulated egg-albumen are digested by the action of pepsin- 

hydrochloric acid. At the end of digestion no solid remains of 

the vitellin grain can be seen; all that is left is more or less liquid 

in the vacuole. 
Another important visible change in the vacuole consists in 

the usual second appearance of liquid about the vitellin grain. 

It seems most in conformity with the observed facts to consider 

this as a consequence of the formation of soluble products of 

digestion, and as being due to the fact that the rate of resorption 

of these liquid products is less than the rate at which the lique- 

faction of the vitellin grain takes place. 
The reason for this conclusion is partly based upon the fact 

that in some cases the whole process of digestion of the vitellin 

may go on and be completed without the appearance of any 

visible liquid between the grain undergoing solution, and the 

vacuole membrane. In this case it is obvious that the rate or 

power of resorption is equal to or greater than the rate of solu- 
tion of the grain. Furthermore, it is to be expected that as 
digestion of the protein continues, the affective osmotic con- 

centration of the cleavage products increases and this obviously 

- may bring about an increase in the liquid contents, provided that 

the permeability of the vacuole membrane (resorption) does not 

undergo a simultaneous, proportional increase. In other words, 

the absence or presence of liquid during digestion of vitellin is a 

resultant of two sets of conditions (a) the rate of digestion and 

(b) the rate or power of resorption, one factor of which is the 

degree of permeability of the vacuole membrane. This further 

agrees with the fact that digestion of a vitellin grain is not always 

at a uniform rate. A rapid solution of the grain sometimes 

begins shortly after eating, changing later to a slower one. Even 
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food vacules formed at the same time, of the same material, and 
in the same individual, may behave diversely as to the resorption 

of liquid, and also in rate at which digestion takes place. But 

this individuality of behavior in different vacuoles does not 

prevent the conception of equilibrium from being applied to the 

phenomena of resorption. Essentially the same observable 
physical changes take place in vacuoles containing fresh yolk as 

has been described for vitellin. Further evidence for this view 

will be given on page 25. 

2. Chemical changes in the food vacuole 

Some of the chemical conditions in the food vacuole of Bur- 

saria during digestion of vitellin can be shown by the use of 

sensitive indicators adsorbed by the grains. 

Vitellin or fresh yolk grains stained with neutral red remain 

bright red during the whole process of digestion. Grains stained 

in an alkaline alcoholic solution of alizarin, quickly lose the 

blue color and remain colorless throughout the digestive process. 

Similarly, grains stained in an aqueous blue litmus solution 

change to red and remain red until nothing remains of the grains. 

These three indicators agree therefore in showing that the whole 

process of digestion of vitellin takes place in an acid medium, 

and that during no part of the process does alkalinity appear, 

as it does in food vacuoles of Parmecium and some other ciliates. 

Grains of vitellin or yolk stained with congo red become dark 
brown after one, two or more hours, and continue to remain | 

dark brown throughout digestion. In some grains no change in 

color from red to brown takes place, but what differences in 

conditions account for this has not been determined. ‘Two 

other indicators were used, Tropaeolin 00 and diethylaminoazo- 

benzene. Vitellin or fresh yolk stained with Tropaeolin 00 

showed little or no change in color. Diethylaminoazobenzene 
likewise showed no change. This result is due to the fact that 

these two indicators are not sensitive to very weak acids or 

strong acids in high dilution. 
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The points of origin of acid as well as the rate of acidification 

of the vacuole contents was determined. Table 2 gives typical 
records of the total time for completely acidifying grains in 

fifteen out of fifty individuals which were fed with fresh yolk 

stained in blue litmus. No noticeable difference existed between 
the acidification of fresh yolk and that of vitellin. The time in 

seconds which it took to change completely the blue litmus- 

stained grain to red, is given by the numbers underneath the 

number of the individual. The average of the observations in 

table 2 is 38 = seconds. 

TABLE 2 

Total time in seconds for acidifying fresh yolk grains stained in blue litmus. The 

table shows typical records of fifteen out of fifty individuals in which the time for 

acidification of each grain was taken. The grains which are represented by the 

numbers opposite to the brackets were included in the same vacuole. The other 

numbers, not opposite brackets, represent grains, each of which were in a separate 

vacuole, i.e., swallowed separately 

INDIVIDUAL NUMBER 

1 2 | 3 65 6 7| 8 9| 10) 11. 12 13 14 45 

| | | | | 

Ist grain......... 15 20 ‘ 25) 20, 65 45 60 80 4515 ‘ | 45 (35 | 55 
Od grain..........| 35 30 | 20 15 40 40 10 30 20 30 {30| )60 }35 | 30 
3d grain..........| 50) | 55 | | 15 80 | 50 20, 30 40| \50 |35 | 25 

4th grain......... ali’ <40 | 15 | | 25) 60 45| |40| [35 
Sth grain......... | | so] | 20 hole Weal | 60} {30 | 
Gil grain’. ...>.:.: | 2p | 30 | Fy et | 45 | 
7th grain......... | | | 20 Wa 75 
SED Pram 4.2% 4,54 | | 180, he. 30 

It was evident that the time of acidification depended mainly 

if not solely upon three conditions, as follows: (a) the size of 

the grain; the larger the grain, other things being equal, the 

longer it took for the last trace of blue color to disappear. For 

example; grain number 8 of individual number 5, table 2, was a 

very large grain; while grain 2 of individual number 8 was very 
small, hence the difference in time. (b) The physical consistency 

of the grain must be assumed to determine its permeability and 

hence its time of acidification. (c) The concentration of the acid 

secreted into the vacuole. 
@. 
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It has so far not been possible to determine the relation between 

the number of grains eaten and the time of acidification of each, 

because litmus is slightly toxic to Bursaria and hence stained 
grains of even fresh yolk are not eaten very readily. 

The arrow at a in figure 4 shows the point at which the acid 

first begins to be secreted into the forming vacuole. This is 

indicated by the sudden appearance of a faint pink color about 
the edge of the erain which gradually increases. Figure A in 

plate 1 shows the degree of acidity reached before the grain 

leaves the gullet. 

Fig. 4 Outline drawing of Bursaria showing steps in the formation of food 

vacuoles and resorption of the liquid enclosed; a, place at which acid secretion 

begins. Grains of relative size shown will not as a rule be rejected after they 

have passed the point indicated by b. 

As the grain passes through the mouth surrounded by the 
mixture of the acid and the external medium, the change toward 

red progresses rapidly until the grain’s interior has been reached 

by the acid (plate 1, figs. A, B and C). When the acid had 

reached the center of the grain the times noted in table 2 were 

taken. There is no way of telling whether acid is continuously 

poured into the vacuole after it has left the end of the gullet. 

No evidence was obtained as to the nature of the acid secreted, 

nor as to whether it is in combination or in the free condition. 
* 
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The physical and chemical changes taking place in the vacuole 

containing vitellin or fresh yolk grains, which have been de- 

scribed above, are briefly summarized in plate 1. Here the 

series of figures from A to L, inclusive (series 1 and 2), show the 

usual course of the process of digestion and resorption of fresh 

yolk when the latter is retained throughout the process. Series 
1 and 3 show the usual course of digestion and resorption of vitel- 

lin, when the rate of resorption is less than or equal to the rate 

of digestion. Series 1 and 4 show the same when the rate or 

power of resorption is equal to or greater than the rate of digestion 

of the vitellin grain. The successive figures do not represent the 

condition at equal intervals of time, but are typical stages in the 

process. Frequently there occurs an alternate presence and 

absence of liquid or smaller variations in the quantity of liquid 

around the grain during the stages from H to L, inclusive, and 
from H’ or H” to L’ or L”, inclusive. Thus the figures from H, 

H’ and H” to L, L’ and L” respectively, represent this process 

only as it proceeds typically in the majority of cases. 

3. Effect of quantity of vitellin eaten upon the average velocity of 

digestion 

Since each cell could be fed just the desired number of grains 

of practically uniform size, the effect of the quantity of protein 

upon the average rate of digestion, and upon certain other 

processes could be determined. 

Experiments arranged to find out what the relation is between 

rate of digestion and the quantity eaten, were tried with both 

fresh yolk and vitellin. Fresh yolk was found unsatisfactory 

for this purpose, since the grains were generally not retained but 

extruded before digestion was completed. This was especially 

true when a large quantity of fresh yolk had been eaten (cf. 

Experiment VIII, p. 34). Under usual conditions vitellin fed to 

-the animals was not extruded, and this was especially true if 

care was taken not to let the animals eat too many grains. The 

average limit in the number of grains that could be eaten and 

retained -was determined from a large number of observations 
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during the work. In these it was found that when normal, 

active animals were fed vitellin under what seemed to be the 

best experimental conditions, five to seven or even nine grains 

were retained, and digestion of the whole mass continued to com- 

pletion, leaving no residues. 

In the experiments, to determine the average rate of digestion 

of vitellin the maximum number of grains fed was six, and it 

was found that with this number as the maximum extrusion 

very rarely took place. 

Rise in temperature accelerates the digestive process, but the 

variations due to temperature were eliminated, since all the sets 
of individuals were side by side in an oven kept at 25 to 26°C., 

and the fluctuations in temperature due to taking the moist 
chambers from the oven while the records were taken, were the 

same for each set of individuals. 

The organisms used in each experiment were from the same 
healthy culture. They were starved in tap water twenty-four 

hours previous to the beginning of the experiments, so that a 

clear cell was obtained. 
When the animals were to be fed, a large number were removed 

from the 500 ce. dish of tap water in which they had been starved, 

to an 8 cc. dish containing tap water. Some of the vitellin 

suspension prepared as described above (p. 3), was added to the 

tap water in the dish containing the animals. The quantity of 

vitellin suspension added varied according to whether it was de- 
sired to feed a small or large number of grains to each individual. 

If a large number of individuals were to be fed only one grain, a 

very weak suspension was added; the result was that the rate of 

feeding was slow, and hence gave sufficient time to remove the 

individuals as soon as one grain had been swallowed. As feed- 
ing went on, the individuals that had eaten the desired number of 

grains were picked out with a pipette and placed in separate 
dishes containing tap water. In this way, under favorable con- 

ditions, it was possible to obtain several sets of individuals - 
simultaneously, each individual of each set having eaten a defi- 

nite number of protein grains. After feeding, the animals were 
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removed from the dishes with tap water, and two individuals were 

placed in each watch glass in order to lessen the labor in taking 

the records. Each watch glass contained 2 ec. of tap water. 
The watch glasses were placed in moist chambers. In order to 

avoid the effect of individual variations in the rate of digestion 

of equal numbers of grains, forty-eight individuals were used 

in each set. Effects upon the result due to variation in size of 

the grains were therefore also practically avoided. Digestion 

was taken to be complete when all the solid contents of the 
vacuole had become luquefied. The results of two experiments 

are given. 

Experiment III, February 12, 1913: Table 3. Each individual of 
Set A, Set B and Set C was fed 1, 3 and 6 grains respectively. Exami- 
nation of each individual was made and records taken, 33, 5, 64, 8, 93, 
11, 123, 14 and 22 hours from the time of feeding. 

The rate of digestion and resorption when a large number of 
grains have been fed is in many cases slow toward the end of the 
process; so that it is sometimes difficult to tell at just what time 

(within 1 or 14 hours) the last remains of solid protein disappear. 

For this reason eighteen hours was taken as the average time of 

complete digestion in those individuals of Set C which had small 

protein residues at the end of fourteen hours and none at twenty- 

two hours. All of Set C showed complete digestion at the end of 

twenty-two hours, 

In each of the three sets (table 3) individuals numbered 2 show 

a longer time for digestion than their partners numbered 1. 
This has no significance, because it is due to arbitrarily calling 

the first individual that had completed digestion, number 1, and 
the last one, number 2; when the record was taken. The same 

is true for table 4, Experiment IV. 
It will be seen from table 3 that the average number of hours 

which it takes to complete digestion in the three sets A, B and C, 
is not directly proportional to the number of grains eaten, i.e., 

as 1:3:6. Before further consideration of these results the next 

experiment will be described. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No.1 
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Experiment IV: Table 4. In this the procedure was the same as in 
the previous experiment, but the animals were taken from a different 
culture, and instead of 3 sets of 48 individuals each, 4 sets of 48 individ- 
uals each were used. Each individual of Sets A, B, C and D were fed 
1, 2, 3 and 6 grains, respectively. 

Four individuals (marked X in the table) of Set C extruded 
part of the six grains and are therefore not counted in the results. 

The temperature was 25 to 26°C. Examinations were made 

33, 5, 63, 8, 93, 11, 123, 14, 153, 17, 183, 20 and 223 hours after 

feeding. In this experiment the possible slight error in the 

average time for complete digestion in Set C, Experiment III, 

due to the approximation of the time of complete digestion in 

some of these individuals, is eliminated, because observations 

were made regularly throughout the whole 223 hours. And the 

conditions were on the whole better than in Experiment III. 

The results of both experiments agree in showing that the aver- 

age total amount of vitellin digested per unit of time is greater 

in individuals fed a larger quantity than in those fed a smaller 

one, i.e., this quantity is greatest in Set D> Set C> Set B> 

Set A. 

The average time, found by experiment, for the complete 

digestion of one grain or its equivalent in volume or mass, in the 
sets of individuals of the preceding two experiments is given in 

column 2 of table 5. 

Now if we establish a limiting case, by supposing that the 

average quantity of vitellin digested per unit of time, is a func- 

tion only of the amount of surface of the substrate exposed to the 

action of the digestive agent, then we should expect to find 

(provided further that the total surface of each grain in the 

individuals fed more than one grain was exposed to the action of 

the digestive agent), that individuals fed 6, 3 and 2 grains each, 

would complete digestion of all in the same length of time as it 

takes to digest one grain. Hence, if it takes 8.56 hours (Experi- 

ment IV) to digest one grain, then in Sets B, C and D we should 

expect to find that the quantity of vitellin equal to the volume 

of 1 grain, would undergo digestion in the times shown in table 5, 

column 3. 
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The results are uniformly less than those found by experiment 

(column 2). 
Now since we have constructed a limiting case for the maxi- 

mum average rate of digestion on the assumption that the rate 

is in direct proportion to the surface of substrate exposed, we 
may on the same assumption establish a limiting case for the mini- 

mum average rate of digestion, by assuming that the surfaces 

exposed to digestive action in the four sets, are to each other as 

the surfaces of spheres of vitellin having volumes 1, 2, 3 and 6. 

Calculating this on the basis of the rate of digestion found by 
experiment for one grain (Set A), we obtain the values given in 

column 4, table 5. It will be noted that these values, based on 

the above assumption are all greater than the values found by 

experiment. The results of both experiments agree. However, 
the intermediate position of the obtained results (column 2, 

table 5) does not exclude the possibility that the digestive process 

TABLE 5 

Summary of and calculations for the average velocity of digestion of vitellin, based 

on results of Experiments III and IV, tables 3 and 4 

COLUMN 

1 2 3 4 5 6 

ses [gaze [ggees jeez | 
2 miele Sea 8 BEa7s B33 

EXPERIMENT Ser so) g.2° ents |phosa | BE 
a3 233 aUn aS ae gae nae = (= 
ao 500) Sok ROO QHRZAGD| S 

Bo | g88 [5o253\sge2 aise. =| 22 
es | go | gEGSElgegeeeseset) =! 
go | gaa. [atest esos ziags, | © 
e3 BGes 2. O88 BLoORS a Rims 3 
33 286s | Goss Sloas | Sore 4 
Zi < 6) 0 |< > 

| hours hours | hours hours 

Set A...) 1 7.06 | | 7.06 
ts ae Set Bu: 3 5:05), |, “2850 4280, || 4506), aes) 

i pa Set C...| 6 DBD Me Tek |). Sc88 a: | 124846: | RGnee 
| = == ee | 

(| Set A... 1 8.56 | 8.56 
IV. Febru-}| Set B...| 2 5.62 499) | 6.76 6.04 7.96 
ary 18,1913 )| Set C...| 3 4.25 2.85 | 5.93 4.94 | 7.38 

Seti D:.2)/ 116 3.04 W742, | 4S70N Wa oe4Ou, W744 
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really conforms to the law of a heterogeneous chemical reaction 

(between a solid and a liquid). 

The values in column 5, table 5, were obtained by substitution 

in Arrhenius’ formula t=kV M for the rate of digestion in the dog 

as found by London.? The values obtained by means of this 
formula agree well, within the limits of experimental error, with 

those found by experiment in the case of Bursaria. 

In column 6, table 5, are given the values of & in the formula 

t=kV M. The agreement is not so good in Experiment III as 
in Experiment IV for reasons given above, although the variation 
in the constant k of both experiments, and especially that of 

Experiment IV, is well within the limits of experimental error. 

If it were possible, it would be interesting to determine what 

the value of k would be for other food substances. 

The experiments show that in spite of individual variations 

among the organisms and the variation in the process in different 

vacuoles in the same individual which were mentioned above, 

the sum total gives a definite result, and shows that the average 

rate of digestion of vitellin under rigid experimental conditions 

follows a definite law. 

4. Effect of congo red upon the average velocity of digestion, 

extrusion, etc. | 

In order to discover some of the changes which take place in 

the reactions of the cell when protein (vitellin grains) was changed 

by letting it adsorb a substance from solution, the following 

experiment was carried out. Congo red was chosen since its 

toxicity to Bursaria is low when compared to that of many dyes, 

1 The intermediate position of the values found suggests agreement with the 

results of the experiments of Bayliss (’04), who found that ‘‘with concentrations 

of casein up to about 4 per cent, the velocity of digestion is proportional to the 

concentration of the substrate . . . . . whilst with more than 8 per cent, 

inverse proportionality sets in’’ (cited from Euler: General chemistry of the 

Enzymes, p. 186). Furthermore the results also suggest the possibility that the 

quantity of active agent produced in the cell or vacuole is not directly propor- 
tional to the quantity of vitellin eaten. 

2 This is, =kVM; where t is the time for complete digestion, M the amount 

by weight eaten, and k a constant depending upon the nature of the food. 
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and since vitellin grains readily adsorb it in considerable quantity, 

depending upon the length of time during which the grains are 
left in the aqueous solution of the dye. 

_The results of the experiment clearly show: (a) that the ad- 

sorbed congo red very markedly interferes with or prevents di- 

gestion of the parts of the vitellin grain toewhich the congo red 

has been adsorbed, and (b) that it brings about a condition which 

leads sooner or later to an extrusion of the contents of the vacuole; 
(ec) that it may exert a greater or less toxic effect from within 

the vacuole, upon the cell, which may lead to an earlier death 
than if the unstained vitellin had been eaten. In short: the chem- 

ical nature of the substance taken into the vacuole of Bursaria may 

determine in various ways what many of the conditions and reactions 

of these organisms will be, and especially, in this connection, 

the action of the digestive agent and the process of extrusion.? 
The following are the results in brief. 

Experiment VI. Grains of vitellin of uniform size, prepared as de- 
scribed above, were stained twenty minutes in a deep red aqueous solu- 
tion of congo red. They were then washed several times until no more 
stain could be washed out. An unstained portion of the same vitellin 
sample was washed the same number of times in tap water; this was 
fed to the control individuals. Forty normal individuals previously 
starved in tap water for 24 hours were each fed one grain of the stained 
vitellin. Similarly a control set of 40 individuals were fed, each one 
grain of the unstained vitellin. All the conditions and material were 
the same in the two sets, except that the individuals of one set was 
fed stained grains, those of the other set unstained ones. Both sets of 
individuals were kept in watch glasses, each containing 4 cc. of spring 
water. Two individuals were placed in each watch glass. Records 
of each individual were taken 2, 4, 6, 7, 9, 11, 13 and 22 hours after 
feeding. 

Table 6 gives the results. Table 6 (a) shows that the partially 

digested or undigested congo red stained grains were to a large 

extent extruded, while in the control set, all retained the unstained 

3 [.have here used the term ‘chemical nature,’ and in my previous paper (Lund 

14) such térms as ‘toxicity’ (p. 29), ‘specific chemical properties’ (p. 41), with a 

general meaning. The finer distinction between the effects due to chemical and 

physical properties of a substance, as for example its solubility in the plasma 

membranes, state of colloidal aggregation, chemical reaction with the protoplasm, 

etc., remains an open question. 
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protein grains. This, therefore, shows that the chemical nature 

of the substance in the vacuole may, and does in this case, deter- 

mine whether it shall be extruded or not. Table 6 (b) shows 

the effect of the adsorbed dye upon the process of digestion of 

vitellin. The stain retards and sometimes even prevents digestive 

action. ‘This was seen from the fact that the corners and edges 
of the grains where little or no unstained yolk exists, persist 

more markedly than those of the unstained grains. The stained 

grains, nevertheless, often became smaller by shrinkage, caused 

apparently by solution of the protein from the deeper parts of 
the vitellin grain, which may have been stained less deeply. 

That the adsorbed dye interferes, to some extent, with the 

maintenance of the normal form and outline of the animal is 

shown by the results of table 6 (c). The fact that, for example, the 

total number of normal individuals of those fed a stained grain 

has increased rather than decreased at the eleven-hour record, 

since the nine-hour record was taken, is due to regulation of form, 

either by closing and opening the oral pouch, or by undergoing 

TABLE 6 

Showing the results of feeding one grain of vitellin stained in congo red, to each of a 

set of forty individuals. For comparison (control) another set of forty individuals 

were each fed 1 grain of unstained vitellin 

TIME IN HOURS AFTER FEEDING 

2{ 4] 6| 7| 9/11] 13| 2 

(a) Total number of individ- Stained: (8.0) ah gh eol ale). gi aghoetes 

uals that had extruded } need 000000 0 0 

grains before death J ae oar 

(Dy Bete member ian nas aiceac dae oo 0000000 
uals that had completed’ | Ty, stained | 0 1 4! 10 22| 28| 37 
digestion of grains DLs aiaaie tment 

Cc) iota) mune 08 avi cried eee 38) 35) 27 26) 15| 24! 23] 14 
uals that were Hormal ini) 77 ieined|. 0. 37| 38| 37, 38 34 331 35! 29 

Stamedeuoaeeneeee o.0 0 0 0 3 11 

Unstained........ 000 0 0 OF O 2 

form J 

(d) Total number of individ- 

uals dead 

(e) Total number of individ-| 

uals with a perceptible | | Stamed.).-..0\:... 700 0 3 2 0 0 
amount of liquid 2 Unstained........| O| 4 

vacuole 

~J = ies) — 
Ww 

— ler) w bo 
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more fundamental morphological changes. <A full consideration 
of these processes will be given at a later time. 

That the presence of the dye also brings about a tendency 

to an earlier death of the individual is indicated by table 6 (d). 

The record for this is not complete because when the experiment 

was stopped a large number of the individuals still remained 
alive, as the table indicates. 

It was stated above (p. 11; cf. figs. H, H’ and H” to L, L’ 

and L”’ respectively, plate 1) that the rate of resorption during 
digestion of vitellin may be equal to, or less than, the rate of 

solution of the grain. This is a definite and observable condition, 

for in some cases solution of the grain may go on with the vacuole 

membrane closely applied to the grain, while in other instances, 

even in a sister vacuole in the same cell, the process of dissolution 
of the grain may go on while the latter is floating in the liquid 

in the vacuole, which is made up, in part at least, of the liquid 

products of digestion. The quantity of liquid present in such 
vacuoles during digestion, may vary, and when only a smaller 

quantity is present around the grain, it becomes more difficult 

to observe its presence; but, when the quantity is sufficient to be 

seen, then records may readily be taken giving (practically) the 

absence, or presence of liquid about the grain. The results from 
Experiment VI are given in table 6 (e). 

It is evident that there was a much greater tendency toward 

accumulation of liquid about the unstained grain than in the 
vacuole having the stained grain. In other words, along with 

decrease in digestive action upon the stained grains went a strong 

tendency toward absence of liquid in the vacuole. We have there- 
fore in this result further good evidence for the essential correct- 

ness of the statement made above (p. 11) that the rate of diges- 

tion of the vitellin may be (1) greater, (2) equal to, or (8) less 

than the rate or power of resorption. 

Further evidence for this is shown in table 6 (e), for during 

the height of digestive acitivity, which in this case occurred between 

siz and eleven hours, the tendency toward presence of liquid in the 

vacuole is greatest. 
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It is not to be supposed that the appearance of liquid in food 

vacuoles generally, under other conditions, need necessarily be 

due to rapid digestion and slow resorption (cf. fig. 3). In such 
cases we may have other factors bringing about accumulation of 

liquid. 
Other tests of the effect of congo red upon digestion gave simi- 

lar results, but since records of individuals were not taken these 

results are not expressible quantitatively. 

DIGESTION AND RESORPTION OF FAT 

1. A demonstration of fat digestion and resorption in the food vacuole 

of Bursaria 

Nirenstein (’10) and Issel have furnished a simple and reliable 

method for determining the presence of lipoids in infusoria.‘ 
The method consists simply in placing a small drop of the culture 

fluid containing the Infusoria on a slide and killing and staining 

by addition of a few drops of an alcoholic solution of Sudan III. 

The mount is cleared with NH,OH followed by thick glycerine. 
By proper manipulation beautiful mounts may be obtained. 

The gross distribution of lipoid in the cell is faithfully preserved 
by this method. This is shown by the fact that fat globules of 

the same typical sizes as in the mounts may readily be distin- 

guished in the ground substance of the living protoplasm and 

followed during protoplasmic movement especially in individuals 
with high fat content. Bursariae taken directly from healthy 

cultures always had more or less fat present in the protoplasm. 

This fat is probably derived from other Protozoa which serve as 

food. 

When an individual from a wild culture, with a high fat cen- 

tent, is isolated and placed in tap water, the protoplasm usually 

becomes clearer after one or more days; showing that fat, as fat 

droplets at least, disappears from the cell. 

The chief reason for the difference in results and conclusions 

of Nirenstein (’10) and Staniewicz (710), as to whether Infusoria, 

4 The words ‘lipoid’ and ‘fat’ are used here to designate mainly those fat-like 

Substances in the cell which are amenable to detection by microchemical tests. 
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particularly Paramecium, actually do digest, resorb, and utilize 

fat for the energy requirements of the cell, appears to be the fact 

that these investigators did not compare the fat contents of 

the same cells nor sister cells, before and after feeding of fat, but 

limited their comparison to different individuals taken at random 

from the same culture. 
In order to leave absolutely no question as to the fact of di- 

gestion and resorption of fat in Bursaria, cells which were in the 

process of division were isolated from the wild cultures. Those 
which had many vacuoles were discarded, and in most cases only 
those with no food vacuoles were used. Each pair was placed in 

a separate watch glass with tap water. After the completion 
of division, or after eighteen to twenty-four hours’ starvation in 

the tap water, one of the sister cells was fed an emulsion of olein 

or pure olive oil (both gave the same results), while the other 
sister cell was kept as a control in a separate watch glass with 

tap water, under exactly the same conditions. 
In different experiments, at different intervals after feeding, 

both sister cells were tested simultaneously for the amount and 

distribution of the fat content. In every experiment, after a 

sufficient length of time, the cell which had eaten and retained 

the olive oil or olein for some time showed an abundance of fat 

droplets distributed throughout the cytoplasm, while the re- 

maining fat in the vacuoles appeared as large, single fat droplets 

or as groups of such. 
The fat content of food vacuoles can of course be readily seen 

and followed in the living cells. In the control (sister) cell a 

much smaller quantity of fat was invariably present, this quantity 

depending upon the original amount present in the cell before 

isolation. 
That the fat is distributed equally to sister cells in dividing 

individuals which have no food vacuoles at the time of isolation, 

was of course tested by mounting sister cells and comparing 

the fat contents. 
The result of a typical experiment is given by the camera 

lucida drawings. Plate 2, figure A, shows the control with a 

small fat content twenty-four hours after the time when its sister 
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cell (fig. B) had been fed olive oil. Figure B shows the sister 

cell twenty-four hours after feeding with olive oil. The large 

fat drop in B constituted the contents of the food vacuole previous 
to mounting. Both cells were starved in tap water for eighteen 

hours previous to feeding of sister cell (fig. B). The same results 

were obtained when fresh yolk grains were fed. 

These experiments prove conclusively that in Bursaria the 

fat in the food vacuoles passes out in one form or other through 

the membrane of the food vacuole, and becomes distributed in 

the cytoplasm as small droplets. This agrees perfectly with the 
results obtained by Nirenstein (’10) for Paramecium. Liquid 
may at times be present about the fat droplets undergoing 

resorption in the vacuole, just as in the case of vitellin or yolk’ 

(plate 1, HtoL). Butno attempt was made to study its changes. 

Results from a study of the chentical changes involved in digestion 
and resorption of fat will be given elsewhere. 

‘2. Role of fat in growth and energy requirement 

The tail, in the form of Bursaria studied, serves in general, 

as a convenient index of the degree of ‘fatness’ or ‘leanness’ of 

this organism. 

When olive oil is fed to a large number of Bursariae under 
favorable experimental conditions, so that more or less resorption 
takes place, the fed animals, on the average, become larger than 

the unfed. The tail on the average also assumes more pronounced 

outlines than those of the control. In such large individuals 

when in sufficient number for comparison with the controls, there 
is indication also that the length of life is on the average in- 

creased by having eaten olive oil. When individuals fed a defi- 

nite number of grains (1 or 2) of fresh yolk, are compared with 

others fed the same number of fat-free yolk grains, the individuals 

fed with fresh yolk, become on the average larger, many of them 

attaining a relatively enormous size. During this growth per- 
fect proportions of form are maintained. Such large individuals 

are always found to contain much fat. The part of the Curve A 
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(fig. 1, Experiment I, from 144 to 288 hours, represents individuals 

of this kind and constitutes evidence that the length of life of 

individuals fed fresh yolk is greater than that of those fed fat 

free yolk. During this time the quantity of fat in the cell de- 

creases as starvation continues, indicating that the fat is used up. 

Under some conditions no traces of fat can be found in Bursaria 

by the use of Sudan III, but this of course does not prove its 

complete absence. The apparent absence of fat is rare and it 

was found difficult by means of starvation to remove the last 

traces. 

3. Is fat formed from vitellin or starch in Bursaria? 

When yolk is extracted repeatedly with cold ether or with 

cold alcohol, at intervals, for twenty-four hours or more, a white 

residue remains, which is chiefly vitellin. Such vitellin was 

fed to Bursariae which had been starved. An abundant fat 

deposit appeared in the cytoplasm, indicating that yolk extracted 
with cold ether or alcohol alone still contained a fraction 

which appeared as fat in the cells. This was tested by extract- 

ing fresh hard boiled yolk with ether-alcohol mixture for ten to 

twelve hours in a Soxhlet apparatus. Vitellin so extracted was 

fed to one of each pair of sister cells while the other cell was kept 

as control. No difference appeared in the amount of fat present 

in the two cells, although many attempts to demonstrate a differ- 

ence were made. 
In view of the fact that crucial control tests were not made by 

Nirenstein (’10) the slight difference in fat content given in his 

figures 7 and 1, plate 1, cannot I think, be considered proof that 

the fat found to be present in Paramecium (fig. 7) after digestion 

of egg albumen, had been derived from the latter; furthermore, 

analyses of egg albumen show traces of the presence of lipoids, 

such as fat, cholesterin and lecithin. 

Various kinds of starch and paramylum grains which were 

retained by Bursaria, remained intact for days and showed no 

signs of corrosion or solution. 



30 i. de LUND 

THE NATURE OF SOME OF THE FACTORS WHICH BRING ABOUT 
EXTRUSION 

1. Experiments with paraffin oil and olive oil 

If a conception can be obtained of what some of the dynamic 
conditions of the cell are, by a study of the processes of intake 

of foods and other substances, then we might expect to find that 

the process of extrusion will serve as a valuable index in discover- 

ing what some of the responses of the cell system are to those 

same substances, after they have produced their effects from the 
interior of the cell. Relations as interesting as those discovered 

in feeding ought to be found by studying the phenomena of 

extrusion, though the process, for various reasons, does not lend 

itself so readily to experimental inquiry. 

I have shown (Lund ’14) that when Bursaria has been fed 

Sudan III or Chinese ink alone, these substances are not retained 

within. the cell for any considerable length of time, and further 

that if Bursaria is fed at the same time one of these substances 

and vitellin, then the Sudan III or Chinese ink is extruded after 

a short time, provided it has not come to be located in the same 
vacuoles which contain vitellin; while the vitellin is retained, 

digested and resorbed. In other words there exists a selective 

extrusion among food vacuoles formed at the same time, or dif- 

ferent times. Above (p. 24, table 6, a) it was further shown that 

in the case of vitellin grains stained with congo red, a large num- 

ber were extruded during digestion, or before any digestion had 

taken place, while unstained grains were retained and digested 

by the control individuals. Here the condition which brought 

about extrusion can be only the presence of the absorbed dye, 

i1.e., a chemical condition. Since both sets of individuals were 

fed one grain each, the size or shape of the grain had nothing to 

do with the difference between the results. 

When both unstained grains, and grains stained with congo 

red, were fed to the same individuals, similar results were ob- 

tained. Further to test this by feeding two liquid substances 

of somewhat similar physical properties, but of different chemical 

nature, the following experiment was carried out. 
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Experiment VIT, a,bandc: (figs.5,6and7). Emulsions of paraffin oil, 
and olive oil were made in tap water. The animals were starved as usual 
in tap water. 2 cc. of this tap water was placed in each watch glass and 
used as a medium, so as to prevent any effect due to transfer from this 
into fresh tap water. Set A consisting of 48 individuals that had eaten 
olive oil were picked out from the 8 cc. with olive oil emulsion in which 
they had been feeding for 10 minutes. Another set, B, of 48 individuals 
that had been fed an emulsion of paraffin oil were picked out at the same 
time. Both sets of individuals were washed in some of the tap water in 
which they had been starved. After washing, two individuals were 
placed in each watch glass, the latter being kept in moist chambers. 
The moist chambers were placed in a constant temperature oven kept 
at 25 to 26°C.—an unnecessary precaution for the purpose of the 
experiment. Records were taken at the time intervals given by the 
points on abscissae in the curves. 

The process of extrusion was gradual, i.e., all the paraffin oil 

present in an individual was not usually extruded at the same 

time. Small globules or traces generally remained for various 
lengths of time after the main bulk of the oil had been extruded. 

Since there was no way of expressing the course of this process 
quantitatively, when oil was used, the time when all trace of oil 
in the food vacuoles had disappeared was taken as the time of 

extrusion, for comparison in the two sets of individuals, A and B. 

Hence the curves are based on the time for complete extrusion. 

As a matter of fact, the difference in the time of extrusion between 

Set A and Set B was actually greater than the curves show, for 
the bulk of the paraffin oil was extruded, on the average, consider- 

ably earlier than that of the olive oil. 

The experiment was carried out three times, all giving con- 

cordant results, as shown by curves, figures 5, 6 and 7. In no 
individual in the above experiments was the disappearance of 

olive oil due to retention and complete digestion. Fats are 

resorbed very slowly. The material came from three different 
wild cultures, otherwise the procedure was the same in all. "The 

extrusion reaction was apparently not as effective in Experiment 
VII, b (fig. 6) as in the others. 

Tests for fat content showed marked resorption in those 

individuals which had retained some or all of the olive oil for some 

time after feeding. No increase in the fat (oil) content could be 

seen to have taken place in individuals of Sets B fed paraffin oil. 
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Figs. 5,6and7 Curves of three separate experiments (VII, a, b and c) showing 

the course of complete extrusion among individuals fed olive oil (Curves A), and 

paraffin oil (Curves B). Points on the ordinates indicate the total number of 

individuals still containing oil at the time indicated on the abscissae. ; 
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The Sudan III method serves for the detection of paraffin oil 

as well, since this stains red also. 

These experiments with oils again show that the retention or 

extrusion depends, at least in part, upon the chemical nature 

of the substance, and that the food vacuole functioning as an 

organ of extrusion may vary in its response to qualitatively dif- 

ferent chemical stimuli. 

Does the extrusion of a substance depend alone upon a response 

to the quality of a chemical stimulus by the vacuole and what- 

ever other part of the cell system it may be specially related to 

in this response? If there are other factors concerned, what are 

they? 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No. 1 
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2. Effect of mass or volume upon the extrusion reaction 

From previous observations it had become evident that extru- 

sion depended in some way upon the quantity eaten, and accord- 

ingly the following experiment was carried out: 

Experiment VIII (table 7, fig. 8). Three sets, A, B and C, of 48 
individuals each, were fed fresh yolk. Individuals of Set A were fed 
1 grain each, those of Set B, 3 grains each, while those of Set C were 
permitted to eat a considerable number of grains, at least 5 or more. 
Several of Set C ate 12 to 15 grains. The number of grains present in 
each individual of Set C was counted when the first record was taken, 
3 hours after feeding. Several individuals of Set C had by this time 
extruded a number of the grains eaten three hours previously. 

The count of the number of grains present in each individual 

of Set C was not made immediately after feeding, because it be- 
comes increasingly difficult to count the number of grains in 

active individuals that have eaten more than 7 or 8 grains. The 

average number of grains in each individual of Set C, three hours 

after feeding, was 5.64. The number of grains in each varied 

from 4 to 7. The total number in the 48 individuals Set C, 
at the end of three hours was 271 grains. 

Records of the number of grains in each individual of the three 

sets were taken 3, 5, 7, 9, 12, 14, 16, 24 and 30 hours after feed- 

ing. The results are given in brief in table 7, and by the curves 

in figure 8. The Curves A, B and C show the relative rates of 

total loss of the fresh yolk by Sets A, B and C, respectively. 

The table shows that the total number of grains present in all 

the individuals of each set, decreases with increase in the length 

of time after feeding. The rate of decrease in these numbers is 
on the average in the order: Set C> Set B> Set A. This 
becomes more apparent if we calculate the percentage of the total 

number of grains fed which was present in the individuals at the 

times when the records were taken. In order to bring out these 

relations more clearly the curves in figure 8 were notes from the 

percentages given in table 7. 
Now, from what has thus far been said, and from the records, 

we have no proof that the loss in the number of grains which did 
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occur was not, in part at least, due to complete digestion and 

resorption of the missing grains. But this difficulty ‘is almost 

wholly avoided in this experiment, because the process of diges- 

tion and complete resorption of fresh yolk is much slower than 
that of vitellin alone. This is mainly due to the fact that the 
fat of the fresh yolk is digested and resorbed at a slower rate than 

the vitellin of the yolk grain (cf. plate 1, figs. H—L, and figs. H’-L’). 

This fact is further shown in the records of the total numbers 

of grains present in Set A, table 7, for twenty individuals out of 
forty-eight, still contained remains of the one grain fed tharty 

hours previously, this should be compared with the average 

time for digestion of one grain of vitellin in Experiments III and 
IV, table 5, column 2. Now, from these facts regarding the 

difference in rates of digestion of one grain of vitellin and fresh 
yolk, it is not to be expected that the individuals of Sets B and C 

would show as rapid a rate of digestion as if they had been fed 
an equal number of grains of vitellin; and therefore it becomes 
clear that if the comparatively small total number of grains pres- 

TABLE 7 

Summary of results of Experiment VIII (January 24, 1913) showing the effect of the 
quantity of fresh yolk eaten, upon the course of the extrusion reaction in Bursarva. 
Three sets of forty-eight individuals each were used. Each individual in the Sets 
A, Band C, was fed 1, 3 and 6 grains, respectively 

| 
HOURS AFTER FEEDING 

24 30 Ohad lace Zena | te tae tow 
* < — = Sa $ 7; 5 al | > | 

{| Total number of grains) | | | 

ee 2: || present........... .. | 48 | 47| 46 | 34 | a2 | a2 | 32 | 30 | 28 | 20 
ss 4 Per cent present of to- | | 

viduals fed | Palla Penh aaa | | | | 
1 grain each | Ce SPAS | | UI isd somite age? « (100 97.9+ 95.8+ 70.8+66.6-+66.6+60.6+62.5+ 56.3 41.6+ 

| ‘ i ae wad ies == 

l 

Set B. Forty-{ | Total number of grains | | | | 
eight indi-]| present.............. 144 | 137) 97 | 44 | 44 | 43 | 31 | 29 | 27 19 
viduals sal Per cent present of total | 
3grainseach|| numberof grainsfed. 100 95.1+ 67.34-(80.5-+)30.5-+ 29.8 21.5 10.14 18.7+ Ae 

| 

49 | 30 26 17 10 
Set C. Forty- {| Total number of grains | 

eight indi-|| present.............. | 271/219 | 165 | 98 | 
viduals fed {| Per cent present of total | | | 
many grains number present at | | | | i 
each a three hours...2.5...- 100 81.14 00.8+ 30.1++|18.0 | 11.0} 9.5 6:2=F) (30 
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Fig. 8 Curves plotted from percentages in table 7, Experiment VIII, showing 

the effect of mass or volume of fresh yolk eaten, upon the extrusion reaction. 

Curves A, B and C are plotted from Sets A, B and C, respectively. The points 

on the ordinates represent the percentage of total number of grains fed, which 

still remained in the vacuoles at the time indicated by the same points on the 
abscissa. 
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ent, towards the end of the experiment, in the individuals of 

Sets B and C, was caused by rapid and complete digestion, then 

the effect of mass on the rate of digestion for fresh yolk would 

have to be relatively vastly more pronounced with fresh yolk 

grains than is true for vitellin; and this is not the case. 

The first parts of the curves (fig. 8) bring out the pointsclearly, 

for here the error, that would be caused by the loss of grains due 

to complete digestion and not to extrusion, is practically avoided, 
since the rapid fall in the number of grains takes place during 

the first part of the experiment, before the digestive process could 

have been effective in causing total disappearance of the yolk 

grains; especially is this true for Set C, Curve C. On the other 

hand, Curve A which we should expect to be markedly affected 

by digestion, does in fact show only a slight fall, compared to that 

of Curves B and C. It will be noted that the amounts of fall of 

the curves show the same sequence as the number of grains fed. 
The, results therefore actually demonstrate beyond question, 

that the quantity of fresh yolk eaten is a determining factor in 

the process of extrusion. The greater the mass or volume the 

more effective is the stimulus from the contents in the vacuole. 

A quantitative or intensity factor as well as a qualitative factor 

therefore enters and determines whether or not extrusion of fresh 

yolk shall take place. 

Now from the results of Experiment VIII we have as yet no 

evidence showing in what way the mass or volume affects the 

process; 1.e., whether it is an intensity effect due to chemical 

or mechanical stimulus or both. 

Another important fact in connection with the extrusion re- 

action is that the stimulus from the contents of the vacuole is 

most effective in bringing about extrusion during a rather limited 

period (4 to 6 hours with fresh yolk grains) after the formation 

of the vacuole. This will be seen from the sudden drop in the 

curves in figure 8, with subsequent tendency to retention of the 
remains of the yolk. There is a process of functional adjust- 
ment (loss of irritability?) with the continued action of the stimu- 

lus from the contents of the vacuole. Roughly it may be ex- 
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pressed by saying that a reaction by digestion is substituted for 

one by extrusion. “These facts appear in.a clearer way when the 

course of extrusion is studied in single individuals. 

A further analysis of these responses must be kept for a future 

time, since the data from other experiments in which were used 

other substances are not sufficiently complete. 

SUMMARY 

1. A quantitative method (p. 3) was worked out, by means of 

which it was possible to study the processes in the food vacuole 

of Bursaria. 

2. Yolk and vitellin may be drawn upon as food for the energy 

requirements and growth of Bursaria. 

3. The liquid of the newly formed food vacuole is partly made 

up of the external medium, and partly of an acid secreted by the 

base of the buccal pouch. After a few minutes this liquid is 

resorbed and the vacuole membrane becomes applied to the 

yolk grain. The vacuole contents remain acid in reaction 

throughout the process of digestion of vitellin and yolk grains. 

4. Sooner or later after the initial resorption of liquid about 

the grain, digestion begins. Digestion may or may not result in 

the second appearance of liquid in the vacuole, according to the 
principle that whenever the rate of solution—this perhaps in 
part depending upon the concentration of the cleavage agent— 

is greater than the rate of resorption, then the liquid products 

of digestion accumulate more or less about the grain, while if 

the rate of solution of the grain is slower than the rate of resorp- 
tion, then the products of digestion are removed as fast as they 

are formed. Equilibrium between these processes in the vacuole 

may be established during digestion of vitellin with much, little, 

or no liquid present in the vacuole. 
5. The average time for complete digestion of vitellen in Bur- 

saria was found to be directly proportional to the square root of 

the quantity of vitellin eaten, i.e., the relation expressed by 

Arrhenius’ formula t=kV y was found to hold to within the 

limits of experimental error. 
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6. Congo red adsorbed by vitellin grains and fed to Bursaria 

interferes with or prevents digestion of the parts of the vitellin 

grain to which the dye has been adsorbed and causes an early 

extrusion. 

7. Olein is digested and resorbed by Bursaria while paraffin 

oil is not affected. Lipoids and fats play an important rdéle in 

promoting growth in Bursaria. No evidence was obtained for 
the formation of stainable lipoid from pure vitellin. 

Starch or amylum grains are not digested. 

8. The time of extrusion is determined by the quality (chemical) 

and the quantity or intensity (chemical, physical or both) of 

the stimulus from within the vacuole by the substance eaten. 

9. The maximum tendency.to respond by extrusion to the 

stimulus from the vacuole contents, exists within a limited time 

(4 to 6 hours with fresh yolk) after feeding. 
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PLATE 1 

EXPLANATION OF FIGURES 

Typical stages in the process of digestion and resorption in a food vacuole 
of Bursaria containing a single grain of fresh yolk or vitellin. 

A Degree of acidity attained by the vacuole as shown by litmus at time of 

separation from the end of the gullet. The pink edges indicate that acid has 

been secreted from wall of gullet; figures B and C, further stages in same process. 

A to E, inclusive, show course of resorption of liquid enclosed during formation 

of vacuole. 

G to L, inclusive, typical stages of digestion and resorption of fresh yolk 

(protein and lipoid). 

G and H’ to L’, inclusive, typical stages in digestion and resorption of vitellin- 

liquid present in the vacuole. 

G and H” to L’’, the same as H’ to L’ except that products of digestion are 

resorbed as soon as they are formed. Change indicated by figures under z lasted 

on the average 38 seconds; change shown by figures under y about 43 to 6 minutes. 
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PLATE 2 

EXPLANATION OF FIGURES 

A and B_ Low power, camera lucida drawings of two sister cells stained to show 

fat 42 hours after separation. Cell A was not fed; cell B was fed olive oil 18 hours 

after separation from sister cell. The large drop of oil in B represents that re- 

maining in the vacuole. a and b, high power, camera lucida drawings in one 

focal plane of area indicated by squares in A and B, respectively. 
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CHROMOSOME STUDIES IN THE DIPTERA 

J. A PRELIMINARY SURVEY OF FIVE DIFFERENT TYPES OF CHROMO- 

SOME GROUPS IN THE GENUS DROSOPHILA 

CHARLES W. METZ *+ 

From the Department of Zoédlogy, Columbia University 

DIAGRAM AND TWENTY-SIX FIGURES (PLATE) 

To the student of chromosomes and chromosome behavior a 

cytological study of the Diptera presents many features of inter- 

est. Some of these have been described or mentioned by Miss 

N. M. Stevens in connection with her work on the sex chromo- 

somes,! but aside from this I know of no serious attempts at such 

a study. When compared with the detailed and critical works on 

the chromosomes of the Hemiptera, Orthoptera, and Coleoptera, 

this lack of knowledge of the Diptera is surprising, and can be 

explained only by the fact that the latter are in many ways un- 

satisfactory objects for cytological study. The difficulties in 

such a study are admittedly numerous, but notwithstanding, 

much can be accomplished, and the interest of the questions in- 
volved seems to me to more than justify the extra effort expended 

in their investigation. 

For this reason a series of such studies has been undertaken, the 

extent of which will depend upon the time and facilities available. 

Some are under way at present and others will be taken up subse- 

quently. The results I hope to present in a series of papers, to 

which the present is introductory. 

1So far as known to the writer, the papers of Dr. Stevens are the only ones 

dealing with the chromosomes of the Diptera. They are four in number: The 

chromosomes of Drosophila ampelophila. 1907. Proc. VII Internat. Zodl. 

Cong. <A study of the germ cells of certain Diptera, with reference to the 

heterochromosomes and the phenomena of synapsis. 1908. Jour. Exp. Zoédl., vol. 

5, pp. 359-374. The chromosomes in the germ cells of Culex. 1910. Jour. Exp. 

Zool., vol. 8, pp. 207-217. Further studies on the heterochromosomes of the 

mosquitoes. 1911. Biol. Bull., vol. 20, p. 109. 
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The object of this preliminary paper is to examine briefly the 
chromosomes of several species belonging to the genus Drosophila. 

This is a widely ‘distributed genus and contains a large number of 

species, of which the most common is the ordinary ‘pomace fly’ 

or ‘banana fly,’ Drosophila ampelophila, already well known in 

genetic circles from the experimental work of Morgan and his 

students. Aside from D. ampelophila, about a dozen other species 

have been reared in the laboratory and studied cytologically. In 

the task of obtaining, breeding and identifying the flies I have 

been greatly assisted by Mr. A. H. Sturtevant, who has shown an 

active interest in the progress of the work from the beginning, 

and has kindly furnished cultures of several species which could 

not otherwise have been obtained. Some of the species studied 

have apparently never been described by taxonomists, and there- 
fore, cannot be referred to by name in this paper. Consequently 

they are designated Species A, B, C, ete. 

Among the twelve different species examined five distinct 
types of chromosome groups have been found,? each of which is 

characteristic of one or more species. These types, when com- 

pared with one another, chromosome by chromosome, show a re- 

lationship, which, if the hypothesis outlined below be true, may 

indicate an evolution of chromosomes in the genus. At all 

events, there is here presented a series of related chromosome 

groups more complete than has been found in any other genus of 

animals or plants known to me. 

Owing to peculiarities of the male Drosophila, it has been nec- 

essary to take the data for this study principally from female 

specimens. The males, unlike those of most insects, are much 

less satisfactory for chromosome studies than the females, and 

therefore have been reserved for separate treatment. The male 

chromosome groups of two or three species are included, as men- 
tioned in the text, but otherwise only the diploid female groups 

are considered. The latter are sufficient for present purposes, 

since only the normal somatic divisions are involved, and in these 

2 The chromosomes of one species, D. ampelophila, have been previously de- 

scribed by Dr. Stevens, (’07, ’08). 
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it may be assumed that both sexes agree, save as regards the two 

sex-chromosomes (heterochromosomes). 

No attempt is made in this paper to elaborate the data. That 

can be done only after a more extensive study, and one involving 

more species. Likewise the figures have been limited to a number 

sufficient merely to illustrate the essential facts. 

TYPE, 

Chromosome groups found in Drosophila amoena, D. ampelophila, 

D. quinaria, and two species as yet unnamed 

Figures 1 to 5 show metaphase plates of chromosome groups 

designated as Type I. Figure 1 is a diploid group of D. amoena 

female. Figures 2 and 3 are corresponding groups from males of 

the same species, introduced here for reference. In figures 4 and 

5 similar groups are shown for D. ampelophila females. Figure 

1 is from a section and indicates the normal relations of the chro- 

mosomes, except that one member of the small pair is hidden. 

The other four are from aceto-carmine smear preparations, and 

consequently show the chromosomes somewhat out of place or 

disarranged. Yet the essential similarity of all five figures is 

quite evident, and in each one the same constellation of chromo- 

somes is readily seen. It is this constellation that is termed 

Type I. 

If now, we examine any one of the figures, for instance figure 

5, we immediately distinguish three different sorts of chromo- 

somes on the basis of differences in sizeand form. The first sort 

is very small and spherical (fig. 5, m), the second elongate, rod- 

like or curved (fig. 5, h), and the third very long, more or less 

V-shaped and constricted in the middle (fig. 5, J). As a rule 

these chromosomes are definitely associated in pairs, there being 

in this group one pair of the first sort, one of the second, and two 

of the third—four pairs in all. The three classes, separated thus 

according to size and shape, are also distinguished by character- 

istic differences in behavior, which exhibit themselves in meta- 

phase, anaphase and prophase. Upon this basis they may be 

named and characterized as follows: 
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Diagrams 1 to Diagrams 1 a, 2 a, 3a, 4a, 5 a represent metaphase plates of 

Types I, II, III, IV and V respectively. Diagrams 1b, 2b, 3b, 4b, 5 b represent 

anaphases of the same. In these anaphases, for the sake of simplicity, only one 

member of each chromosome pair is figured ; m., michrochromosomes; h., sex- or 

heterochromosomes; l., large autosomes; s., small autosomes. 

Diagrams 6to11 Thesame types of chromosome groups as above, but arranged 

in a dichotomous series according to their relationship to one another, and their 

divergence from Type I. 6, Type 1;7, Type IV; 8, Type V; 9 and 11, Type III; 

10, Type II. As the diagrams indicate, Type III may be derived from either Type 

V or Type II. 

1. The m or michrochromosomes.? One pair; small, spherical; 

usually occupying the center of the plate in metaphase; going to 

the poles as short, straight rods in anaphase (m, diagrams 1 a and 

pb): 

2. The sex-chromosomes or heterochromosomes. One pair; 

unequal in the male,‘ equal in the female; elongate, rod-like, 

3A name first applied by Wilson to a similar small pair seen in many coreid 

Hemiptera; (E. B. Wilson, Studies on chromosomes. II. 1905. Jour. Exp. Zodl. 

vol. 2, pp. 508-545). Whether the pair in Drosophila is strictly comparable with 

these in the Hemiptera is not certain, and I have used the term here merely for 

convenience. It remains to be seen how the pair behaves in the maturation stages. 

4 This inequality in the male was first pointed out by Miss Stevens (’08) in the 

case of D. ampelophila. In so far as the diploid chromosome groups of this species 

® 
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usually lying radially in metaphase, i.e., one end pointing toward 

the center, the other toward the margin of the plate (diagram 
1 a, h); attached to the spindle fiber at one end, and going to the 
poles as elongate straight rods, (h, diagram 1 b, and fig. 6); con- 

tracting precociously in prophase. 

3. The large autosomes. 'Two pairs (in Type I); very long, more 

or less dumb-bell-shaped, with a definite constriction in the 

middle (1, diagram, 1 a and fig. 5); usually V- or U-shaped in 

metaphase, the apex of the V coinciding with the constriction 

and pointing toward the center of the plate, thus bringing the 

arms of the V into the position of radii pointing toward the mar- 

gin; attached to the spindle fiber, not at one end, but at the. 

median, constricted part, and going to the poles in V-shape 

(l, diagram 1 b and figs. 6 and 7). 

The essential features in the behavior of these different sorts 

of chromosomes are indicated in figures 1 to 7 and diagrams 1 a 
and 1b. Figure 7 shows an anaphase in polar view illustrating 

the difference between the V-shaped, large autosomes and the 

straight sex-chromosomes. Only one pole is figured, the other 

being almost identical with it. In this figure the m-chromosomes 

are not evident. Figure 6 shows the same features in side view. 

It is taken from the second maturation division of the male, in- 
volving only the haploid number of chromosomes (4), and 

although one pole is somewhat confused the figure shows the 

decided difference between the two kinds of chromosomes 

(Land h). 

are concerned, my observations are entirely in accord with hers. But in the matu- 

ration divisions, where she describes a distinct X element separable from the Y of 

which it was formerly an integral part, I fail to corroborate her statements. So 

far as my observations go, they indicate an unequal XY pair in the male, without 

any additional piece attached to either. Neither my observations nor those of 

Miss Stevens are conclusive, however, owing to the difficulty of observing the 

chromosomes in these stages. The question is important for the bearing it has 

upon the breeding experiments with this fly, and we are doubly unfortunate in 

being thus far unable to settle it. By a recent examination of males of another 

species, having the same type of chromosomes as ampelophila, and showing more 

favorable conditions for their study, I have been led to hope that through this 

species some light can be thrown on ampelophila. 



50 CHARLES W. METZ 

LY PE I 

Chromosome groups found in Drosophila repleta, Species A and 

Species B 

The type of chromosome group exhibited by these three species 

differs very decidedly, at first sight, from that just studied. It 

may be best understood by examining diagram 2 (a and b) and 

figures 8 to 13. The figures in this case are all but one (fig. 9) 

taken from fixed and sectioned material, and therefore show more 

nearly the proper arrangement of the chromosomes. Examin- 

ing the individual chromosomes, as was done in Type I, two 

kinds found in that type are seen to be present here also. These ~ 

are the small m-chromosomes and the sex-chromosomes (in this 

case the longest pair), as indicated in diagram 2. In addition to 

these two kinds there remain four pairs of short, rod-like auto- 

somes in place of the two pairs of long, dumb-bell-shaped large 

autosomes of Type I. These constitute a fourth kind of chro- 

mosomes and may be characterized as follows: 

4. The small autosomes. Short, rod-like autosomes without 

any median constriction; almost invariably straight in meta- 

phase, and lying in a radial position, 1.e., pointing from the center 

toward the margin of the plate (figs. 8, 10, 12); attached to the 

spindle fibers at one end, thus going to the poles as straight rods 

(s, diagram 2 a and 2b). 

The principal interest of Type II as compared with Type I 

centers around these eight small autosomes, which, it appears, 

replace the four large autosomes of Type I. This latter fact at 

once suggests the idea that each of the large autosomes has parted | 

in the middle, at the point of constriction, and has thus given rise 

to two small ones. In this way the four large dumb-bell-shaped 
chromosomes could have been readily transformed into the eight 

small ones. The evidence of size, form, and behavior of the two 

kinds supports this view in a rather surprising manner. Diagram 

2 (a and b) are designed to show this relationship schematically. 

They are purposely made very schematic, but the essential fea- 

tures are entirely substantiated by actual division figures. The 
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significant fact is that each of the small autosomes resembles in size, 

form and behavior one arm, or one end of a large autosome. So that 

by assuming a partition of the large autosomes at their median, 

constricted points, and assuming that each of the resulting halves 

behaved after separation just as it did before, exactly such a con- 

dition would be brought about as that found in Type II. 

TYPE III 

Chromosome groups found in Drosophila funebris 

The important features in this type are shown in figures 14 to 

17, and diagram 3 a and 3b. In the main it agrees essentially 

with Type II except that the m-chromosome pair appears to be 

entirely lacking (compare figs. 8 and 14). Whether this disap- 

pearance has been brought about by the degeneration of the pair 

or by a fusion with some other pair I have been unable to deter- 

mine. The unusual length of the sex-chromosomes might suggest 

the latter, but in view of the radical difference in behavior between 

them and the autosomes, and the fact that another type (V) also 

lacks the m-chromosomes, without a corresponding enlargement 

of the sex-chromosomes, I am inclined to doubt this explanation. 

It is worthy of note that in this type (III) the sex-chromosomes 

are fully as elongate as the large autosomes of Type I, yet they 

retain their own characteristic form and behavior, and show no 

evidence of the V- or dumb-bell-shape, or a median attachment to 

the spindle fibers. If it were true that all chromosomes are quali- 

tatively alike, and that form and behavior are merely secondary 

characteristics determined by size and bulk, then we should expect 

these long sex-chromosomes to assume the characteristics of the 

large autosomes of Type I, but as a matter of fact they do nothing 

of the sort. To my mind there is no clearer demonstration than 

this of a qualitative difference between the individual chromo- 

somes of a group. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No. l 
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TYPES IV AND V 

Chromosome groups found respectively in Species C 

and D. tripunctata 

Like Types II and III, these two differ from one another mainly 

in the presence and absence of the m-chromosomes. Otherwise 

they are essentially alike, and may be considered together. Fig- 

ures 18 and 19 show early metaphases of Type IV taken from 

aceto-carmine smear preparations. Figure 20 shows the haploid 

number of the same, in the second spermatocyte division (equa- 

tion division), from a section. In figures 21 to 26 are shown the 

diploid chromosomes of Type V, taken from sections. The first 

two figures represent metaphases—21 a polar view, and 22 a 

somewhat diagonal view. They differ in proportions from the 

figures of Type IV because of the contraction incident to fixing, 

embedding, etc., but nevertheless show their general similarity 

to the other type; (compare figs. 18 and 22). Figure 23, a late 

prophase of Type V, represents an earlier stage, before the auto- 

somes have fully contracted. Figure 24 is an early prophase, 

included here to show the precocious contraction of the sex- 

chromosomes, and the very intimate pairing or conjugation of the 

autosomes. In figures 25 and 26 are shown the two poles of an 

anaphase, indicating the behavior of the three different kinds of 
chromosomes at this stage. 

These two types (IV and V) are less easily analyzed than the 

previous ones, but the evidence clearly indicates that they are, in 

a way, intermediate between certain of the latter. Comparing 

Type IV with Type I, as indicated in diagrams 4 and 1, it would 

seem that two of the large autosomes of Type I have undergone 

partition, giving rise to four small autosomes, while the other 

large pair has remained intact. By a similar partition of the 

latter a type like number II would be formed. From Type IV 

one like Type V could be derived by loss of the m-chromosome 

pair, as assumed in the case of Type III, either by degeneration, 

or by fusion with another pair. These various steps are indicated 

schematically in diagrams 6 to 11. 
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The principal difficulty encountered in the examination of 

Types IV and V, is that of distinguishing between the sex-chromo- 

somes and the small autosomes. As shown by the figures, the 

likeness is so great that at certain stages they cannot be dis- 

tinguished with certainty. This causes some trouble in late pro- 

phase and early metaphase, when the autosomes are in the process 

of contraction, but before and after this the separation may be 

made readily, so that the difficulty in no way interferes with the 

identification of the various chromosomes, or with the process of 

homologizing them with members of other types. 

SUMMARY AND CONCLUSIONS 

The genus Drosophila has numerous species which differ from 

one another in the number and form of their chromosomes, as 

well as in external characters. Of the twelve species examined 

by me five conform to one type in respect to the chromosomes, 

four conform to another type, and three to three additional types 

respectively—making five types in all. In each type the chromo- 

some group is made up of certain different kinds of chromosomes, 

distinguished by their size, form and behavior. By comparing 

these types with one another an evolutionary series may be ar- 

ranged. This series can be explained upon the assumption that 

four of the types arose from the first by a series of steps, involving, 

on the one hand, the partition of certain long chromosomes into 

halves, and on the other hand, the disappearance (by degenera- 

tion or fusion), in two cases, of a pair of very small m-chromo- 

somes. It is not likely that the forms studied represent a con- 

secutive series. In themselves they make a dichotomous series, 

but in all probability the intermediate steps in this constructed 

series, if they represent evolutionary stages at all, are merely indi- 

cations of what has taken place, and do not themselves belong in 

the positions assigned to them. 

Type I is arbitrarily chosen as the stem from which the others 

are derived because it includes the greatest range of species, and 

because it is easier to conceive of an evolution by partition, or by 

loss, of chromosomes than by their fusion or generation. The 
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direction of evolution, however, is purely a matter of opinion and 

may quite readily be reversed. 

As far as the characters of the insects themselves are concerned, 

they throw little light on the question. The various species are, 

for the most part, quite different from one another, with the ex- 

ception of two, and these have similar chromosomes (Type I). 

From the taxonomic standpoint the genus has never received ade- 

quate attention from entomologists, and consequently there is 
little clue as to the relationship of species. 

DISCUSSION 

A detailed discussion of the various questions suggested by this 

study would be out of place at this time, but it may be profitable 

to call attention briefly to some phenomena appearing in these 

flies, which do not present themselves so conspicuously in other 

animals. 

Individuality of the chromosomes 

In practically all the species used in this study the metaphase 

plates stand out as clearly as diagrams, and in most cases there 
cannot be the slightest doubt as to the identity of any particular 

kind of chromosomes. Especially is this true of such types as II 

and ITT, in which most of the chromosomes are short. And even 
in the other types where more long chromosomes are present there 

is no difficulty in identifying the different sorts except at certain 

stages. Consequently, after studying scores of preparations from 

larvae, pupae and adults, and finding that in each of these the 

same particular kinds of chromosomes appear over and over 

again with the greatest regularity, both in the somatic and germi- 

nal tissues; and then after noting that each of these kinds has its 
own particular method of behavior in each cell division, I can find 

little reason to doubt that every chromosome has a specific char- 

acter of its own, and that its individuality persists from one gener- 

ation to another. Upon no other assumption can I explain the 

exact repetition of identical chromosome groups in certain species, 

and the appearance in other species of groups so related to one 
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another and to the first that the individual chromosomes can be 

homologized throughout the entire series, as they can be in the 

Drosophilas. 

Pairing and conjugation of chromosomes 

The Drosophilas offer some of the most striking evidences of 

the actual pairing of chromosomes in the diploid groups, thus far 

observed. The phenomenon is apparently characteristic of all 

Diptera,* but is nowhere so striking as in this genus. 
The figures speak for themselves in this regard, and need little 

emphasis. The sex-chromosomes alone show any appreciable 
number of exceptions to such a paired association. A number of 

cases have been found in which these were not paired, and in 

general the association between them is less intimate than that 

between members of autosome pairs. Whether this is correlated 

with the precocious contraction of the sex-chromosomes, or is due 

to an inherent difference between them and the autosomes, cannot 

be determined. In any event, the difference is slight, for nor- 

mally they are paired like the autosomes. 

In such cases as these, where two or three pairs of chromosomes 

can be individually identified, there can be no question that each 

pair is convposed of one maternal and one paternal component, since 

any germ cell of either sex contains only one member of each of 

these kinds. And when it is evident that three out of five pairs 

are so made up (e.g., Type IV), a very strong presumption is 

created that the other two pairs are similarly constituted. 

But the most remarkable feature of the whole study is the dis- 

covery that the chromosomes not only exhibit a close association 

in pairs at nearly all times, but that before every cell division the 

members of each pair become so intimately united that they may 

be said actually to conjugate. Each pair, with the possible ex- 

ception of the sex-chromosomes, goes through what amounts to 

a@ synapsis in every cell generation, so that in many cases the’ 

5 Miss Stevens (’08, ’11) records it in nine species of Muscidae, and four species 

of mosquitoes. I have verified it in five of these species of Muscidae, and extended 

it to eight others, in addition to those of Drosophila. 
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figures closely resemble those of haploid groups. Apparently 

this takes place especially in early prophase (fig. 24), but a second 

conjugation may occur during metaphase, just a short time before 

division (figs. 9, 15, 16). Whether in the first case conjugation 

takes place in anaphase and continues into the succeeding pro- 

phase has not been ascertained. This interesting question is 

being given special study at the present time, with a view to de- 

termining the exact nature and extent of the conjugation. In the 

second, or metaphase conjugation, at least, it is worthy of note 

that the union is unquestionably a side-by-side, or parasynaptic 

one. 
It need hardly be urged, in the face of such evidence as this, that 

an actual pairing of chromosomes may take place in the diploid 

nuclei outside of the sphere of reduction. True, there is little 

evidence, in most organisms, of such a side-by-side association of 

chromosomes to form pairs. But the fact that it occurs so strik- 

ingly in some forms adds great weight to the conclusion (based on 

size relations and other evidence), that such pairs are present in 

all, even when the members are not obviously associated. If 

anyone still doubts the reality of pairing of homologous chromo- 

somes, I should recommend to him a study of the Diptera. 

In conclusion, I wish to express my appreciation of the kindly 

assistance and advice of Professors E. B. Wilson and T. H. Mor- 

gan of this laboratory. And I wish to thank Dr. C. B. Daven- 

port for the many courtesies extended to me during my stay at 

Cold Spring Harbor. 

Addendum. Since this paper went to the publisher, further 

study of D. funebris (Type III) has revealed the presence of a 
minute pair of m-chromosomes in at least some specimens of 

this species. Apparently either the size of the m-chromosomes 

is variable in D. funebris, or else these chromosomes are absent 

in some specimens and present in others. 
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PLATE I 

EXPLANATION OF FIGURES 

All figures, with the exception of figure 9, were drawn with the aid of a camera 

lucida, using Zeiss 1.5 mm. apochromatic objective, and compensating ocular 12, 

with tube length of 160 mm. The drawings are reproduced natural size. Figure 

9 was drawn freehand, but to about the same scale as the others. For the prepara- 
tion of figures 6, 9, 17, 23 and 24 I am greatly indebted to Miss Mabel L. Hedge. 

Figures designated as ‘oogonial’ may be, in some cases, from ovarian follicle 

cells; the two cannot always be distinguished. 

1-7 Chromosome groups of Type I. 

1 Drosophila amoena, oogonial metaphase; from asection (one m-chromosome 

concealed). 

2and3 D. amoena; spermatogonial metaphases; aceto-carmine. 

~4and5 OD. ampelophila; oogonial metaphases; aceto-carmine. 

6 D. amoena; second spermatocyte anaphase; side view; showing haploid 

number of chromosomes; section. 

7 D. quinaria; one pole of anaphase; oogonial division. Polar view showing 

contrast between large autosomes and sex-chromosomes; m-chromosomes not 

shown; section. 

8to13 Groups of Type II. 

8 D. repleta; oogonial metaphase ; section. 

9 D. repleta; oogonial metaphase slightly earlier than figure 8, showing con- 

jugation of chromosomes; aceto-carmine. 

10 D. (Species A); oogonial metaphase; section. 

11 D. (Species B); early metaphase or late prophase; section. 

12and13 Same; later stage; sections. 

14to17 Type III. 

14and15 D. funebris; metaphase from ovarian cells; sections. 

16 D. funebris; earlier than last, showing conjugation of autosomes; section. 

17D. funebris; anaphase, polar view showing both poles; All chromosomes 

rod-like; the autosomes completely divided and daughter halves separated; the 

sex-chromosomes just pulling apart, but still attached at one end; section. 

18 to 20 Type IV. 

18 and 19 D. (Species C); oogonial metaphase; aceto-carmine. 

20 Same; second spermatocyte metaphase; chromosomes partly divided; 

section. 
21t026 TypeV. - ~ 

21 D. tripunctata; polar view of metaphase from ovarian cell; section. 

22 D. tripunctata; diagonal view of metaphase; slightly later stage; section. 

23 OD. tripunctata; late prophase from ovarian cell; section; h, sex-chromo- 

somes. 
24 D. tripunctata; early prophase from ovarian cell; autosomes conjugated in 

pairs; section. 

25 and 26 D. tripunctata; two poles of anaphase from ovariancell. Show V- 

shaped large autosomes (1), rod-like small autosomes (s), and rod-like sex-chro- 

mosomes (h), section. 







STUDIES ON THE DYNAMICS OF MORPHOGENESIS 
AND INHERITANCE IN EXPERIMENTAL 

REPRODUCTION 

VIII. DYNAMIC FACTORS IN HEAD-DETERMINATION IN PLANARIA 

‘ 

C. M. CHILD 

From the Hull Zoélogical Laboratory, University of Chicago 

TWO FIGURES 

In earlier papers (Child 711 b, ’11 ¢, ’11 e) attention has been 

called to the fact that the frequency of head-formation in iso- 

lated pieces of Planaria dorotocephala varies with size of piece, 

region of body and various external conditions which can be 
controlled experimentally. This difference in capacity, together 

with the possibility of comparing rates of metabolism in different 

pieces by the susceptibility method (Child ’13 a), affords a means 
of determining why some pieces produce a head and others-do 

not and since the formation of the head is the first step in the 

development of the new individual we have an answer to the 
question why some pieces give rise to new wholes and others do 

not. 

I. THE TIME OF HEAD-DETERMINATION 

Since it can be determined experimentally within wide limits 
in various ways whether a piece of Planaria dorotocephala shall 

give rise to a head or not (Child ’11b), it is evident that the fate 

of the piece as regards head formation is not fixedly and finally 

determined at the time of isolation of the piece from the parent 

body. The first step in the analysis of the factors concerned in 

head determination is to find when the determination of the 

head occurs. This can be readily and very simply done by the 

following method. 
61 
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Short pieces from the middle region of the body, i.e., the pos- 

terior region of the first zodid of Planaria dorotocephala, such for 

example, as ab, be and cd in figure 1, give rise in 98 to 100 per cent 
of the cases, under ordinary conditions, to headless forms (Child 

Figure 1 

"11 b, 711 ©), L.e., no outgrowth of new tissue occurs at the anterior 

and beyond the healing of the wound. 

On the other hand, long pieces with anterior ends at the same 
levels as those of the short pieces (pieces like ae, af, ce, cf) pro- 

duce under the same external conditions 98 to 100 per cent of 

animals with fully developed normal heads. 
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It is of course evident that in these cases the length of the 
piece is in some way a factor in head-formation, but the ques- 
tion how it affects head-formation will be answered later. At 

present we are concerned merely with the fact that the cells at 

the levels, a, 6, etc., when at the anterior ends of short pieces, 

do not give rise to heads, but when at the anterior ends of long 
pieces do give rise to heads. In order to find approximately when 

head-formation is determined, it is only necessary to prepare a 

large series of the long pieces, such as af or cf in figure 1, and at 

different intervals after section to remove short pieces such as 

ab or cd from the anterior ends of a certain number. We know 

that such short pieces when completely isolated at once do not 

develop heads. If heads appear at their anterior ends after 

they have remained a certain length of time as the anterior re- 

gions of long pieces and have then been isolated, it is evident 

that the formation of heads must have been determined while 

they were still a part of the long piece. The records of experi- - 

ments will show the character of results obtained. 

Series 458. From well fed worms 18 mm. long, about 150 
pieces, including the region cf in figure 1, were prepared and 

from these the following five lots were taken. 

Lot I. From the anterior ends of twenty-five of the long pieces, 

short pieces like cd were removed 15 to 30 minutes after the long 

pieces were prepared. 

Lot II. From another twenty-five of the long pieces, similar 

short pieces were cut 3 to 4 hours after the long pieces were pre- 

pared. 

Lot III. Twenty-five similar short pieces 7 to 8 hours after 
first operation. 

Lot IV. Twenty-five short pieces 18 hours after first operation. 

Lot V. Twenty-five short pieces 24 hours after first operation. 

These five lots of short pieces were allowed to undergo recon- 

stitution at a temperature of 20 to 22°C. and when this was com- 

plete the character of each piece was recorded; the results appear 

in table 1. ; 

The five types distinguished have been described in earlier 

papers (Child ’11b, ’11¢). The normal form possesses a head 
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with two eyes and two lateral cephalic lobes, as in figure 1. In 
the teratophthalmic form the eyes are either partially or wholly 

united or unequal in size or abnormally placed. The terato- 

morphic form has a single eye in the median line and the cephalic 

lobes appear on the front of the head and may be partially or 

completely united in the median line. In the anopththalmic 
form an anterior outgrowth is present, containing a small abnor- 

mal ganglionic mass, but eyes do not appear. And finally, the 

headless form shows no anterior outgrowth except closure of 

the wound. 

_ The increase in head-frequency in the short pieces is evident 
from table 1. In Lot I, 80 per cent remain headless and only 

8 per cent give rise to heads with eyes of any kind and none are 

TABLE 1 

| vIME BET. Ist | | | | 

vors "how iw ans. | NORMAL |raatsie | wonpmre | tuamane | ZPADLESS| DEAD 
AND MIN. | | | 

1 | 0.15-0.30 | a 8G een ela 
II 3.00-4.00, 4 hae | DANG 5? 28e oa as 

EEN, || GOO-8.005) 28 yi) \ 605 7 | iit Sveteaigeal 
IV 18 .00 76 16 | | Lt acelin 
V 2400 sity SO" «| 8 | | 12 

| | | 

normal. But Lot II shows that after 3 to 4 hours the anterior 

ends of the long pieces have been determined as heads to such an 
extent that their isolation as parts of short pieces prevents head- 

formation completely in only 28 per cent, while 24 per cent are 

anophthalmic and the rest form heads with eyes, 4 per cent 
normal, 32 per cent teratophthalmic and 4 per cent teratomorphic. 

In Lot III, where the short pieces were cut off after 7 to 8 hours 

as parts of the long pieces, only 12 per cent remain headless and 28 

per cent are normal and 60 per cent teratophthalmic. In Lot IV, 

after eighteen hours, 76 per cent are normal and 16 teratophthal- 

mic, and in Lot V, after twenty-four hours, 80 per cent are normal. 

After 18 hours the head is so fixedly determined in practically 

all cases that isolation of the head-forming region as:part of a 

short piece cannot prevent head-formation. The approach in 
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the character of the head to the normal, as well as the increase 

in head-frequency, is also evident. In Lot II only 4 per cent of 

normal heads appears, but in Lot III 28 per cent are normal, 

in Lot IV, 76 per cent and in Lot V, 80 per cent. This series 
shows that head determination begins almost at once after sec- 

tion and that in most pieces, the head is fixedly determined 
within seven to eight hours after section (Lot III, 88 per cent 
form heads). 

The following series gives in general the same results but brings 

out some points more clearly than the preceding. 

TABLE 2 

t TIME BET. Ist wil 

pong |AND2DOFRRA'| sonaas, [THBATOEE/ Temare, | ANOTE. | maanvass | onan 
AND MIN. 

Controls 72 28 | 

I 0 X | 96 4 

II 2 .30-3 .00 4 16 12 68 

Ill 5 .380-6 .00 4 28 8 24 32 4 

IV 12.00 36 60 4 
a - = 

Series 465. From well-fed worms 15 to 16 mm. in length, about 

150 long pieces like ae (fig. 1) were cut. 
Lot I. Twenty-five short pieces (ab, fig. 1) cut immediately 

after first operation. 

Lot II. Twenty-five short pieces cut 24 to 3 hours after first 

operation. 

Lot III. Twenty-five short pieces cut 53 to 6 hours after first 

operation. 

Lot IV. Twenty-five short pieces cut 12 hours after first 

operation. 
All lots kept at 20 to 22°C. The results appear in table 2, in 

percentages. 

The controls, i.e., twenty-five of the long pieces, all form heads, 
72 per cent normal and 28 per cent teratophthalmic. On the 

other hand, Lot I, consisting of twenty-five of the short pieces 

removed at once from the anterior end of the long piece, develops 

no heads at all, 96 per cent being headless and 4 per cent dead. 
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The contrast in head-frequency between the long and short pieces 

is strikingly shown in these two lots. It must be remembered 

that in the two cases the level of the body concerned in head- 

formation is the same, or as nearly as possible the same, yet in 

the long pieces 100 per cent of heads are formed and in the short 

pieces none. It may be added further that in pieces of inter- 
mediate length all possible intermediate percentages of head- 
frequency are found. 

Comparison of Lots I to IV of the short pieces shows essentially 

the same result as table 1 above. In Lot I all remain headless, 

in Lot II, 68 per cent, in Lot III, 32 per cent and in Lot IV, 4 

per cent. The table also shows that not only does the head- 

frequency increase but that a marked approach to the normal 

in the character of the head occurs, as the length of time during 

which the short piece remains as an anterior portion of the long 

piece increases. In Lot II, 20 per cent of the pieces form heads 

with eyes, in Lot IIJ, 40 per cent, and in Lot IV, 96 per cent. 

The only possible conclusion from these two series is that the 

factors which determine whether an isolated piece shall give rise 

to a head or not, begin to act almost immediately after the opera- 

tion; that within 3 hours after section, the determination between 

‘head’ and ‘headless’ has already occurred in about 50 per cent 

of a lot of pieces under the usual conditions and that this determi- 

nation has occurred in practically 100 per cent within twelve 

hours after section. 

It also appears from the two tables that the determination of ° 

the character of the head formed occurs somewhat later than 

the determination whether a head shall be formed ornot. At 

3 hours and even at 6 hours, anophthalmic as well as normal 

and teratophthalmic forms appear in considerable percentages 

(table 2) and even at 12 hours the percentages of normal heads 
is only half that in the controls. At 18 hours, however, most 

heads are determined as normal (Lot IV, table 1). 
These and other similar series in which worms of approxi- 

mately the same size and physiological condition were used and 

in which external conditions are as nearly as possible uniform, 
all give similar results. Under these conditions, head-formation 
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is fixedly determined in most pieces within 8 hours after section 

and in practically all, within 12 hours after section. The de- 
termination of the character of the head occurs later. In this 

way it is possible to discover approximately the time of determi- 

nation, not only of the head as a whole, but of the cephalic lobes, 

eyes and preocular region and of the various types of head. For 

comparable results animals of similar size and condition and 
similar external conditions are necessary, because the time of 

head-determination varies both with internal and _ external 

factors and in fact can be altered experimentally. 

The times obtained in this way, however, represent the times 

when the structures concerned have become so fixedly determined 

that they cannot be altered even by extreme changes in con- 

ditions. There is every reason to believe that in a given piece 

it is determined whether a head shall form or not some time 

before that determination becomes so firmly fixed as to be un- 

changeable by altered conditions. Tables 1 and 2 show that in 

a considerable percentage of pieces, head-determination has be- 

come fixed within 3 hours after section. In short, there is no 

question that under the usual conditions head-determination in 

pieces must occur, or at least begin, almost immediately after 

section and the conditions existing in the piece during the first 

two or three hots after section must constitute the most im- 

portant factors in the process of head-determination. 

II. HEAD-FREQUENCY AND DEGREE OF STIMULATION IN PIECES 

In the first paper of this series (Child 711 ¢) it was shown that 

the frequency of head-formation in pieces under the usual con- 

ditions of temperature, etc., decreases with decrease in length 

and also with increasingly posterior level of the piece within the 

limits of a single zodid (Child ’11 e). In other words, the shorter 

or the more posterior a piece is, the less likely it is to give rise to 

a head. In the preceding paper (Child 714 b) it was found 

that the amount of temporary increase in the rate of metabolism, 

i.e., of stimulation of pieces resulting from section, increases with 

decreasing length and increasingly posterior level of the piece 
within the limits of a single zodid. 
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Bringing these two groups of facts togéther, we see that fre- 

quency of head-formation decreases as stumulation following section 

increases. This relation seems at first glance somewhat para- 
doxical, for it means essentially that the lower the rate of metab- 

olism in a piece in general, the more likely it is to give rise toa 
head, and vice versa, but in this and following papers evidence will 

be presented to show that this relation holds within certain limits. 

It was demonstrated in the preceding section that head- 

determination occurs within a few hours after section, at the 

latest, in other words, during the period of stimulation follow- 

ing section, which lasts for several hours and is followed by a 

gradual fall in rate of metabolism. We are then forced to the 

conclusion that a relatively high rate of metabolism in the piece 
as a whole, acts in some way as a factor inhibiting head-formation. 

This conclusion appears somewhat revolutionary, for it is gener- 

ally believed that the development of a new head on a head- 

less piece is a process of replacement of a missing part and that 

it is determined and controlled by other parts of the piece. But 
if the facts cited above are correct, the more vigorous the piece 

and the more capable it is of determining and controlling processes 

in other parts during the period when head-determination 

occurs, the less frequently does a head arise from it. This can 
mean only that the maintenance of the piece and the process of 

head-formation are in some way opposed or antagonistic to each 

other, and that the new head is not determined by the piece, 

but rather in spite of it. This point of view has already been 

briefly stated, together with some of the evidence on which it 

is based (Child 713 b), but further consideration is necessary to 

make clear its important features and its significance for our 

conception of the individual and its development. 

Ill. THE PROCESS OF HEAD-DETERMINATION 

The head arises from cells adjoining the anterior cut surface 

of the piece, which are so greatly affected by the altered corre- 

lative conditions and the presence of the wound that they lose 
their differentiation more or less completely, begin to divide 
rapidly and produce the outgrowth of new tissue. From this 
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mass of new embryonic tissue the new head arises. This head 

then develops from the earliest stages of morphogenesis, while 
in other regions of the piece, except at the posterior end, the 

original structure undergoes more or less alteration but does not 
completely disappear in a regression to embryonic cells. In 

figure 2 the region of head-formation is indicated by the shaded 
region at 2, the region of tail-formation by z, and those regions 

of the piece which retain the chief features of their structure, 

by y. 
We have already seen that the higher the rate of metabolism 

in y following section, the less likely is a head to arise from 2, 

and vice versa, and it has been pointed out that this inverse re- 

7] 

Figure 2 

lation between head-frequency and rate of metabolism in other 
regions of the piece, can mean only that the new head develops, 

not in correlation with and under the control of the piece as a 

whole, but, so to speak, in spite of it. 
In short, the facts already cited, and a large body of evidence 

still to be presented, point directly to the conclusion that head- 
formation in a headless piece is not the restitution of a missing 

part but the first step in the development of a new individual. 
If this is the case, then head-formation in a piece is essentially 

the same process as in embryonic development. There the head, 

or more specifically the cephalic nervous system, is the first region 

or organ of the individual to become morphologically visible. 

So far as we can determine, these early stages of head-develop- 
ment are not dependent upon conditions in other regions of the 
egg or embryo, but the head-region takes the lead in development. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No. 1 
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In an earlier paper (Child 712) the writer has shown that in 

Planaria reconstitutional development may be inhibited in various = 
a degrees by low concentrations of narcotics and that the formation 

of a head may still occur when all development of other parts is 

completely inhibited. Moreover, it is a familiar fact that very 

short pieces of Planaria may give rise to a single head or to biaxial 

heads without other parts, and the same is true for Tubularia 

and various other forms. These various facts demonstrate 

that head-formation in Planaria is possible without any corre- 

lative influence of other parts, i.e., it is a process of ‘self-differ- 

entiation’ (Child 713 b, pp. 614-617). On the other hand, there 

is no evidence favoring the opposite conclusion. Even as re- 

gards pieces undergoing reconstitution, there are no facts indi- 
cating that head-formation is determined by other regions of 

the piece. We have simply been accustomed to consider that 

the piece replaces lost parts and so gives rise again to a new whole. 

But it has often been pointed out that*in such forms as Planaria, 

the piece does not replace exactly the parts lost, but a new whole 

arises by the formation of a head at one end, a posterior end at the 

other and the reorganization of remaining portions. What 

actually occurs in these cases is that a new head region begins to 

develop as the first step in a new individuation and this new head 

region dominates other parts and determines a reorganization 

of the old tissues of the piece. Head-formation is not deter- 

mined by other parts, but it—or more specifically the formation 

of the cephalic nervous system—represents the fundamental 

morphogenetic reaction of the specific cellular material. 

The existence in Planaria of the inverse relation between 

head-frequency and rate of metabolism in the piece as a whole, 

constitutes further important evidence in support of this view 

and is readily understood from this standpoint. It can mean 

only that the cells of the region x (fig. 2) give rise to a head except 

in case the rate of metabolism in the region y is sufficiently high 

to retard or inhibit this process of “‘self-differentiation.’’ 

The rate of metabolism in the cells at x, which we may call 

‘rate x,’ is probably determined largely by local conditions con- 

nected with the altered correlative conditions and the presence 

ti 
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of the wound. Under given external conditions, it probably 

does not differ very greatly in pieces of different length and from 

different regions. The rate in the region y (rate y), on the other 

hand, varies, as we have seen, with size and level of body. When 

rate y is sufficiently high in relation to rate x, the cells at x are 

prevented from beginning independent development and produc- 

ing a new head. On the other hand, the lower the rate of y in 

relation to the rate of x, the more independent are the cells at 

x and the more likely to produce a head. 

The fact that head-determination in pieces occurs almost 

immediately after section, shows that the critical period is at the 

very beginning of the division and growth in the region x. Evi- 

dently, the determination whether a head shall arise or not is 

essentially simply a question whether the region x shall develop 

with at least a certain degree of independence of the region y, 

in which case it produces a head, or whether its development 

shall be inhibited by y. 
If this conception of the process of head-determination is 

correct, then we arrive at a very simple expression for the head- 
frequency in pieces of different size and from different regions, 

rate x 

rate y 

We do not know positively whether rate y must actually be 

higher than rate x in order to inhibit head-formation, but there 

is no reason to believe that such a difference is necessary. It 

has been pointed out in earlier papers (Child 711 d, 712, 713 ce) 
that in the intact animal the rate of metabolism decreases from 

the head region posteriorly. If this is the case and if the effects 

of section and the local effect of the wound could be eliminated, 

rate x in a piece should always be higher than rate y. But the 
region y is a system of correlated parts with conducting paths 

and metabolic mechanisms fully developed and capable of a 

relatively high degree of stimulation. The region x, on the other 

hand, during the first few hours after section (i.e., the period when 

its fate is determined) is merely a group of cells without definite 
mechanism of correlation corresponding to a head. It is possible 
that the fully developed region y may overbalance and inhibit 

viz., head-frequency = 
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the few cells at z, even though rate y per unit of weight or volume 
is not actually higher than rate x. The development of conduct- 

ing paths, and in general the differentiation of y, must render it 

more capable of producing correlative effects upon other parts 

than are the few cells which are undergoing dedifferentiation 

at x. Probably the rate of metabolism, cell for cell, is higher 

in x than in y or becomes so very soon after section, for the cells 

at x are those most affected by section. Susceptibility experi- 

ments indicate that the region x usually possesses the highest rate 

of any part of the piece. But in order to be able to develop in 
spite of the region y, rate x must in all probability be considerably 

higher than rate y, and the differences in susceptibility of the 

regions x and y indicate that this is actually the case. In fact, 

before the new tissue has developed far enough to permit the 

distinction between heads and headless forms, we find in general 

a greater susceptibility in the region x as compared with y, in 

those pieces which would later show the higher head-frequency. 

But whatever particular relation between rate x and rate y 
which may prove to be necessary for the inhibition of head- 

formation or the development of a head, the expression head- 
rate x 

frequency = —_—— still serves to indicate the internal conditions 
rate y 

which influence head-formation. And not merely head-frequency 
in general but the frequency of any of the different types of head, 

normal, teratophthalmic, teratomorphic, anophthalmic, is deter- 

mined in the same way. It will be shown that all these different 

types of head represent simply different degrees of retardation of. 

the process of head-formation, whether by external or internal 

factors. In very short pieces, where the whole or nearly the 

whole piece represents region x and region y is absent or very 
small, head-frequency should become proportional to rate 2, 

and this is actually the case. Any conditions which decrease 
the rate sufficiently decrease the frequency of head-formation. 

This point will be considered more fully at another time. If 

the region x once succeeds in beginning its independent course 

of development it soon becomes the dominant region of the piece 
(Child ’11 d), develops into a head and determines the establish- 
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ment of a new axial gradient and so the reorganization of the 

region y. 
As regards the region z of figure 2 from which the posterior 

end develops, the relations to other parts are not as clear as in 

the case of x, for the chief visible differences in tail-formation are 

merely differences in amount of growth. In general, however, 

it is evident that development of the posterior end is directly 
proportional to rate y. But the stimulation following section 
has no relation to tail formation, because it is merely temporary 

and the tail is a subordinate part, depending for its very exist- 

ence upon correlations with more anterior regions. It can form 

at any time, whenever rate y is high enough to determine its 

development. ‘Tail-formation is retarded or inhibited by all 

depressing conditions, such as low temperature, low concentra- 

tions of narcotics (Child 712), etc., but exactly the same con- 

ditions may increase head-frequency in the same pieces. The 

experimental data upon this point will be presented at another 

time. 

IV. THE FACTORS WHICH DETERMINE LOCALIZATION OF THE 

NEW HEAD 

In all longer pieces of Planaria, the head when it forms is local- 
ized at the anterior end of the piece. The basis for this locali- 

zation is the axial gradient: how the gradient determines the 

localization we have now to consider. Attention has already been 

called to the fact that when a planarian (earthworm, etc.) is cut 

in two, the posterior piece is much more strongly stimulated than 

the anterior. The same relation is evident in contact stimu- 

lation. Slight stimulation of a given region produces much more 

marked effects posterior than anterior to it. In short, the 
whole mechanism of dynamic correlation in Planaria and similar 

forms is developed on the basis of the axial gradient. Correla- 

tion between regions of the body is chiefly in the posterior direc- 

tion, anterior regions being relatively independent of posterior, 

and posterior regions relatively dependent upon anterior. That 
metabolic gradients exist in at least some nerves in the lower 

animals is known (Child ’14 a) and there are reasons for be- 
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lieving that conduction occurs more readily and to greater dis- 

tances in the downward direction of the metabolic gradient. 
Conduction against the gradient is possible but requires a much 

stronger stimulus for a given distance. If the nerve impulse 

is a wave of chemical reaction, as seems now to be demonstrated 

(Tashiro 713), it is at least probable that in order to travel for any 

appreciable distance up the original gradient, the impulse must 

be strong enough to reverse the gradient temporarily as far as 

it proceeds, while a much weaker impulse may travel down the 

gradient for long distances. But whether this interpretation 
is correct or not, the fact remains that in planarians and many 

other lower forms, nervous and dynamic correlation (Child 

’11 a, p. 18) in general, is chiefly from more anterior to more 

posterior regions. 
Admitting this fact, it follows that cells at the anterior end of 

a piece are in general more independent of other regions of the 

piece than the cells of any other level. It has been pointed out 

that the conditions necessary for head-formation are: first, 
embryonic cells of the species, second, physiological or physical 

isolation from correlative factors, and third, a sufficiently high 

rate of metabolism. It is evident that the condition of isolation 

from correlative factors is more completely fulfilled at the ante- 

rior end of the piece than elsewhere. At the posterior end, on the 

other hand, the new cells can never become physiologically 

isolated unless the axial gradient is eliminated, and in such cases 

we find that a head may actually arise at the posterior end of a 

piece. And in cases where the gradient is more or less perma- 

nently reversed, a tail may arise at the anterior end. 

Briefly stated, the localization of new head and tail on a piece 

are due to the existence of the axial gradient. The head, which 

develops independently of other parts, develops at the anterior 

end because this is the only region of the piece where a sufficient 

degree of physiological isolation can possibly occur, as long as 

the axial gradient persists. The tail, which arises only as a 

subordinate part dependent upon and determined by more 

anterior regions, is localized at the posterior end of the piece 

because the cells in this region cannot become physiologically 
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isolated as long as the gradient persists, but develop under the 
dominance of more anterior parts and therefore produce a tail. 

By eliminating or reversing the gradient we may alter these 
localizations. 

The headless piece represents a condition intermediate between 

the development of a head and of a tail at the anterior end. 

When rate y is sufficiently high in relation to rate x, to decrease 

the original gradient below a certain minimum in the anterior 

region of the piece, head-formation is simply inhibited, because 

neither « nor y dominates completely. But if rate y should 

become sufficiently high, as compared with rate x, to eliminate 

the old gradient and establish a new one sufficiently steep in the 

opposite direction in the anterior region of the piece, the region 

x will become a tail instead of a head. These points will be fur- 

ther discussed at another time on the basis of further experimental 

evidence. 

V. THE FUNDAMENTAL REACTION SYSTEM OF THE SPECIES 

Attention has already been briefly directed in other papers 

(Child ’13 b, ’13 ¢) to certain consequences for the problems 

of inheritance and development of the conception of the organism 

developed in these studies. If the head-region is a ‘self-differ- 

entiating’ system which arises in development independently 

of other parts and if other parts arise only in correlation with a 

head region or with a part which has already arisen in this way, 

we are forced to the conclusion that a single fundamental reaction 

system is the basis of both development and inheritance. The 
apical region or head region, or in animals which develop a 

morphologically differentiated nervous system, the cephalic 

region of the nervous system which is the dominant part of the 

head, is a closer approach than any other part of the organism 

to a morphological expression of this fundamental reaction 

system. In the lower animals, as well as in the plants, we see 
as a matter of fact that an isolated cell or group of cells capable 

of development produces an apical region or head except where 

it is prevented from doing so by correlation with already exist- 
ing apical regions or heads. 
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The conclusion that the organism consists fundamentally of 

a single reaction system which is most closely represented morpho- 
logically by the apical region or head, or its dominant part, is 

forced upon us by the facts. Moreover, it is the only conception 

which enables us to account satisfactorily for the definite, orderly 

character of development, its progression in general from anterior 

to posterior regions, the dominance of the growing tip in plants 

and of the head in animals, and various other morphological 

and physiological characteristics of organisms. On the other 

hand, there are no real facts which indicate that the organism 

consists fundamentally of a multitude of independent determi- 

nants, factors or entities of any sort. Even the Mendelian phe- 

nomena do not demonstrate the existence of independent factors 

as entities, but merely indicate the existence of different capaci- 

ties in a system, or of a variety of different systems. The locali- 

zation of the visible realization of a capacity implies nothing as 
to the localization of the capacity. Any corpuscular theory of 

heredity and development demands the assumption of an an- 

thropomorphic mechanism or ‘vitalistic’ principle of some sort 

for the management of the corpuscles. The conception of a 

fundamental reaction system as the basis of inheritance and 

development avoids all these as well as other difficulties; is de- 
veloped from experimental data and brings into line a great 

number of facts which are very generally ignored by current 

theory. 

The fundamental reaction system, dominance of the apical 
region and the axial gradient are all merely different aspects of 

the same general idea, viz., that the specific protoplasm of any 

organism consists fundamentally of a single physico-chemical 

reaction system which we may, if we desire, conceive as made 

up of a larger or smaller number of fundamentally similar partial 

systems. This system is the basis of inheritance and its dynamic 

capacities, the foundation of hereditary characters. The first 
step in organization and in embryonic development results from 

the establishment, in one way or another, of some region or 

portion of this protoplasmic reaction system as a region of higher 
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rate of dynamic activity. This region dominates development, 

becomes the apical or head region and determines the axial 
gradient or gradients, which constitute the dynamic basis of 

polarity and of individuation. The organization and develop- 

ment of various parts of the organism rests upon a similar basis 

of fundamental reaction system and dominance and _ subordi- 

nation of parts resulting from differences in rate of reaction. 
Following papers will be devoted primarily to the development 

of this general conception on an experimental basis and its appli- 
cation to particular aspects of the problem of experimental 

reproduction, and secondarily, to the question of its significance 
for inheritance and development in general. 

VI. SUMMARY 

1. Whether or not a head shall arise at the anterior end of an 

isolated piece of Planaria dorotocephala is determined so fixedly 
during the first six or eight hours after section that head-formation 

cannot afterward be prevented by conditions which do prevent 
it when acting immediately after section. Head-determination 

undoubtedly begins immediately after section. 

2. The period during which head-determination occurs is the 

period of stimulation following section, and in general the more a 

piece is stimulated by section the less likely it is to produce a 
head. Head-formation is a process opposed or antagonistic 

to the maintenance of the piece. 

3. The development of a new head on a headless piece is not 
the restitution of a missing part but the first step in the develop- 

ment of a new individual. Whether a head shall develop or not 

depends primarily on whether the cells which give rise to new 

tissue at the anterior end of the piece become physiologically 

isolated to a sufficient degree to develop independently of other 

parts of the piece, or whether other parts prevent this develop- 

ment. In the former case a head arises, in the latter the piece 

remains headless. 
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4. If the group of cells which gives rise to the embryonie 

tissue at the anterior end of the piece is designated 2, the similar 

group at the posterior end, z, and the remainder of the piece, 

y, we may express head-frequency in pieces in a very simple 
rate x 

rate y 

other hand, is directly proportional to rate y. 

form, viz.: head-frequency = Tail-frequency, on the 

5. In pieces of considerable length the new head is localized 

at the anterior end of the piece because the axial gradient deter- 

mines that the cells at this end are physiologically isolated to a 
much higher degree than the cells at the posterior end. A group 

of cells developing independently at a transverse cut surface gives 

rise to a head, but when developing in subordination to other 

parts, gives rise to a posterior end. In short pieces, biaxial 

heads, biaxial tails or reversal of polarity may occur according 

to the relations between the rates of the regions x, y and 2z. 

6. The only logical conclusion from the data of experiment 

and observation is that a single fundamental reaction system 

is the basis of development and inheritance in each species, race 
or individual. The apical or head region, or the dominant part 

of that region, represents the fundamental reaction more nearly 

than any other part of the organism. 
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TWO SEX-LINKED LETHAL FACTORS IN DROSOPHILA 
AND THEIR INFLUENCE ON THE SEX-RATIO 

T. H. MORGAN 

From the Zoélogical Laboratory, Columbia University 

SEVEN FIGURES 

By a recessive lethal factor I mean any factor that brings about 
the death of the individual in which it occurs, provided its effect 
is not counteracted by the action of its normal allelomorph. 

The term is not intended to mean that some poison is produced 
that destroys the individual, but rather some defect is inherited 

that is serious enough to render the individual unable to live. 

The defect may be a physiological defect or a morphological 

malformation; in fact, a defect in any organ essential for the life 
of the larva, pupa, or imago would come under the general cate- 

gory of lethal. In the present case I have not attempted to 

discover where the elimination of the individual occurs, or to 

what specific defect it is due. 

Lethal factors may be sex-linked or not, i.e., they may be 

carried by the sex chromosome or by an autosome. If the lethal 

factor is sex-linked it will kill any male in which it occurs, since 
the male has but one X chromosome. Such a factor can, there- 

fore, never be transmitted through the male line, and, as a conse- 

quence, it is not possible to transfer a lethal factor ‘from one 

lethal stock to another lethal stock, and in this way get two 

lethals together, because, as we have seen, all males that contain 

a sex-linked lethal factor die. If two sex-linked lethals should 

ever occur in the same female one must have arisen as a muta- 

tion independently of the other. 

81 



82 T, H. MORGAN 

THE FIRST LETHAL FACTOR 

The origin of this stock has already been described (Rawls,! 

Morgan,?). The first part of the data that follow includes those 

already given in my former paper. At the time when that 

paper was written the ‘returns’ were still coming in. Most of the 
counts here given for the first lethal were made by Mr. J. 8. 

Dexter who was assisting me at the time. 
Females from the lethal stock sent to me by Miss Rawls were 

mated to white-eyed males in pairs. Some pairs gave 1:1 ratios, 

i.e., equality in the sexes; and others gave 2:1 ratios, 1.e., two 

daughters to one son. Those mothers that gave as many sons 

as daughters (e.g., pairs OM and K) were not heterozygous for 

lethal, and all their offspring should continue normal. Those 

mothers (e.g., pair L) which gave only half as many sons as 

daughters should be heterozygous for the lethal factor; and the 

missing sons should be those that received this lethal bearing 

sex-chromosome from their mother. 
To bring out this difference clearly, daughters (heterozygous 

for white) from the normal lines OM and K were mated to white 

males. That they did not carry the lethal factor is shown in 

table 1 by the production of a 1:1:1:1 proportion, which is that 

normally expected from a cross between a white male and a red 

female heterozygous for white. 
In contrast to the results of table 1 are those from the mat- 

ing of daughters (heterozygous for white) from the pair L, which 

gave a 2:1 ratio, to white males. The results show that while 

half the daughters of pair L gave a normal sex-ratio (table 2), 

the other half gave the lethal sex-ratio of 2:1 (table 3). 

The explanation of the fact that half of the daughters of L 

gave lethal sex ratios, and half gave normal ratios is that their 
mother was heterozygous for lethal. Half of her gametes were 

lethal and half non-lethal, so that of her daughters, half again 
should be heterozygous for lethal and half free from lethal. 

1 Biological Bulletin, vol. 24, 1913. 

2 Science, vol. 36, pages 718-20, 1912. 
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A comparison of tables 2 and 3 brings out the very striking 

fact that all the lethal sex ratios are characterized by the almost 

complete disappearance of a particular class of males—the red- 

eyed males, and that the absence or the smallness of this class 

is a surer index of lethal cultures than is the sex-ratio itself! 

Just as the red male class is almost exterminated, the white male 

class is almost undiminished, i.e., it is of about the size of each 

female class. That it is not nearer in size to the female class is 

due to the relatively poorer viability of these males. 

This disproportionate effect of the lethal upon the size of the 
two male classes is due to association, i.e., the loci occupied 

respectively by the lethal and the white factors are very close 

together in the sex-chromosome. It would require a break of the 

chromosome between these two points to produce a red male 

which lives (non-lethal) or a white male which dies (lethal), and 

TABLE 1 

The offspring of twelve red-eyed daughters of O M, and of six red-eyed daughters of 

K when mated separately to white-eyed males 

RED 2 2 | WHITE 92 2 RED o'o | WHITE o'o" 

= = 2): Soe ae een 

OMVIRI ee eee ee oe areas 41 | 33 34 28 

(ODL DA Bier eh Sie Pees on See 21 21 13 20 

(OD IM Ge 6 oie Sie, CRG ERIE 9 | 16 10 10 

(0): IN 2 an ee Soe ae 30 29 44 34 

GIN EIS 5 heat Mi arte ree RARRIES 24 17 24 19 

(COMMING Br reer. Posen 2 Fart ni Se 13 11 14 11 

COIN USP sare Be eacaenn ok eae ae 31 21 28 7 

BIBWIE RE AR die as Sis tae Ma 24 25 | 22 26 
COI ee 5G nates cc aves, herseataeiMey tun? 11 a 13 13 

GRIVEE 1 Oieven, 42.25 ho See ase 12 8 Siva 8 

(1k (110) ROR Se ee Ye kot ene 10 12 6 7 

CY NY [ed A oe one ae RE 11 16 16 23 

Cd SR eae ene 3 ee 45 37 5A 41 
ICDA pid en fet 5 aes ee one 38 38 36 | 38 

TEC IG TS BR Sie iene oak os ae eae 39 37 34 35 

LE Le aa A ROR c CRETE oS 2 oe 55 33 46 56 

1/0 Beer ong a SEE ns Gee ae 42 40 45 pa 

15 Gre ore Mite Men Roce Close 8 13 9 15 

BROta SRA <5 oR ere 464 414 | 456 | 445 
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TABLE 2 

The offspring of red-eyed daughters of pair L, which when mated to white-eyed males, 

gave 1:1 sex-ratios 

RED 9 9 | WHITE 9 9 | RED o’c | WHITE oc’ 

El). 2a gee eee ae 32 Age. Sees ae 
GD. de et as, ae [y-) B362 9 Jar Sea) eee |) ee 
198 BAPE tcp ok ogee Ce 13 | 25 | 18 | 24 

Byupp! * Mest eee eee 24 Ge My ees oe: 
6: te | 52 | AI. a 43 | 34 

Dap. A 6: Pekar 30a O36 33 or be 
TO ne doe ten: a erin MODE, 3 1 
1s Lee Pt da fyant 119.6 Oa 12 17 8 
Pele eee a eo Coe Tey el 10 . 64 | 5 
AGI cee ass ee} 26 | 20 21 / 21 
1B CS RNS ote Pett A Rs So re RAS Oh) Ie mee UR ees 

Dans Vie... Use wade dele: 11 7 8 | 14 

19. ;, 2) See, ae | Wee Marrs ge mal lead 50 
Dap. LikO) . 2. gee See coe 24 | 16 | 9 14 

122... «AMES carta oul * eA MI BOR ok heen 23 
BO, «, aac he. ok B8i calle e oOk CAV ance 51 

Bp. T25: eee e e | 40 ae 45 42 
Ty OS re te ee [PASO ey eel ese ig ae 

Dup. L 28 | pany | een cet 5 
EA i eo ee | 30 44 36 Prone 

DP OMa 5 Ae See oats cae be 18m. 4h 16 | 19 
Wip3: score. . a Nee Vo coh tS TS ii tt a ers 

AGA. 2. Pee fo te } 690 =| 578 613. | BA 
* The cases marked ‘Dup.’ refer to asecond lot of offspring produced by the female of a given number. 

it is assumed that breaking and crossing-over is infrequent in pro- 

portion as these loci are close together. 

These relations can be represented by means of the following 

analysis and by figure A. Let X stand for the sex differentia- 

tor, | for the recessive lethal factor and L for its dominant allelo- 

morph, w for the factor which determines white eyes and W for 

its normal allelomorph. The analysis for the cross of the female 
heterozygous for lethal and the white-eyed male is as follows: 

Py Lethal-bearing red-eyed 9 X 1 W—X LW 

Normal white-eyed oo XLw— 

F; females F; males 
xX 1WxXLw red 9 (A) xX 1W red o (dies) 
XLWxXtLw red 8 (B) X L W——red o& (lives) 
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TABLE 3 

Red-eyed daughters of L, which when mated to white-eyed males, gave 2:1 sex-ratio. 

RED 9 Q WHITE 93 9 RED o'c" WHITE o'c' 

(MCS iia ige Nea 0 7d 0 ri 
LIS A i Ae tae 2 3 0 1 

13 (VT 0 i el boys cad Ree ea eS 1 1 0 0 

LORS A AS eed Oise ee eee 50 43 1 28 
LD Fe a eee 48 46 0 31 

1 LO) ss OR ne a eR 48 63 0 19 
Bie phe ts 22 SAS Be kt 13 14 1 5 

1g Chae Aine oe ee a 36 53 0 45 

PUTER Pe aE Sak aicsa se st ctat cls eesti 3 8 0 4 

LP) aie are ae 30 21 0 Pal 
1D oy Pe] bys 0) eee ea ee P 14 19 0 22 

LV Ray SNe Ionaee ta ae 17 15 0 15 
IDYCDs, LPS sere SCRE Boe ee 14 19 0 22 

WE Dna to meats tk ci: 48 47 0 58 

BN SAAS a ickoc tee 8 valet 23 14 0 ily 

| ie 2 Pe eR ieee 11 10 0 14 

Bp ls Dee tee Sate Sb ok 6 3 0 2 

1 OS PA cee Ue ee 4 iG 0 3 

| CS eae eae 29 23 0 20 

15015" jpg SS 7 Nea ea 36 4] 0 36 

NOUBIT S Bis idole cteeeenere bt 433 457 My 370 

There are two classes of daughters (A and B) alike in appear- 

ance, but one of them (A) is heterozygous for lethal. The off- 

spring of half the daughters (B) should be, as we have seen in table 

1, W 

X 
L,w 

Figure A 

2, non-lethal, and of the other half (A) lethal-bearing. Table 

3 is the result of the mating of such daughters (A) heterozygous 

for lethal and white to white males. 

In order to represent in a diagram what takes place in (A) let 

the pair of sex-chromosomes of the F, female be drawn in two 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No. 1 
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parallel lines; the upper, heavier one, the maternal, and the lower, 

lighter, one the paternal chromosome. Lethal and non-white en- 

tered from the mother and non-lethal and white from the father. 

The sex-chromosomesof the F; female are represented with the loci 

for lethal and white close together. The cross between the lines 

indicates that crossing-over occurs between the loci in question. 

(The cross does not represent the postulated twisting, but only 

that it occurs in this general region.) Although for convenience 
the cross stands midway between the loci this is only a convention, 
for it will be understood that crossing over occurs at any point 

between the loci in question. The gametes of A will be of four 
classes, the first two, where no break has occurred between the 

loci L and W; and the second two, where a break has occurred, 

and crossing over has taken place. The first class of gametes 
(non-cross-overs) will be of two kinds, equally numerous, viz., 

1 W and L w. The second class of gametes (cross-overs) will 

also be of two kinds, viz., 1 w and L W, but relatively few in 
number. 

F, 9 X1WXLw 

White XLwo 
Gametes of F; Xlw—xXIW—XLw—xXLW 

X Lw— 

F, females F, males Ae ? 
Xlw XLw white X1w —— white (lives) 

X1WXLw red X1W —— red (dies) 

XLwxXtLw white X Lw-—— white (lives) ; 5 

XLWxXLw red X L W — red (digs) 4" 6 

The analysis given above shows that rarely a red female 

should occur which is not heterozygous for lethal. The chance 
for her occurrence is the same as for the occurrence of the red 

male that lives, viz., 2:370 (table 3) or 1:185. Since therefore 
over 99 per cent of the red females are heterozygous for lethal 

we have kept the stock running by mating in mass cultures the 

red-eyed females to their white brothers. The presence of a 

female homozygous for non-lethal would make itself apparent 

at once by the appearance of red males which otherwise are 

extremely rare, and the reappearance of the 1:1:1:1 proportion 

of table 2. In this case the stock could be recovered by breeding 
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a few red females individually, and continuing one of the lines 
which gives a lethal sex-ratio and no red males or only an occa- 
gional one. Records were made of the offspring of pairs from 

some of these mass cultures of stock, and table 4, which is com- 

parable with table 3, shows by the small number of red males 

that none of the females used were cross-overs (B) free from lethal. 

TABLE 4 

Red-eyed females (A) carrying the lethal factor gave the following offspring when 

mated in mass cultures to their white-eyed brothers 

RED 9? 9? WHITE 9 2 RED o'o' WHITE oc" 

1 by GA Ne ATE en 118 126 2 93 

TE OIG. 56 OAL AR NA ie eae ie eich es ane 36 43 0 30 

1D PADIS oe REC OERA CRORE Saree 180 138 2 125 

Tee iar ee oie Biss tose a 294 243 0 207 

OR Gears te Poet seat eine Maree 38 36 0 23 

TORK ent ee hel keke eee ee 18 27 0 4 

NOM eek See el Ae, ele RO: 47 36 0 39 

QU AG ee ee ts Qe 97 89 0 68 

MOGs) a Sait seer Rete ss 828 738 + 589 

If the analysis of this case is correct, the very small ‘cross- 

over’ class of red males should be entirely normal and should be 
unable to transmit the lethal characteristic. One of these males 
(of L 9, table 3) was tested by mating him to a wild female. 

There were produced 61 daughters and 48 sons, which is a fair 

approximation of the 1:1 ratio expected whether the father were 
lethal or not. But if the father were a male which carried the 

lethal, and by some means survived (i.e., if lethal were not invari- 

ably fatal in its action) then all these 61 daughters should be 
heterozygous for lethal and should give lethal ratios in F,. The 
F, generation was raised and consisted of 440 females and 377 

males which is undoubtedly a non-lethal ratio. 
Another of these red-eyed males (from L 242, table 4) was 

tested by mating to his red sisters heterozygous for lethal and 
white (type A). The F, consisted of 59 red females and 24 

white males. The absence of red sons shows that the mother 

was of the type supposed, and the fact that there were twice as 
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many females as males shows that the male was non-lethal; 

for, had he been lethal, half the daughters of this cross would 

have been homozygous for lethal and would not have appeared. 

This would have resulted in equality of red females and white 
males. The test of this male was continued into F, by breeding 

three F, pairs, which gave: 

red 9 9 white 2 @ red J white & 

Te DAD VACA. Nie es SA ae rte 25 0 12 0 

i242 AB i ee ee. 34 0 20 0 

Wis2AD AG oo tse es ee 12 11 if 19 

This result is in conformity with the view that the grand- 

father was non-lethal, and impossible on the view that he was 

lethal. On the first view there should be two kinds of daughters 

(exclusive of cross-overs), viz., those heterozygous for lethal and 

free from white which would give a 2:1 sex-ratio, and those free 

from lethal but heterozygous for white (type B) which should 
give a 1:1:1:1 proportion. Fortunately both types were met 

with among the three daughters selected at random. 

Theoretically, none of the white F, females in the cross ana- 

lyzed should be heterozygous for lethal, except those rare cases 

due to crossing-over. These should be as frequent as the cross- 

over males, viz., one in about two hundred. Of the ten grand- 

daughters tested, nine gave (table 5) 1:1 ratios, but one (L 9 D) 

gave apparently a 2:1 sex-ratio, although it was not seen in time 

to test further. Such a female mated to a red male in P; and 

the daughters again mated to red males should give results in 

many ways the converse of those obtained in tables 3 and 4, for, 

now, the red males would live and the white males die. 

The locus of Lethal I 

In table 3 the number of cross-overs (red males) was two, and 

of non-cross-overs (white males) was 370. Table 4 gives 4 cross- 

overs to 589 non-cross-overs. The total of 6 cross-overs to 959 

non cross-overs gives the percentage of crossing-over between the 

loci lethal and white as 0.6 per cent. 
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TABLE 5 

Offspring of white-eyed daughters of lethal flies mated in pairs to white-eyed males 

WHITE 2 9 WHITE oo" 

OED ater es clei ds swheeeanendbd 39 17 

1b Ls, pactlat Sis AS, 3 ARE eee rr 100 100 

TO) Hy eres Hoke AP Ie pee a 44 30 
Va PAPAS 2 cha eh cc Cea EN aT EA 136 121 

[ba PHBA a's 6 tacos seh cas REE REO eo 64 56 

Nee a DAs ee Pe ee Aree Ee ls Re 14 19 

DAD Ea ay nore ioe eceveneie, aia con cane 37 30 

2A D ne hols coe ais aloe calorie 49 54 

Voy BEAT. SO 5 cu 6 oh Re RES eae ae 32 30 

Jey ee ORs at ek Ag Sepals 0 IS Bec cates OBIE a DE 24 17 

ROG Sweet eie ec eta slots Slaven ec cistoc suite SRY, 474 

On the scheme of locating the factors that we have employed, 

0.6 per cent of crossing-over means that lethal lies at a distance 

of 0.6 of a unit from white, but in which direction from white is 

not so far shown. In order to determine on which side of white 

the lethal lies, it is necessary to know the distance between lethal 

and another known point of the chromosome. The second point 

chosen was the factor for miniature wing. Two daughters (type 

A, from L 9) were mated to eosin miniature*® males and gave the 
following F, offspring (table 6). 

TABLE 6 

maar i cg . RED —— a WHITE-EOSIN a ome WHITE LONG 

LONG 99 otto 

RPS Pee een oe! | 9 Hoary 0 6 
WP cc Sea aee fe BS | 30 28 0 21 

His Gal ais ek ex ee | 39 35 | 0 27 

The red-eyed, long-winged daughters (from table 6) were mated 

to their white-eyed, long-winged brothers with the following 
F, results (table 7). 

3 Kosin is allelomorphic to white, so that any linkage results given by white 

or by eosin have the same value, and can be combined. The female which is 

white-eosin in composition is distinguishable from the pure eosin. 
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TABLE 7 

RED LONG | WHITE-EOS, EOSIN MIN.| RED LONG EOSIN | RED MIN. 

| Q LONG 9 fof fot | LONG o' 

mas. 12". Aa eee | 256 250 | 118 of °° [ao 0 
mRGSURT! ... wile | 94 Wut BA Oars 0 
Teta. Of be oo eae | 128 102 64 Bh) ne 0 
TE aL ae eA Lok 59 56 45 * ge ol" hss 0 
by Bie 20 ee ee 215 182 123 0 82 0 

obalsyl..- 0 hon eek | 752 660 AOA A as ie 

In the above F, results the proportions of the males give a 
measure of the amount of crossing-over between the lethal and 

the white loci. The non-cross-overs number 404 + 278 or 682. 

The data from the males of tables 3 and 4 bear on this same point. 
The combined data give 2 + 4 + 1 or 7 for the number of cross- 

overs in comparison with 370 + 589 + 682 or 1641 for the num- 

ber of non-cross-overs with-respect to the interval L-W. This 

gives 0.4 as the percentage of crossing-over. 

The data (table 7) of the cross in which miniature is involved 

give as the percentage of apparent crossing-over between lethal . 

and miniature 41 which is somewhat higher than the value 

derived from our other data for this case. 

Similarly the white-eosin daughters (cf. table 6) were mated to 

their white-eyed, long-winged brothers and gave: 

wh.-eos. white white eosin white —_ eosin 

long 9 long? longs min. min. long¢d 

UAL 8 3h ee ie SIAR ig 126 143 48 61 43 28 

TQS ce accey scateretee 69 52 46 37 23 25 

195 195 94 98 66 53 

The white-eosin daughters that gave the above results should 

rarely contain lethal (because of linkage) and the result 1:1 con- 

firms the expectation. Two classes of males, viz., white minia- 

ture and eosin long are smaller than the other male classes because 

they are due to crossing-over between the white-eosin and minia- 

ture loci. 

The most convincing evidence bearing upon the order of these 

factors in the linear series is that derived from a consideration 
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of the class whose occurrence would necessitate a double cross- 

over. A double cross-over class is always much less likely to be 

represented than any single cross-over class. Inspection of 

table 7 shows that the class red miniature is the only one not 

represented. The order of loci which would make the red minia- 

ture the double cross-over class is lethal, white, miniature (LW M). 

If lethal were not outside of the white to miniature section of the 

chromosome (that is, if the order of factors were white, lethal, 

miniature, W L M) the double cross-over male class would be the 
red, long class. The fact that this class is represented argues 
against the probability of white, lethal, miniature as the order 

of factors and points to lethal, white, miniature as the correct 

order. 
A confirmation of lethal, white, miniature as the order of 

factors was obtained by using yellow and miniature as the fixed 

points instead of white and miniature. <A large amount of data 

has shown that yellow is about 1.1 units from white on the side 

of white away from miniature. The data just given show that 

lethal lies at a distance of 0.4 units from white gfmd probably 

on the same side from white as does yellow. Lethal should lie, 
therefore, between yellow and white at a distance of 0.7 from 

yellow and 0.4 from white. 
Sturtevant made the following mating (not published). A 

gray, lethal long-winged female was mated to a yellow minia- 

ture male. They produced 169 gray red-eyed females and 64 

gray white-eyed males. The female used was, as shown by the 

sex-ratio, heterozygous for lethal and for white. Of her daugh-: 

ters, half should be heterozygous for lethal and should not bear 

white, while the other half should be heterozygous for white, 
but should not bear lethal. 

Six females of the latter type crossed individually to their 

white brothers gave non-lethal F, ratios in which white males 

and females occurred. Six other females gave the following 

lethal ratios in which no white appeared (table 8). 
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TABLE 8 

GRAY LONG Q | ee eee o RENAE gf | YELLOW LONG fof GRAY LONG 

53 10 0 5 0 

58 19 1 | 9 0 

63 14 0 | 9 0 
87 21 0 6 0 

47 9 0 9 0 

67 13 0 6 0 

375 | 86 1 44 0 

If lethal is between yellow and miniature the double cross- 

over class is gray long. The data of table 8 shows that this is 

the class not represented in the males, and the result is in har- 

mony with the view that the order of factors is yellow, lethal, 

miniature. Furthermore, these data give us the distance of 

lethal from yellow 731 or 0.7, which is the expectation if lethal 

lies between yellow and white and at a distance of 0.4 from white 
(1.1 — 0.4 = 0.7). Both experiments taken together show by 

the agreement in linkage, and in the absence of particular classes 

that the chromosomal line-up is yellow, lethal, white, miniature. 

This linkage of 0.4 is the strongest met with so far, correspond- 

ing to a ‘gametic ratio’ of about 250: 1. 

The reappearance of Lethal I 

In 1914 a cross was made between yellow white normal females 

and gray red abnormal males. The cross gave in the F; gener- 

ation yellow white males and abnormal females. No disturb- 

ance of the sex-ratio was noted, although it was not looked for 

specifically. Thirteen F,; matings in pairs were made. Three 

of these pairs gave a sex-ratio of two females to one male. 

females males 

gray yel. gray yel. gray yel. gray yel. 

red white white red red red white white 

70 69 0 1 73 1 0 0 

56 53 0 1 51 0 0 0 

54 54 0 0 46 mu 0 ft 

180 176 0 2 170 2 0 0 
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Furthermore, there were no yellow white males in the 2:1 ratios, 

although as many are expected as gray red, unless some disturb- 

ance is present. In fact, in the other ten pairs as seen below, 

the number of males in these two contrary classes correspond 

numerically (gray red, 649; yellow white, 621). The absence 

of the yellow white males aroused a suspicion that a sex-linked 

lethal was present, close to the yellow and the white factors. 

females males 

gray yel. gray yel. gray yel. gray yel. 

red white white red red red white white 

707 687 5 10 649 9 5 621 

About a dozen of the yellow white females (from the lot giv- 

ing 2:1 ratios) were bred to eosin males (stock). Only four pairs 
produced offspring. The records are as follows: 

white yellow 

eosin 2 white @ 

LBs @ Ae AG oie eae fe SRR eines Sek Sp. ire RO Spee dee Rarer lee 2 11 9 

(Cites, Ais Fae Dione ae cee IRIs AUN ee A 9 Tene A an 25 5) 

(GSS yratandiche, MOLL Sener aL EMS MRO eur ae Re Re Pret EM Ba enc a 26 14 

(Oho 5 des die, SEA ei ee eee RRA RE ree a 8 36 21 

The twelve pairs were afterwards transferred to one bottle 

and gave as a mass result: 

White-eosin ¢ 4 Yellow white #7 

101 ao 

Matings (in pairs) were made between virgin females from 

Bi, Gi, Gz, Ci, and also some from the mass cultures with eosin 

males of stock. The results are given in table 9, where it will 

be seen that there are two kinds of females—some giving a 1:1 

ratio (with the yellow white male class fully represented) and 

others giving a 2:1 ratio (with the yellow white male class entirely 

absent). Of the females tested 13 were non-lethal bearing, and 

10 were lethal bearing. This is the expectation if the 2:1 ratio 
is due to a sex-linked lethal. If we return to the original series 

Bi, Gi, Ge, C, we find that only one daughter of B, was tested. 

She was non-lethal bearing. Probably Bi was non-lethal as the 

4 Also one mosaic. 
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ratio 11:9 indicates. The other three females, Gi, Gs, C; were 
lethal bearing as their ratios had indicated. 

An examination of the male classes of the lethal lots shows that 

the lethal factor in question is the original lethal I that has reap- 

peared, now linked to white instead of to red as originally. Asa 

consequence the lethal males are now the white males, while before 
they were the red males. The following calculations will sub- 
stantiate these statements. 

The yellow white females, that carry the lethal, received from 
their mother a sex-chromosome carrying yellow (y), lethal (1), 

white (w) factors (upper line, fig. B); and from their father a 

TABLE 9 a 

FEMALES MALES 

Conn white-eosin gray | yellow gray | yellow 
5 compound eosin | eosin white white 

Ba) oo Ne Ais cee 38 49 54 0 0 46 
f 49 | 72 52 1 0 61 

C | 64 | 51 61 0 1 83 
ai af a) \\u, Be) ere, Whey ode eeiians. ous | 99 | 52 78 1 2 60 

OE be HR 500 87 1 0 78 
Gia Ae Wp AG 45 1 0 47 
Gib 60 45 40 0° 0 45 
Gic 68 | 58 62 0 0 72 
Gid Sa ey: 75 1 2 56 
Goa 64 | 58 54 0 0 39 
G2b 40 | 41 47 0 0 50 
G2 e¢ Bi a G2) 0 2 60 
Gd os" +) 110 S50 il) oat 1 73 

Total 864 811 812 7 8 760 

Cia ZEN AM 47 1 0 0 
Cib [th 50. alee 70 76 0 0 0 
Cic Me Ge Ania 76 86 1 0 0 
Gia ah ie 59 1 0 0 
Gib Sree) 5 AGO A 0 0 
Gic Sr 14 wt Re Te 0 0 
Gid (Oe Samet 6020/1) 50 0 0 
Goa 103 | 108 a ea 0 0 
G2b eA 86 72 | 0 0 0 
Gre else 406 eso 0 0 

Total Goon. 738 668 4 0 0 
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sex-chromosome carrying the factors gray (Y) non-lethal (Ls) 

and eosin (w°*). The two non-cross-over classes, the four single 

y lw 

aes 

vy lw 

X 
Yoluw® 

Figure B 

cross-over classes, and the two double cross-over classes of game- 

tes are as follows (see also fig. B). 

INGNECKOSS=OMETS aoe eile Se Uae 5 eee eared 

DHERILE CTOSS“OVETS* ih irra rc. <!ait)sosvaya. ecu wae es ne ote 

Double cross-overs 

yliw —(dies) 

Y L,; w°—gray eosin 

y Lw* —-yellow eosin 

Ylw —<(dies) 

ly lw® —(dies) 
Y Lw —gray white 

y Lw —yellow white 

Y 1 w® —(dies) 

If we take the sum of all the male classes (668 + 4) and divide 

into the single cross-over class of flies (4) we get a percentage of 

0.6 to represent the distance of the new lethal from yellow. 

This corresponds with the calculated percentage of the original 

lethal which is 0.7. In other words, this lethal les near yellow 

and white—somewhat nearer to white. The single cross-over 
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between yellow and lethal occurs four times and the other cross- 

over, viz., that between lethal and white (to give gray white 

males) is not realized at all. The sons of the non-lethal sisters 

involve only two pairs of characters, hence there are two contrary 

single cross-over classes, viz., yellow eosin males and gray white 

males. These are expected in equal numbers as is practically 
realized (7YR and 8GW). 

The data for non-lethals permits us to calculate again the dis- 

tance of yellow from white (or eosin). The sum of all the male 

classes (812 + 760 + 7 + 8 = 1587) into the sum of the two 

cross-over classes (7 + 8 = 15) gives a percentage of .95 which 

is very. close to the value (1.1) given by other experiments. 

The question naturally suggests itself as to whether the re- 

appearance of lethal I was due to mutation, or to descent from 
a common original stock. The stock used by Miss Rawls (712) 

was wild stock that had been in the laboratory about a year 
when she found her high ratios running in it. Now the yellow 

stock, the white eyed stock, and the stock with abnormal abdo- 

men had arisen before 1912, and had been maintained as pure 
stock. Hence the new lethal appears to have arisen as an inde- 

pendent mutation. Contamination is excluded on the grounds 

that it is well nigh inconceivable that a lethal could be inserted 

between yellow and white by a double cross-over, after con- 

tamination in the yellow white stock. 

Summary of linkage data of Part I 

From the preceding pages the data bearing on the linkage 

values have been collected and may here be summarized. In the 

following table for each linkage value the total number and the 

number of cross-overs is given; from which the percentage of 

crossing-over is calculated and is given in the last column: 

per cent 

total cross-Overs Cross-Overs 

Vellowalethal see eer eee ce ee ee 1015 7 0.7 

iethalwhite:. . <6 ee See os. era 2559 7 0.27 

Yellowawhities)) : 2; (ee ee es eee 5564 52 0.9 

Yellowaminiatures:, seers > eee 131 45 34.0 

Lethalamimia tures: eee eee 814 323 40.0 

White mimiatures.<7 cc eee ene ee 994 397 40.0 
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THE SECOND LETHAL FACTOR 

In an experiment with certain stock which had been inbred 
for three years, a pair produced: 

73 females and 16 males (= 5:1) 

These numbers represent the total output of this pair, or at 

least all the flies that were produced from one bottle. (A) 

Twenty-two of the seventy-eight females were mated to white 

miniature (of which two pairs produced nothing). (B) Twenty- 

nine of the seventy-eight females were mated to eosin vermilion 

males (of which six pairs produced nothing). (C) Twenty- 

four females of the seventy-eight were mated to eosin miniature 

males (of which four pairs produced nothing). The experi- 

ments with white and with eosin should give similar results, since 

white (w) and eosin (w®) are allelomorphs. 

The sixteen males were mated to eosin miniature, white 

miniature, and eosin vermilion females, but every one of these 

males proved sterile. 

The output of the three lots of females mated to the respective 
males mentioned above is shown in A, B and C of table 10. 

Under each column, A, B, C, the progeny is provisionally classi- 
fied, first, into those that give apEren Ea a 1:1 ratio, and 

then those that gave approximately a 2:1 ratio (or higher). A 

horizontal line separates these two classes. 

The classification into these two groups may appear arbitrary, 

since the ratios in the two classes come very near to each other 

in some cases. For the present it will suffice to explain that 

the 2:1 ratio is expected if one lethal is present, the 1:1 ratio if 

no lethal is present. 

From table 10 one can get no clue as to the location of the 
lethal factor that is assumed to be upsetting the normal sex- 

ratio, but by breeding the females to a male that carries the 

same sex-linked factors as their fathers, the location of the lethal 

factor is revealed. 
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Crosses with white miniature males 

A number of daughters were taken from No. 12 (indicated 

by a star in table 10) and bred in pairs to white miniature 
males. Since No. 12 was carried further, I have selected it first 
for illustration. 

The data are arranged in table 11, under two headings, viz., 

those pairs that gave a sex-ratio of 1:1, and those that gave 2:1. 

The data from pairs with a 1:1 ratio show nothing except the 

association of white and miniature. The data from the 2:1 
ratio, in which the second lethal is present, show no males in the 

TABLE 10 

A B Cc 

: g ey) ig (ies ¢ 

2 | alow Bi heen a ee a 

20) Jaa aa uf 11 | 60% 44a a ee One 8 
Soy CGnimeot | 1.3 VIL | 53891) 44) 1.25 a Te selec 
Bilin BOr ql made cl) 128 10a 8 9) ee |) AS 9 aoe ate 
G64 ab tet eS as ‘San a 54 | 53) | ate 
Say Vian ee . | ales TAH 63 il, G40 || wal m |. 24 | 20 hates 
9 | 69 | 49 | 1.4 TE | 358, 0H) 5G aad Dp | 67. or aie 

IS 55 Gl Sd. 1) 084i" ey a ey levee ih oe ieee eke | Baert Veda 
1G I: gilts sli el 0 tes GV) BAS alee 8, 65 |.-47' | aaa 
DZ) GA ede | 8 XV Ova aaa ole de \t1 calc 
1S 8) 1 068.0|" Oa eV I Ost 83. eT este 5S. ah” 8a" |) seed 

| DE 670 56) | 12a a e794) Seoimn eae 
PAGO T i) 48 ES XK | 4d 88 hy eS be®s 6 | 46, Aisa 
ATMO 35, eae SOD BY | BRIS Aa 2 ky Meo) ea eames 
Cee AN OA NSS ONERATINT |) ROI | 40h ele ee NGS one an ne 

TOR S938: ily 155 saaieail| eaenaealll imine 53 ci + 19) hoe 
11 Geez, eae 119 T | 79 Ny 8% eral hes ale G2: eso maren 
ig |p EP Ne SRS} LOOM ee Pee) te Oye 80 | 31 2.8 
APG da | 268i aeeeo TV) 64:71 926-9) 204) ni? 58 20 ees 
NS Sa avec he Mes: a i BA Vil TA ST 288. oo: Mae) | 2Senn amare! 
19 Sb asehi eee Vii 16 5S SAE) Gg a | Bly Cie 
20) || «BS el WAS GCA VOY Dba GSei eta Sen aaondiely bat 10 3p oe8 

RIT |< 531) eee | 
VAL | YOGI 30a one 
DERI) (20) A ae 
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red-long class, which is the lethal class and, as will appear, also 

the double cross-over class. 

One of the single cross-over classes is red miniature; the other, 

white long. Both are smaller than the non-cross-over class, white 

miniature. 
TABLE 11 

(From No. 12 of table 10) 

| ¢ ee cptetres 52 8 ae pare fe a 
Ro: eee ese eM ag. OL SRS a Ge INO Bte les Gen RENCE nate 

eee Wes Re Ae eae 
1 i aay oe NP SSS aha 28 © ead 87 he 20 led 
3 eeeO itl 12 chew 5 Sees Ally 10y [wk cleats 7 
7 DCE PO Tig i Gagne 0h) ay i oS ee: 
8 osmogl se Ne TS an) ied 28. The30". | Or Gees 
9 Soll | 2Gua Id) ie Se ie 22n lee27>!, | ISNA) 2S oie 

13 Set See elt Nt ale Ae OO lk 2 > Ate ME TeRi a I) wal A 
15 25 Paget sient) UontGalk 1S) 0 280! Tse aG a ieee 
18 27 | 26 | 14 | 16 | 38 | 33 |, 13 | 20 8 
19 DA S260 OI, 10 sh BF) Ae 
21 SO i G2ep i oelh Se FID. eebrohy 10...) 6: ales 
22 aa 251 PSP Ge 2a 08 | 9. | 13 i 
26 | 26.92 250 ota 22 1 O20) 22 S| IES 
29 ee ea ey ee er ae | Eee 

Total | 392 | 344 | 162 | 163 | 245 | 332 | 159 | 132 

2 BO lags 155 tO! SOKO ee 3, ) 14 Wieoen 
4* OS ae” 16 late 0 | 19 3 Til 239 
5* AG 5 tly AA N20 lo? AO) Vek 6 | 25 
6 Dita FO 12 Oo 9 ase aS aee 

11 kee 16s 2 100.) 1a (Pa ee oa mee 2) Fase Ps 
12 ier He2e en alse | a2) Or pat 5 8.0 (2M 
14 Pe NOs bee. OC AO OG" ae aerye O°.) alte 
16* ae te 8. | Ole On det. a.) CO -es 
17 ae lag). 98 | ia | 0 | or 3 1) 61). ees 
20 Depa ade i leh sO) St 2 | -0:, | aaa 
23 38 | 34 | 18 | 19 0/535 3 lent: || 
24 Bf) 24 Te io 0) |, 3h 5 7. ete 
25 2th | 31, oh ES tO 0", 19 2) |. - 2) lees 
27 De 27 cea UW eel Os STZ ae Sy A eed 
28 I es a Va 2 i= Us ee | 0 
30 Bole, |e 20) 7 0 | 33 5) 6 eee 
31 Si eon re tay | ade Ot aer k aade eG) a 
/ aes Se Btn = = | | 

| 0 | 436 | 54 | 104 
| 

. 
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In each generation the females that gave the highest sex- 

ratio were selected to breed from. Whatever disadvantage this 
method of selection may have, it at least makes more probable 
the retention of a 2:1 ratio. 

TABLE 12 

(From No. 16 of table 11) 

Pieanomteoeslok. . 
No. ae |} Be | ce) BE) 08 | Bede cee ee 

) 2° EF a ES ge BA a HS ae 

a 146 495 | to 494 | 0 i 30) 7 1) aoc) iaee 
b* 532-32 1). Ber 19 0 | 36 9 1 |) oe 
c* 17 a7 "49, 908) ag 0 | 26 6 4 |e 
d a7 Say a ety ee ati @ i. 29 3 5) eg 
e Ban ee 9 ee Seay a) 0 | 29 2 4 | S38 
f Loew! 3004 20 Ge 15 0 | 20 2 9. |. asae 
g 55-| 49 | 20 | 28 0 | 66 9 |) 14) 9) ae 
h 7 ae; 3 0 | 40 6 1 || Some 
i 20 | 20 Geile ao Onn a 4 A 117586 

Total 367 | 327 | 164 | 159 0 |290 | 48 | 45 
| | | 

TABLE 13 

(From No. b of table 12) 

Ges fe | | % a) (ee ear eee en es 
No. Wee Cod BEE PY x Bas treeilN) 4.06 a gene eam nets < 

Cleese ee lc se 
| 

1 Be 98 eG. eats 0 | 19 6 | 3 ee 
2 35 Wh 530,. 4 alo ets 0 | 36 9 | at) joe 
3 39) |. 30 sod RIG al) LOro aon AM 2 aa 
4 Wetec es Pass ol eee a ee | 6. |. 2 ae 
5 |} 36 | 44 | 21 Gy 1, 20" | 228 4 Oo | ag 
6 be36 nse | c16 Sl, Oe 1 988 5 1 igo 
7 AA 9G «| Sener a. O71. 35 3 | Sores 
8 46°) 49 | 25°] 25 NO) 44 Ce peo 
9 | 43 | 34 9 6 0 | $35 eet 1 es: 

10 Bigot a5. 41" Sa 6 Oi. || Kok) Hee ol) 3a 
11 35h. 3801) 15 laws 0 |) 45 | 4 1 {oan 
12 908 1 87 | 27 G90 0 | 2 | 10 | 10 | 25 

Total | 467 | 410 | 230 | 162 | 0 | 304 | 51 | 47 | 2.6 
| | | 
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From lot 16 of table 11 several virgin long-red females were 
mated in pairs to white miniature males. Their offspring are 

shown in table 12. Each pair shows in its offspring that the 
second lethal was present in the long winged red mother. A 
further generation was reared in pairs from red females of lots 

b and ¢ of table 12. The offspring recorded in tables 13 and 14 

show that the 2:1 sex-ratio continues. 

Returning to table 11 there are records of two lots taken 
respectively from No. 4 and No. 5. The offspring from these 
pairs are here shown in tables 15a and 15b. Both show that 

lethal II is present as indicated by the absence (or rarity) of the 

red long males. 
Before examining the preceding tables 10 to 15 in detail it 

may be helpful to have in mind certain theoretical relations. 

The location of factors for white (w) and for miniature (m) 
have been already determined. If we are dealing here with a 

lethal factor, it is essential to determine its position in relation 
to white and to miniature. For reasons that will appear later 

it is here assumed that this lethal lies between white and minia- 

ture (fig. C). 
TABLE 14 

(From No. c of table 12) 

o Oo | Bl ee D D % | D 
Oi sean é ae Srl eee | eee g 

a Sr eGo AiGeli mete: [al6. wit cet enely ee Ge llaae el PI 
SA bee lee hes REO ee me ee 

1 27 uy 27 \a A | 26 0 | 39 Bean was | «28 
2 26 | 35 6 |215 Oh e238 Wo Sb. |. 2a 
3 bao ( -59-" | 730, (7 932 0 | 56 7 2 | oe 
4 61 | 49 | 39 | 13 0 | 44 7 31 toe 
5 40-9981 16> | V16\='|.~ 0) 1-30 D 5 || aaa 
6 29 | 35 7 eats 0 | 26 3 7. |e 
7 praG, 4 le 20) «|g 0°| 50 6 9. |Wg3 
8 SA LU EM ls O2 |F 32 1) £0 7 | ears 
9 BAG Sie ec ORC net 0 | 34 6 4 oli aae 

11 | 59 | 55 | 27 | 25 On) 67 8 7) Wee 
12 Pete 10s), anette <0.) 28 3 1° ieies 
13 Peale hots en | te oO, | Se 5 3/725 

Total 479 | 450 | 227 | 229 O,>|.455° | 69. | 56. |e oe 
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We are concerned with the heterozygous females only. Of 

the two sex chromosomes of these females, the one of maternal 

origin is indicated by the heavier line in the diagram (fig. C), 
the other, of paternal origin, is indicated by the lighter line in 
the figure. In the present case there entered from the maternal 

side the three factors: normal (red) eye (W), the second lethal 

(1,.), and normal wings (M); there entered from the paternal 

side the three factors: white eye (w), the normal allelomorph 

of lethal (L.), and miniature wing (m). 

In the case of this lethal the possibilities of interchange of 

factors between these chromosomes are shown in figure C, at 
b, c, d. If the crossing-over takes place between white and 

lethal, the case is indicated in (b). The two gametes that re- 

sult from this single cross-over are WL.m and wl,M; the 

latter never becomes realized in the male because he carries the 

lethal (1,). Similarly, if the crossing over takes place between 

lethal and miniature the two gametes that are produced are 

W |. m and w L: M, of which the former carries the lethal factor. 

There is another possibility, viz., the double crossing-over (d). 

TABLE lia 

(From No. 4 of table 2) 

oa RED WHITE | RED | WHITE RED WHITE | RED | WHITE 
| LONG 9 MIN. 9* | MIN. 2 | LONG 2 LONG MIN. o& | MIN. Go’ LONG o 

ms ae ry: 4 5 é 

a 26 22 14 | 12 0 23 3 | 6 

b 23 19>) tt] 13 1 12 3 8 

c 34 39 21 18 0 28 10 8 

d 30 24 12 16 2 15 5 9 

Total 113 104 | 58 59 3 78 | 21 3l 

TABLE 15b 

(From No. 5 of table 2) 

RED WHITE | rep | ware | rep «| ware | Rep | ware 
NO. | LONG °) MIN. 9 | MIN. 9 LONG Q | LONG MIN. | MIN. o LONG 

b | Se | ila | Ga Sy ile 0 te JY oe if 
CAPA 34 307+} 8 So Ol ae els 6 

Total | 50 AGE ae id 1° tok Og ae 6 wie 
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w 1, se W1.M 
\s WLiem 

w Ee m 

Wi I, M wl.M 

7 Ti aa 
W Ls m 

Ww lL, M WE 
TS a <TD 

W Ie, m 

Ww lp M WLM 
eS i aa ee eee: pe en 

Ww lea m 

I Figure C 

In this case there is crossing over between L; and W and simul- 

taneously between L, and M. Expressed in another way this 

means that the chromosomes cross between these two points, 

and the parts on the same side reconnect at the place of cross- 

ing. As a result of double crossing-over, the two gametes that 

result are W L, M and wl. m, the latter of which never appears 
in the males. 

If a female with these possibilities is crossed to a white miniature 

male (i.e., a male that carries these two recessive characters) 

the male classes will correspond to the gametic classes of that 
female except for those that carry the lethal which are not realized. 

The most frequent gametic class will be the non-cross-over class. 

The frequency of the other classes will depend on the distance 

of the factors involved from each other, because the chance of 

the crossing of the chromosomes taking place will be in pro- 

portion to the interval between the two loci. For this second 

lethal factor, therefore, the surviving classes of males are the 

following: 

INON-CEOSS-OViELe eee eee ec came aA ota tee w L, m—white miniature 

f BMple CEOSS=OVEE at cess hws ioc ic sabe ee W L, m—red miniature 

Visinplercross-over=s: See 44. 650. sec's w L: M—white long 
DONDICICrOSS-OVECUS-EA ore ee eee W L. M—red long & 
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Lethal and eosin vermilion 

Twenty-nine females of the original 789 ¢ to 1674 ratio were 
bred to eosin vermilion males and gave the ratios recorded in 

table 10 under 1-xx1. Some of these females from one culture 

No. xvil, with a ratio of 98:30, were again bred to eosin vermilion. 

Their offspring are shown in the record of pairs of table 16. 

Ten pairs gave a 1:1 ratio, and eleven a 2:1 ratio. As in the 

case of the cross with white eyes it is the red-eyed class of males, 
the lethal and also the double cross-over class which is deficient. 

(One record 77 with three cross-overs may be due to contami- 

nation since the three occurred in the same bottle and in the same 

count). aenene 

(From No. xvii of table 1) 

| 

NO. RED 9 vane’ e | VERM 9 EOSIN Q RED @ Cae 3 bie i 

No lethal. Slex ratio |1:1 

a 33 35°) 25 19 28 44 1h aie 
d 50 40 Be Ma a 7) 29 42 12 2 

ma 48 ATH i wg a7 39 53 152)\ 70 
j 37 34 14 10 23 33 8 ri 
0 48 eR ies 16 44 41 10- aay 
p 38 298) 22 «| 8 22 29 11 4 

eel We 44 13 23 43 56 15 | 10 
dd.) || > e34 31 12 12 22 39 L5ie | al 
eM eS 45 19 15 36 42 11 5 
eg | 47 49 22 19 35 41 12 7 

Total 428 407 168 166 321 420 | 120 | 78 

c 61 66 26 30 0 49 rae 
Cee): il89 49 17 12 0 34 3 7 
q 34 34 15 16 0 45 2 Sir ie 
s 44 45 14 10 0 49 5 ang 
u 48 39 18 14 1 41 5 5 
w 44 29 17 10 1 44 3 9 
y BL i 38 7 17, 0 59 4 it 
aa 47 39, || 6 11 0 AT egies 3 
bh 45 Bi uN uc 2 15 0 40 10.5 |) tt 
ij 58 37 13 34 3 29 9 | 12 
ll 28 31 12 12 Oy ae 4 2 

Total | 499 425 167) {east 5 464 48 109 
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From the lot 77 (table 16) nine red-eyed females were bred to 

eosin vermilion males. The results show (in table 17) that 

the second lethal was present in the red-eyed females. In the 
lower part of the same table there are four cases recorded in which 
only vermilion and eosin vermilion offspring were produced. 

The sex-ratio 2:1 recurs. The results are undoubtedly due to 
four vermilion females (1, 5, 10, 14) from jj of table 10 having 

been taken instead of red females as intended. 

From lot c of table 16 also seven red-eyed females were bred 
to eosin vermilion nfales. The results are given in table 18, which 
is similar to the preceding tables. 

The sum of all the female classes that belong to the 2:1 divi- 

sion in tables 2 to 6 b and the sum of the corresponding males, 
is as follows: 

females 

red long white min. red min. white long 

1964 1835 916 852 

males 

3 1690 247 290 

The linkage shown in these results will be discussed later. 

TABLE 17 

(From No jj of table 16) 

NO. RED Q manne VERM. 9 | EOSIN 2 RED ol este 3 Eat poy 

2 39 39 8 | 11 0 OF tia 9 
3 34 23 4 8 0 24 2 4 
4 32 33 Ay, ae 0 14 2 | 16 
6 28 36 Sec eo 0 19 4 9 
8 24 12 Gey as 0 26 2 3 
9 27 16 ll 10 0 25 8 7 

12 44 29 23 10 0 30 7 8 
13 32 39 14 10 0 32 2 5 
15 18 Darryn) it 3 0 26 2 7 

Total | 278 250 | 102 | 88 On) |) 218 33) || 968 

1 40 36 | | 39 1 
5 32 30 32 4 

10 S0n il.) Al 24 8 
14 a1 he | 3 31 2 

Total tz Vi 1387) | 126 15 
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TABLE 18 

(From No. ¢ of table 16) 

NO. RED 9 vase VERM. 9 EOSIN Q RED Basa) ot Ass ae 

1 47 25 19 14 0 34 5 10 

2 53 42 13 9 0 38 8 an 
3 40 35 18 17 0 28 8 11 

4 48 28 13 16 1 36 7 13 

6 28 31 13 10 0 By 4 2 

8 19 14 16 6 0 26 3 4 

9 29 36 15 12 0 25 8 5 

Total 264 211 107 84 1 219 43 50 

TABLE 19 

(From No. e table 10) 

£ RED EOSIN RED EOSIN RED EOSIN RED | EOSIN 
aC LONG @ MIN. 2 MIN. 2 LONG 9 LONG MIN. ch’ | MIN. co’ LONG 

6 35 29 16 14 31 28 11 7 

8 24 22 1 14 22 19 6 10 

9 19 24 12 11 25 26 10 15 

10 28 20 10 12 31 24 NZ 11 

14 22 15 10 6 16 743) 11 10 

16 20 12 9 9 Pa 15 12 14 

17 11 ul 9 4 8 12 12 1 

18 24 29 12 12 20 16 17 9 

19 33 21 8 11 18 26 14 14 

Pei 22 22 8 12 25 23 8 BS) 

24 45 38 il7¢ 21 28 23 19 13 

26 1 13 6 4 5 8 6 8 

27 18 26 13 10 19 Pe 12 © 

Total 313 282 142 140 275 265 146 127 

2 25 28 16 7 2 21 5 8 

3 27 23 8 2 0 23 2 he. 

4 39 30 17 12 0 24 it; 8 

7 26 22 13 18 0 25 5 8 

11 33 24 12 18 0 29 5 10 

1 33 16 17 22 0 19 7 9 

20 33 31 14 16 0 27 4 By os 

23 41 By 18 23 0 23 9 13 

25 26 24 15 ial 0 29 1 1? 

Total 283 230 130 131 2 220 45 78 
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Second lethal and eosin 

The females of lot e, table 10, which gave a ratio of 116:46, 

were bred to eosin miniature males. As shown in table 19, 

fourteen of the females gave a 1:1 ratio, and nine a 2:1 (or higher) 

ratio. In the latter (2:1) class the double cross-over is the red 

long male. Two of these that appear must be due to a double 

cross-over. It is just possible, of course, that contamination 

may have occurred because these two males appeared in the 

same bottle and on the same day. 

a i ls wM, 
= 4 WimL3 

Ww mH Li, 

WwW M LS) Wels 
x byMl, 

we m iis 

Ww iM ls _\ wh, 
= x CWinls 

Ww m 3 

WwW M ie Wrls 

x x d WML 

We mee 3 

3 

Figure D 

The females of another lot, in table 10, viz., lot n with a ratio 

of 58:20, were also bred to miniature eosin males. The results 

shown in table 20 are strikingly different from any others so far ob- 

tained. The second lethal no longer appears to be present, yet in 

about half the cases the ratio is near 2:1. The question arises 

whether a new lethal has appeared, or whether we have in this 

set simply separated from the second lethal the other factor or 

factors that when combined with the second lethal gave the 

high 3:1 ratios. 

No more light is thrown on this matter by the further history 
of this series. One lot only, viz., No. 39, seemed to give a 3:1 
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TABLE 20 

(From No. n of table 10) 

oF OF rors oF ‘oD Ley % > = 

NO. 2 | zz z| 28 2 | Ze z | Ze z 
SSeS | Bs Ba ee awe | era aS i 
e a e a es re) re) be 

1 56 39 32 31 46 53 32 12) alee 
2 39 31 14 12 22 21 25 6 | 1.4 
3 45 37 30 25 27 41 28 12 "| is 
4 71 76 30 30 41 42 20 23 | 426 
5 56 56 28 33 16 20 20 11° || 2% 
6 56 50 34 19 24 24 18 10 | 2.1 
7 54 42 30 25 26 32 20 3 /1.9 
8 ti 28 30 31 40 39 23 27 | 0.95 
9 43 40 19 21 24 27 13 18:5 

10 42 34 28 27 22 25 25 5: es 
11 54 39 32 29 19 36 19 13. | 28 
12 56 41 35 26 63 39 23 24 | 1.0 
13 61 52 30 33 34 52 27 9 |}1.4 
14 61 67 36 35 39 63 25 19 | 1.4 
15 43 51 25 39 35 25 24 12) As8 
16 45 36 31 20 36 25 28 8. be 
17 59 65 26 28 55 61 26 29 | 1.0 
18 48 24 31 19 29 26 21 12. eS 
19 72 61 29 26 31 29 40 1 ey 6 
20 37 36 25 22 14 23 18 5 | 2.0 
21 46 28 26 27 21 26 25 13 | 1.4 
22 51 48 33 24 31 30 20 Te Er 
23 51 33 26 20 28 29 21 16 “srs 
24 40 37 32 19 40 24 19 64s 
26 56 45 28 28 22 27 18 12 6°20 
27 65 45 30 33 31 35 31 1S: else 
28 48 50 28 28 21 37 24 tS bl 
29 50 25 16 10 27 13 13 9 1.156 
30 33 33 25 12 11 38 17 5 | 1.6 
31 38 34 30 15 21 24 23 rere: 
32 32 42 17 22 19 35 15 10: higa 
33 38 32 22 31 20 25 18 5 iss 
34 30 41 13 18 28 17, 18 21 it 
35 29 32 1Sae aS 30 21 13 a, Waleed 
36 39 20 9 9 24 20 9 8 is 
37 38 30 30 20 20 35 17 10 W415 
38 27 23 22 9 13 10 7 2 | 2.5 
39* 49 39 16 13 22 1 0 10 | 3.3 
40 33 31 5 10 21 15 11 re Be 
41 20 18 18 if 11 14 7 0 1.2 
42 19 21 11 6 13 10 9 5 | 1.5 

Ua reso teeanarage 1874 {1612 |1025 | 918 1117 /1189 | 809 | 454 
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TABLE 21 

(From No. n of table 10) 

Ot oH oe OF sie) Lis; 2 

NO g Zz | z 2% Z me C z& 3 

Be Sanaa Sales | ean) Bees wine 
% a { & =| P] a % a D 

a fe2evieat iy | ie! | 34 (|. 4%. 1. eh | aes 
b [ae a6 19: |) I Sh. i) Sa | or atte 
¢ fates 05 Te EAE: 5 a te at 
d | 12 7 6 oh 3 | 6 6 Or hier 
e 2a }2d) | 18. | 12 28 By 1a ts aos 
f 5 6 6 3 5 9 6 3 |1:0.9 
g | Gaal ee 5 9 5 4 5 OM ene 

eig9e 1351-65. | ‘72°W 2: | tap" | 66 |) ae 

ratio and from this lot a few females were bred to eosin ver- 

milion males. Their offspring are recorded in table 21. The 

data appear to verify the conclusion that the second lethal has 

gone while a disturbance of the sex-ratio remains. Can these 
results be interpreted to mean that the second lethal disappeared, 
and a third lethal, L;, that was present and gave the original 
high ratio of 78-16, has been retained? 

If such a third lethal is here affecting the sex-ratio and if it 

lies beyond (to the right) of miniature as shown in figure F, 

then the deficient class is eosin long males. “If the lethal kills 

then the only representative of that class will be double cross- 

overs and should be infrequent in proportion as L; is close to M. 

In fact, in a large number of cases in the table, the 1; class, is 

behind the other male classes. In order, however, for the double 

cross-over class, eosin long, to be as frequent as appears in the 

table, the distance of L; to M would have to be very long indeed. 

In order to calculate this distance it would first be necessary to 

find out from table 20 those classes in which the factor occurs, 

but it is impossible to do this, for there are too many cases whose 

position is uncertain. If we make a single attempt to pick out 

such cases on the basis of the deficiency in the eosin long class 

we find that the most frequent class is that with a ratio of 1.5:1 

and not 2:1 or more as would be the case if a lethal like the other 
two lethals is here present. 



110 T. H. MORGAN 

The meaning of the high sex-ratios that appeared in these 

cases must remain therefore unknown, and it is idle to speculate 
whether the results are or are not due to a non-sex-linked lethal, 

a sex-linked partial lethal, a sex-limited factor or factors, etc. 

The importance of following up this case was not appreciated 

at the time and this line was not continued except to breed seven’ 

individuals from No. 39° (table 21). 

Data from stock of Lethal II 

The stock that carries Lethal 1r has been maintained by breed- 

ing long red females to white or to eosin miniature males from 
the regular eosin miniature stock. This has been continued to 

the present time. The results are shown in the next table, where, 

sald Vv 
x xX 

w° Le ¥ 
Figure E 

through ten successive generations (bred in pairs), the inherit- 

ance of a 2:1 ratio has maintained itself. The horizontal lines 

in the first column separate generations; in some cases two or even 

three lines were tested, in each generation, in other cases only 

one. In all there are 13,749 flies recorded. The sex-ratio is 

2.3:1. The order of the factors is shown in figure E. The 

percentage of cross-overs between white and lethal is 8.8, that 

between lethal and miniature is 16.3; and that between white 

and miniature is 24.7 which agree sufficiently with the per- 

centages already given. The females are also available for 

cross-overs between white and miniature, and these give 28.3. 

The linkage of Lethal II with white (or eosin) and with miniature 

The diagram (fig. C) on page 103, will serve to recall the 

order in which the three pairs of factors enter. The F, female 

has received from her mother a sex-chromosome, bearing the 

factor for red (W) Lethal 1 (12) and long wings (M); and a sex- 

5 No. 39 is peculiar in that eosin miniature and red miniature males are too few 

in numbers. 
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chromosome from her father, bearing the factors for eosin (w®) 

normal or non-lethal (L:) and miniature wings (m). The possible 

combination in the eggs of this F; female are repeated here: 

W 1M —red lethal long 

w* L m—eosin miniature 

W L m—red miniature 

w° 1 M —eosin lethal long 

INOW=CTOSS-OVEI eee ech te stele bc Goole eee { 

Single cross-over 

¥ 1m —red lethal miniature 

w° L M—eosin long 

: L M—red long 
Dey pe eMOSS-OVEE o)..5 « soraeie,« ain gies, 2 = a tee 2 : ahs 

w° 1m —eosin lethal miniature 

TABLE 22 

(Stock Lethal 11) 

| RED LONG WH MIN. RED. MIN. | WH. LONG | RED LONG WH. MIN. REDS es 
9 9 9 | 9 a oF MIN. ee 

A 428 381 161 125 0 362 31 | 21 
B 365 337 166 175 1 276 | 45 | 60. 
¢ 509 502 229 232 0 368 65 | 74 
D 316 329 95 115 0 305 | 26 | 63 
E 318 289 104 88 1 278 31 | 962 
F 312 259 95 81 0 259 19 | 61 
G 7 Ste “105 24 SN AG 94 3 | 26 
H 124 104 GSW epaueae ie 105 14 | 36 
I 118 114 5Oe | = Abe) eal 117 17 333 
J* 158 119 64 | 53 | 0 111 10 | 35 
K 8 15 1S 219 1 i | wl oe 
i 96 107 4 | 48 1 06° “Are ez 
M 119 104 53) ||| 40 0 137-1 A) ees 
N 28 35 in |) 46 1 37 (flat 
O 24 14 gn) 8 0 28 4 4 
P 242 O41 OWI toon | 909. | a1 | 53 
Q 271 302 Ber dee al a 338 | 31 | 63 

3509 3357 1388 | 1320 | 9 3135 | 359 | 672 

* When Generation I was reached some of the red long daughters were bred 

to eosin miniature males (instead of using white miniature as before (A-I) under 

similar circumstances). Their offspring were as follows: 

Red long. Wh.min. Eos. min. Wh.long Red min. _ Eos. long 

2 of of 2 of of 2 of 2 of 
277 0 227 261 11 57 107 28 89 1 

The long red females were again selected and bred to eosin miniature males 

to give generation J, K, L. Thus one generation is omitted in table 22, and 

from the summaries which include table 22. 
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Of the eight possible combinations, four carry lethal and will 
not be represented in the male classes of the next generation 
frona the back-cross. The four surviving male classes represent: 

(1) A non-cross-over class (eosin miniature) 
(2) A single cross-over class (red miniature) 
(3) A single cross-over class (eosin long) 
(4) A double cross-over class (red long) 

W L M LE 

a 
Se a 

Pyar : ce m ja 

Ww l, M a 
Bx 

b 
w& LS m L, 

W L M I, 
x c 

ee Le m Ls 

Ww ly M lg 
Di. Least eee 
ee a ME a ke Preyer D Te 

W I, M lL, 

x X i 
w & Ly m oe 

WwW ly M ly : 
x ome 

w 8 a3 ae L, 

Ww l, MM l, 

x x 3 
we ER m L, 

WwW l, M l, : 
SRR; A ie Gz A st aL > A OS 

w? Le dg ae 

Figure F 
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TABLE 23 

NO. | EOS, MIN. RED MIN. | EOS. LONG | RED LONG | Bes | ye EOS. MIN 

SIR idee 61 54 | (104 0 O.1° | Wye «le 26.6 
Il, 200 48 | 45 0 12.5,>|,. ol Deaeee4 <2 

nahh” A) Cue er ie ee ee 10.4) || 4 eeminan20:0 
See isos) | es | be | O |. 2°) Se aaa 
OA MT cca eee | a ae 
eG Ve a Oa 0 | | 
ER 290 | AG | Te 2 13:7) || Saha abe 
XXII 3135 | 359 | 672 9 8.8! || 63s ees 

a aera | 
Total 4045 | 653 | 1039 Jap | GO| Tees Heeaeian 

In table 23 the data for the male classes available in the pre- 

ceding tables are brought together in the first four columns. 
In the four columns that follow these, the percentages of cross- 
ing-over between: (1) eosin and lethal; (2) lethal and minia- 

ture; (3) eosin and miniature, are calculated for each of the 

experiments taken separately and for the sum total of the data.§® 

There is a considerable amount of difference in the percentages 

from the different experiments, as an examination of the table 

will show. If we take the totals as the more significant it ap- 

pears that Lethal 1 lies nearly midway between eosin and minia- 
ture, but nearer to eosin. The total ‘distance,’ viz., 25 between 

eosin and miniature is smaller than that calculated from other 

data. 

In the preceding experiments the females as well as the males 
give significant figures for eosin and miniature. In the next 

table, 24, these are brought together, and the percentage of 

crossing over between eosin and miniature calculated. This is 

30.7 per cent. 

In order to see whether the lethal factor has itself any influence 

on the results (which is not to be expected), the data from the 

sister individuals that gave a 1:1 ratio have also been utilized and 

are given in table 25. The percentage ‘distance’ is 32.4, which 

agrees with the calculation for the totals of the preceding table. 

Finally, the female classes alone are taken in the 2:1 count. These 

6 The data in two cases, viz., 15a and 15b are not calculated separately, since 

the numbers are small. 
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give a percentage of 32.3. 

is probably a disturbance due to viability in the males. 

It seems to follow that the low per- 

centages found when the males of the 2:1 ratio are taken alone 

The linkage of Lethal II with eosin and with vermilion 

As in the last case, the data for vermilion are to be considered. 

Figure C will serve to show the mode of entrance of the factors 
into the experiment if the factor V be used in place of M near 

TABLE 24 

NO. SEX RED LONG WH. MIN. RED MIN. WH. LONG 

ae 91:1 392 344 166 163 
1:1 245 332 159 132 
Q 2:1 488 488 223 226 

XI Q 2:1 367 327 164 159 
XIII Q 2:1 467 410 230 162 
SIV o ge A7Otts 4 450 227 229 
Xv2 Q 2:1 113 104 58 59 
Xv? 9 2:1 50 46 14 16 

pd. 9 1:1 313 282 142 140 
1:1 275 27. by) 146 127 
o 2-1 283 220» \/ 130 131 

xx 9 1:1 1874 1612 1025 913 
OT 9 1:1 139 135 65 4 

J 1:1 112 120 66 44 
XX Q 2:1 3509 3357 1388 1320 

Total 9106 8512 4103 3693 

* The male class of XX is omitted because the white long males are far be- 

hind expectation. 

TABLE 25 

NO. SEX RED LONG WH. MIN. RED MIN. WH. LONG 

XI 2 392 344 166 163 

of 245 332 159 132 

XIX Q 313 282 142 140 

of 275 275 146 127 

© 139 135 65 (2 

XXI of 112 120 66 44 

1476 | 1488 744 678 Total 
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which it really lies. The following list will serve to recall the 

possible combinations in the gametes of the F, female. 

! W 1. V —red lethal 
POM SCEGUSOUCK OM rasta np esas 35.56 Fede e's» F : aie 

w® Lz v —eosin vermilion 

{W L. v —vermilion 

w° ls V —eosin lethal 

BOTIICCENOSA=OVELI 16 caja alti isles ors» ace ogee 
Wl. v —lethal vermilion 

w° L. V —eosin 

Doublevenoss=Oviers yee sce os cee W i, V—red 347 
w’ l, v —vermilion 

In table 26 the available data are given in the first four columns, 

and the percentage distance between eosin and lethal, and lethal 

and vermilion, and eosin and vermilion in the following three 
columns. The calculations are given for the experiments taken 

singly, and for the totals. There is again a considerable discrep- 

ancy in the separate counts. The totals show that lethal lies 

between eosin and vermilion, but nearer to eosin. The total 

percentage distance between eosin and vermilion is 27.9. 

As before, a calculation from the total data was made, table 27, 

on the basis of the male and female cases taken together, which 

TABLE 26 

NO. | EOS. WARE VERM. | EOSIN RED | Race | robe Pd 

ca | 464 | 48 109 B/W y Soe 18-2) lose 
yt 219" 2) 33 68 Of OP 101 oe seg 
XVIII | 219 Pe an ete eae Ae We dad PO Ee eo 

= — = a | | = =— | = = ——— 

Total | 902 | 124 | 27 | 6 | 104 | 185 | 27.9 

TABLE 27 

NO. | SEX | RED LONG EOS. VERM. | VERM. | EOSIN 

XVI Q 1: 428 407 | 168 166 
Ad 321 AOR S=\sey, 120 78 
921 | 499 a ae 181 

XVII Q 2:1 278 2530 | 102 88 
XVIII Q 2:1 264 211 107 84 

Total | 1790 1713 664 597 
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gives 26.5 per cent. Similarly the totals based on the experi- 

ments with 1:1 ratios gives 25.2; and those based on the females 

alone of the 2:1 ratios give 27.5. The difference in these is not 

greater than is expected. The lower percentage for the males 

taken alone is again probably due to viability. 

Summary of linkage data of Part II 

In the following table all the data available in the preceding 

pages (Lethal 11) bearing on each linkage value have been brought 
together in a grand total: 

per cent 

total cross-overs cross-overs 
White (or eosin) lethal II......... 8,152 812 10.0 

Lethal I iminiatures: ...%.. 282 h 6,407 974 15.2 

Hethalei vermiliont. 4.5: oes 1,604 313 19.5 

White (or eosin) miniature........ 36,022 11,048 5 S0Re 

Eosin (or white) vermilion........ 6,023 1,612 26.8 

In the preceding table there are some discrepancies that appear 

when the percentages of crossing-over of the different counts of 

the same experiment are compared. Discrepancies like these 

may be due sometimes to insufficient numbers, sometimes to 

variations in differential viability (including the lagging behind 

of some of the male classes); in the case of lethals the absence of 

the ‘contrary’ classes (since one class dies) makes it impossible 
to check up viability in the male classes. Special external and 

internal conditions may at times affect the degree of interchange 

between the homologous chromosomes, which, by changing the 
gametic ratio, will affect the realized classes. 

To determine the loci of factors accurately special studies and 

corrections are necessary. The present data pretend no more |. 

than to give the approximate positions of the loci, and, in this 

sense, the results are as consistent as is to be expected under the 

conditions of the experiments that were carried out with another 

end in view. 
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SEX-RATIOS HIGHER THAN 2:1 

A glance at the last columns of the tables will show in many 

cases that the sex-ratio is higher than 2:1. Most of these differ- 

ences are obviously chance deviations. There are some, how- 

ever, that are so high as to suggest higher ratios. In fact, the 

start was made with a 5:1 ratio. It seemed at first as though 

those ratios higher than 2:1 might be due to two lethal factors 

that were simultaneously present, although this involves either 

two simultaneous mutations or the appearance of a new lethal in 

an egg that already contained one (through mutation or fertili- 

lization). Whether such an hypothesis is improbable will depend 

on how often lethal factors appear in stocks like these. Let us 

see how it might be shown that the high ratios could be explained 

as due to two lethals. If a third lethal 1; were present it would 

be in all probability beyond miniature, or, like the second lethal, 

between miniature and white. On the first supposition the pos- 

sibilities are shown in figure F. There are three single cross- 

over classes, three double cross-over classes and one triple cross- 

over. Of the sixteen possible classes of males only four would 

come through, as shown in the following list: 

W 1,M1; —not realized 

w° Lo m L; —eosin miniature 

W L. m L; —red miniature 

w* l, M1; —not realized 

W l,m L; —not realized 

w® L. MI; —not realized 

W 1,M L; —not realized 

\w* L. m1; —not realized 
{JW L: M1; —not realized 

w* l, m L; —not realized 

W L.m1; —not realized 

i w® l, M L; —not realized 

W1.m1;,; —not realized 

w* L» M L; —eosin long 

W L, M L; —red long 

w’l,m1,; —not realized 

Canim INON-CEGSS-OVEE: 4 aoe eek os ee 

(pbesimeolercross-Over:.. 4. eee fee 

Ke) me Sina lekCrOSS-OVEL ake a nee ne 

(a) ising leveross-0Vvete. eee oes 

(e) Double cross-over...... ee res 

Gs Doubleterass-over!:. 6 c4)08.- o-oo e ee 

(=) Doubleieross-Overn. «cease ee 

dh) SeDrripleicross=overs. 5 c22)2.: Tease fone 

One of the four that are possible is the triple cross-over or red 
long. A triple cross-over is a very rare occurrence and would 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No. 1 
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not be expected within the numbers that appear in the experi- 
ment. The double cross-over is eosin long whose expectation 

is also rare. In table 11 there are two lots, Nos. 16 and 20, 

in which no males appear in this class, but as the expectation 

calls for very few flies here, it is unlikely that this can be the cor- 

rect interpretation. If it were the correct interpretation we 

should get evidence of this third lethal when the red females of 

No. 16 were bred, as in table 12. But here there is no evidence 

of a third lethal, nor is there any in the following generations. 

It seems unlikely, therefore, that there can be any such lethal 

(i.e., one beyond miniature) involved in this experiment. 

On the other hand, if the supposititious additional lethal should 

be between eosin and miniature, as shown in figure G, the effect 

would be to lower the class red miniature or eosin long below ex- 

pectation for one lethal. In fact, the percentages of these classes 
are too low, but one would not be warranted, I think, from these 

data, in postulating a third lethal to account for this numerical 

discrepancy. 

It seems probable, then, that the high ratios are either extreme 

cases of the 2:1 ratio, or that there is present some disturbing 
element not yet detected. The former view does not seem 

probable for the numbers are large. The second interpretation 

is more plausible, especially when the fact is recalled that the 

start was made from an exceptionally high ratio (5:1), and the 

line maintained by selecting the offspring of the pairs that showed 

the highest ratios. 
There is another possibility that should at least be mentioned. 

The males hatch later than the females, and in the crowded 

bottles the males string out for some days after the females 

have ceased to hatch. In the present case there was some crowd- 

ing, but the bottles were run to a finish, or practically so, in order 

to get the full male count. That the low male ratio is not due 

to this condition is shown by the fact that the non-cross-over class 

(eosin miniature males) compares favorably with the correspond- 

ing classes of females. 
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Sterility 

An occasional test was made of the males that were obtained 

in the high sex-ratio pairs. Thus the sex-ratio from which table 

1 came was 7829 to l67¢. Every one of these sixteen males 

was sterile. (Of their sisters only 13 out of 78 were sterile, or 

at least gave no offspring). 
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In No. 39 (ratio of 115:33), seven out of fourteen females mated 

gave no offspring. One lot in table 1 shows a ratio of 116 9°¢ to 
462%. Out of 3199 tested, four produced nothing. Out 
of 1474, seven were sterile. 

One lot (xvi1) of table 1 had a sex-ratio of 9699 to 3002. 

Out of thirty-nine females mated, only one gave no offspring. 

Six males tested were sterile. 

No. 12 of table 1 had a sex-ratio of 12299 to 3277. Out 

of forty-three females mated, twelve produced nothing. Out 

of five males tested two produced nothing. 

Summing up the results for the males, we get: 

males males 

sex ratio tested sterile 

SAG He OF ce re See certo Ee coe teis tene CRB eh 16 16 

TG AG Ce 2c ee ee RE EME og, ie eee 14 if 

OG30 PAS 2: AEA eee a yeh seks eae | Lie tah tere 6 6 

22S Ee 5 TN Ses en er Erg ls etnias We ca cs 2 

TO tall een Been ete hes th Nee en ce nS ER 41 31 

AN HYPOTHESIS TO ACCOUNT FOR THE EXCEPTIONALLY HIGH 

RATIOS 

The following very high sex-ratios have been recorded for 

Drosophila: i 

females males 

1 0 135 

2 108 0 

3 104 0 

4 73 0 

5 63 0 

‘ k 6 40 0 
Quackenbush - 43 0 

8 33 0 

9 31 0 

1 68 0 

2 52 1 

3 30 0 

7 Quackenbush, L. 8S. Unusual broods of Drosophila. Science, N.S., vol. 32, 

p. 183, August 5, 1910. 
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females males ratio 

312 3 104:1 

169 5 34:1 
8 

Rawls 276 26 10:1 
291 54 5901! 

In those cases where the offspring were tested (Rawls) it was 

found that the very high ratio disappeared. It seems to be due 

to a particular combination that was subsequently lost. If we 

assume that two linked lethals occurred, one in each of the sex. 

chromosomes of the mothers that gave these high ratios, an 

explanation of the results is apparent. Such a female herself 

could live, since the lethals affecting different parts of the indi- 

vidual have each its normal allelomorph in the other sex chromo- 

some. The eggs produced would be in the main of two kinds— 

half containing one lethal, half the other. Since all of the sons 

derive their single sex-chromosome from the mother, they will 

perish. But if crossing over in some of the eggs of the F, female 

should occur then in such eggs one of the chromosomes will get 

both lethals, and the other both the normal allelomorphs. The 

former type of egg, if fertilized by a male-producing sperm, 

would fail to produce a male; the latter type of egg would pro- 

duce a normal male. The few males that appear may repre- 

sent this class. 

There are two ways in which the original double lethal female 

might be imagined to arise. A new sex-linked lethal might 

appear in one of the sperm-cells. If such a spermatozoon fer- 

tilizes an egg already containing a lethal a double lethal female 

that is viable would result. The frequency with which lethal 

mutants have turned up would make plausible this assumption. 

The same end would be reached if, in a female already contain- 

ing one sex-linked lethal, another lethal should appear in the 

other sex-chromosome. 

For two other results no hypothesis even can be suggested. 

First, the remarkable sterility found in the F; males when these 

high sex-ratios appeared; second, the converse case described by 

Quackenbush where 135 males and no females appeared. 

8 Rawls, E. Sex ratios in Drosophila ampelophila. Biol. Bull., vol. 24, Janu- 

ary, 1913. 
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made the greater part of the 55,000 records that furnish the 

evidence on which the conclusions rest. 



CLUSTER FORMATION OF SPERMATOZOA CAUSED 
BY SPECIFIC SUBSTANCES FROM EGGS 

JACQUES LOEB 

From the Laboratories of the Rockefeller Institute for Medical Research, New York 

INTRODUCTION 

In several papers F. Lillie! has described a very interesting 

specific phenomenon of apparent sperm agglutination which oc- 

curs when the sperm is mixed with sea water which has been in 

contact for a short time with a sufficient quantity of eggs of the 

same species (Arbacia and Nereis): 

In the case of Arbacia the addition of two or three drops of egg-sea 
water } (i.e., one volume of eggs to four volumes of sea water) which has 
stood half an hour, to about 2 cc. of fresh milky sperm suspension causes 
formation of agglutinations 1 to 2 mm. in diameter in a few seconds. 
The agglutination may be so strong that the fluid between the white 
agglutinated masses appears perfectly clear. The masses gradually 
fade from view in a few minutes, but microscopic agglutinations may 
remain half an hour or more. 

The agglutination is, therefore, only transitory or reversible, 

as Lillie states. It is specific since e.g., the supernatant sea water 

of Arbacia eggs acts only on Arbacia sperm and not on other 
sperm. 

It is very natural that Lillie should have been led to the idea 

that such a striking specific phenomenon as this agglutination 

must play a role in the process of fertilization and he has recently 

offered a very carefully worked out hypothesis which makes this 

phenomenon of agglutination not only the center of the process 

of fertilization and of artificial parthenogenesis but he even hints 

that it may be involved in the phenomena of heredity. 

1 Science, N.S., vol. 36, p. 527, 1912; Journ. Exper. Zodl., vol. 14, p. 515, 1918. 
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Lillie’s theory of the phenomenon of agglutination is an appli- 

cation of Ehrlich’s side-chain theory, a fact which gives it addi- 
tional interest. 

In previous papers I have described the secretion of a substance by 
the ova of the sea urchin, Arbacza, in sea water, which causes aggluti- 
nation of the sperm of the same species. The eggs of Nerezs also secrete 
a substance having a similar effect upon its sperm. I therefore named 
these substances sperm-isoagglutinins. During the present summer I 
have ascertained that in the case of Arbacia, and presumably also of 
Nereis, the agglutinating substance is a necessary link in the fertilization 
process and that it acts in the manner of an amboceptor, having one 
side-chain for certain receptors in the sperm and another for certain 
receptors in the egg. As this substance represents, presumably, a new 
class of substances, analogous in some respects to cytolysins, and as the 
term agglutinin defines only its action on sperm suspensions, I have 
decided to name it fertilizin.* 

The writer had for many years observed that when the eggs of 

the Californian sea urchin Strongylocentrotus purpuratus, were 

fertilized with sperm of their own species the spermatozoa would 

not always scatter but would form small clusters which were 

often visible with the naked eye. These clusters would disappear 
in a few minutes. The whole phenomenon resembles strikingly 

the phenomenon described by Lillie under the name of sperm 
agglutination, and is possibly identical with it. 

The writer was interested to find out what the conditions of this 

cluster formation of the sperm and its relation to the process of 

fertilization were. Since he is not certain whether this cluster 

formation observed by him on the Californian sea urchin is 

identical with the observations of Lillie on the agglutination of 

sperm in Arbacia, he will confine himself to a discussion of his own 

experiments and observations, leaving it for future work to decide 
to what extent they harmonize with Lillie’s observations and con- 

clusions. 

2 Science, N.S., vol. 38, no. 980, p. 524, October 10, 1913. 
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METHOD OF OBSERVATION AND THE SPECIFIC CHARACTER 
OF CLUSTER FORMATION 

If we put one or more drops of a very thick sperm suspension 

of the Californian sea urchin, 8S. purpuratus, carefully into the 

center of a dish containing 3 cc. of ordinary sea water, and let 

the drops stand for one-half to one minute, and then by gentle 

agitation mix the sperm with the sea water, the at first rather 

viscous mass of thick sperm is in a few seconds distributed equally 
in sea water and the result is a homogeneous sperm suspension. 

When the same experiment is made with the sea water which 

has been standing for a short time in a dish over a large mass of 

eggs of the same species, the result is entirely different. The 

thick drop of sperm seems to be less miscible and instead of a 

homogeneous suspension of sperm we get as a result the formation 

of a large number of distinct clusters which are visible to the 
naked eye and may possess a diameter of 1 or even 2 mm. The 

rest of the sea water is almost free from sperm. These clusters 

of spermatozoa last for from two to ten minutes and then dissolve 

by, the gradual detachment of the spermatozoa from the periphery 

of the clusters. This phenomenon is to some extent specific. 

The sperm of the sea urchin Strongylocentrotus purpuratus, will 

give the cluster formation with the supernatant sea water of the 

eggs of 8S. purpuratus; the sperm of the sea urchin 8. franciscanus 

will give the cluster formation with the supernatant sea water 

of eggs of its own kind as well as with the supernatant sea water 

of the eggs of S. purpuratus.” In the latter case the clusters dis- 

solve a little more quickly than if franciscanus sperm is added to 

the supernatant sea water of franciscanus eggs. The sperm of 

purpuratus will not form clusters with the supernatant sea water 

of the eggs of franciscanus. It is of interest that the specificity 

is not reciprocal in the case of these two sea urchins. 

The sperm of neither formed clusters with the supernatant 

water of starfish eggs or of mollusc eggs. 

The sperm of starfish (Asterias ochracea and Asterina) gave no 

cluster formation with the supernatant sea water of their own eggs 

or of the eggs of the two sea urchins. 



126 JACQUES LOEB 

We shall have to return to these data in a later chapter when we 

discuss the relation between cluster formation and fertilization. 

The following experiments were carried on with the sperm of 

S. purpuratus and the supernatant sea water of the eggs of the 

same species, unless the contrary is stated. 

APPARENT SURFACE TENSION PHENOMENA AND CLUSTER 
FORMATION 

In analyzing the formation of these clusters the writer was 

struck with the fact that the cluster formation showed peculiari- 

ties which resembled the action of surface tension. The clusters 

were usually spherical, or had a tendency to become so. When 

two clusters were brought into contact with each other they fused 

at once into one spherical cluster with a larger radius, a behavior 

which would also be observed in the case of drops of substances 

immiscible with water under similar conditions. The formation 

of the clusters themselves resembled surface tension phenomena. 

When a drop of purpuratus sperm is gently agitated in a little 
dish with a few cubic centimeters of ordinary sea water streaks 

and cylindrical masses of sperm are formed in the water which, 

however, show nothing that reminds one of surface tension 

phenomena. The spermatozoa are gradually scattered without 

surface tension offering any resistance to the scattering. 

If the same experiment is made in the supernatant sea water 

from the eggs—in egg-sea water—the streaks of sperm produced 

by agitation behave somewhat like cylinders of a very viscous 

substance which is immiscible with water, e.g., a viscous oil or a 

calcium soap. Short streaks or cylinders contract into spherical 

masses, the above described clusters; and long cylinders break 
up into a series of small clusters. 

In an attempt to account for this apparent or real réle of surface 

tension in cluster formation the writer thought first of the possi- 

bility that it might be due to an agglutination of the masses of 

sperm under the influence of the egg-sea water. A study of the 

real phenomenon of sperm agglutination, however, showed that 

it does not lead to any formation of spherical clusters. The 

writer had shown eleven years ago that real sperm agglutination 
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can be produced if we add 2 or 3 ce. of 4; NaOH to 50 ce. of sea 

water.’ He found recently a good method of producing sperm 

agglutination with less alkali in the case of the sperm of starfish. 

When this sperm is put into 50 cc. sea water + 0.5 ec. X, NaOH it 

shows a tendency to agglutinate only after about one hour. But 

we can produce a real agglutination of the spermatozoa after 

about only twenty minutes when we put the sperm into the super- 

natant sea water of eggs or sperm of purpuratus. This agglutina- 

tion is not specific, since it can also be produced by a great many 

other substances, e.g., cattle serum or even white of egg. In this 

case the spermatozoa at first stick together to form short rows or 

threads; and later the threads begin to stick together and form 

irregular networks. At no time is there any appearance of clus- 

ter formation or anything suggesting the phenomena of surface 

tension. 

The writer is therefore under the impression that the cluster 
formation of the sperm in the supernatant sea water of its own eggs 

is a phenomenon of a different type from agglutination. 

MOTILITY OF SPERM AND CLUSTER FORMATION 

In observing the clusters the writer was struck with the fact 

that the spermatozoa at the periphery of a cluster are in free pro- 

gressive motion, a fact which is incompatible with the assumption 

of agglutination. When the clusters were small or when the sperm 

suspension was thin it was possible to observe the spermatozoa 

which are in the center of the cluster. It was seen that the sper- 

matozoa in the center also were in very lively motion, with the pos- 

sible exception of small lumps or groups of spermatozoa which 

may have stuck together. The clusters reminded the writer of a 

dense swarm of insects which move like a coherent mass through 

space. These clusters move like one solid body through the 

water, notwithstanding the fact that the individual spermatozoa 
are free to scatter. 

Under the influence of these observations the writer formed the 

idea that the cluster formation and possibly the apparent phenom- 

ena of surface tension might be the outcome of some tropistic 

3 Loeb, Arch. f. d. ges. Physiol., Bd. 99, p. 323, 1903; Bd. 104, p. 325, 1904. 
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reaction of the spermatozoa. If this were the case, we should 

expect that anything that diminished the motility of the sperma- 

tozoa would lessen the tendency of the sperm to form clusters, 

and if the sperm were paralyzed completely the cluster formation 

would also cease completely. 

It was easy to show that both assumptions were correct. To 

3 cc. of a dense sperm suspension in ordinary sea water were 

added 1 or 2 drops of a 0.1 per cent solution of NaCN, and the 

whole thoroughly mixed. In one or two minutes the sperm lost 

its motility and did not regain it when put into sea water. When 

one or several drops of this immobilized sperm were added to the 

egg-sea water and when after one minute the dish was gently 

agitated, the sperm behaved exactly as if it had been put into 
normal sea water. Not a trace of cluster formation was notice- 
able; a slight agitation sufficed to bring about a perfectly homo- 

geneous mixture of the sperm in sea water. After two hours the 

sperm became motile again when put into sea water. When such 

sperm, after the recovery of its motility, was put into egg-sea 

water a very powerful cluster formation occurred again. 

These experiments were varied and always proved definitely 

that the whole phenomenon of cluster formation existed only 

when the sperm was motile. 

There are other ways of paralyzing the spermatozoa. When 

the sperm of purpuratus is heated to a temperature of 35°C. or 

even 36°C. the sperm remains motile and the phenomenon of 

cluster formation is striking when a drop of such sperm is added 

to 3 cc. of egg-sea water and the mass is agitated. As soon as 
sperm is brought to a temperature of 37.6° or above and rapidly 

cooled, the motility is gone and no cluster formation takes place. 

The same experiment was made with the sperm of Strongylo- 

centrotus franciscanus and the supernatant sea water of eggs of 

the same species. When the sperm is heated to a temperature of 

36.2° its motility continues and the cluster formation is not dimin- 

ished. When the sperm is heated for one minute to a temperature 

of 37° the motility of the sperm is only diminished and only small 

clusters are formed. If the sperm is heated to 38° the motility 

of the sperm disappears and the phenomenon of cluster formation 

is impossible. 
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The same result is obtained if the motility of the sperm is dimin- 

ished or annihilated through the addition of KCl to sea water. 

These are all very striking demonstration experiments, which 

leave no doubt that the cluster formation and the apparent sur- 

face tension phenomena depend exclusively on the motility of the 

spermatozoa. 

On the other hand, .the writer convinced himself that in the 

true phenomena of sperm agglutination, the motility of the sperm 

is of no concern. We have mentioned the fact that the sperm of 

Asterias, when it has been in 50 cc. sea water + 0.5 cc. 3; NaOH 

for fifteen or twenty minutes, undergoes a real agglutination when 

mixed with the supernatant sea water of different kind of eggs or 

of cattle serum. This real agglutination takes place just as well 

after the spermatozoa have been completely immobilized by KCN 

as before. We may therefore be sure that the cluster formation 

is not due to an agglutination. « 

CLUSTER FORMATION A POSSIBLE TROPISTIC REACTION 

The writer’s idea of a tropism underlying the cluster formation 

is at present only a mere working hypothesis about which it is 

therefore not necessary to say much. It is briefly this, that the 

spermatozoa which are rendered extremely active by the egg-sea 

water are at the same time repelled by it, in other words, that they 

possess a negative chemotropism or a negative differential sensi- 

bility towards the egg-sea water; while any small or large mass of 

spermatozoa at the boundary of or in egg-sea water acts as a center 

to which the isolated spermatozoa are positive. This would 

account for the fact that the cluster formation is a function of 

the motility of the spermatozoa and could also account for the 

apparent surface tension phenomena. We should also under- 

stand why the cluster formation (just like Lillie’s ‘agglutination ’) 

lasts only a few minutes. Since the egg-sea water must gradually 

diffuse into the mass of spermatozoa, the boundary at which they 

are repelled must finally cease to exist. As soon as the concen- 

tration of the active substance of the egg-sea water is the same or 

almost the same in the cluster or the mass of spermatozoa as in the 

surrounding sea water there is no more force active which may 

induce or preserve the cluster formation. 
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The idea of a negative reaction of the spermatozoa to the egg- 

sea water is in contradiction to Lillie’s statement that the sperma- 

tozoa are positive to the egg-sea water. The writer is not quite 

sure whether Lillie’s statement is based on a correct interpreta- 

tion of his observations. 

Lillie introduced a drop of Arbacia egg-sea water into a suspen- 

sion of Arbacia sperm under a cover glass. In this case a dense 

ring of spermatozoa was formed ‘“‘at the margin of the drop with 

a simultaneous formation of a clear external zone about 1.5 to 2 

mm. wide; the ring then breaks up into small agglutinated masses 

and so becomes beaded” (p. 550). In the interior of the drop 

very few spermatozoa are found. If the spermatozoa were posi- 

tively chemotropic to the egg-sea water, as Lillie suggests, they 

should rush into the drop instead of forming aring aroundit. The 

writer is inclined to interpret this formation of a ring with a clear 

external zone around it as an indication that the spermatozoa are 
negatively chemotropic to the strong egg-sea water and possibly 

positively chemotropic to the more diluted egg-sea water or to the 

dense collection of spermatozoa in the ring. Those in touch with 

the margin of the drop are repelled by the drop and those at some 

distance from the drop are attracted towards the ring or towards 

the drop. This creates the dense ring next to the drop of egg-sea 

water and explains the formation of the clear space externally to 

the ring. 

When a cluster scatters it does not scatter equally but one 

notices that isolated microscopic lumps or beads of spermatozoa 

may be left in the center of the original cluster. Later these 

beads or lumps scatter also. It is possible that the spermatozoa 

constituting these lumps or beads stick temporarily together and 

that this is caused by a specific substance contained in the egg-sea 

water. This agglutination, however, cannot account for the fact 

that cluster formation is only possible if the sperm is very motile. 
The cluster formation is, aside from the increased motility, the 

only striking phenomenon which the sperm of the Californian 

sea urchin shows in the presence of egg-sea water. 

The writer wishes the statements of this paragraph to be taken 

only provisionally. 
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THE CONDITIONS WHICH DETERMINE THE SCATTERING OF 

THE CLUSTER 

The clusters (just like Lillie’s ‘agglutinations’) have only a 

short duration of from two to ten minutes, as the circumstances 

may be. It was of interest to find out some of the conditions 

which determine their duration. It was found that the stability. 

of the clusters depends upon the alkalinity of the sea water. Ina 

neutral solution the big clusters may last a considerable time, half 

an hour or more, while in sea water to which a sufficient amount 

of alkali has been added the clusters may scatter in a minute. 

The reader must remember that if we add HCl or NaOH to sea 

water part of the added acid or base will be neutralized by the 

carbonates and phosphates of the sea water. 
To5cc. supernatant sea water from purpuratus eggs were added 

0, 1, 2, 3, 4 drops of 4 NaOH and 3 drops of a dense suspension of 

purpuratus sperm were added toeach. In all dishes a large cluster 

was formed. In the dishes with 4 and 3 drops of NaOH the clus- 

ters were dissolved almost instantly after formation, in the dish 

with 2 drops the resolution occurred more slowly and it lasted 

longest—about eight minutes—in the sea water to which no 

alkali was added. 
In a second experiment to 5 cc. of the same egg-sea water 0, 1, 

2, 3 and 4 drops 4+ HCl were added, and then purpuratus sperm 

introduced. In 5 cc. egg-sea water + 4 drops of HCI no cluster 
formation occurred, probably because the motility of the sperm 
was too rapidly annihilated. In the dish with 3 drops HCl only 

a trace of cluster formation was noticeable; with 2 drops a moder- 

ate cluster formation occurred and only in the two dishes with 0 

and 1 drop of HCl was the cluster formation very powerful, since 

here the motility of the spermatozoa was not impaired. In the 

egg-sea water without acid the clusters disappeared much more 

quickly than in the sea water with 1 or 2 drops of acid. 

Experiments in which neutral artificial sea water was substi- 

tuted for normal sea water showed that at the point of neutrality 

the cluster formation is most durable. The big clusters continued 

to exist as long as half an hour, while in alkaline solutions they 

disappeared very rapidly. In acid solutions no cluster formation 
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was possible probably on account of the fact that the sperma- 

tozoa became immobile. 
These and other experiments prove that an increase in the 

alkalinity of the solution shortens the duration of the clusters; 

in spite of the fact that an increase in alkalinity of the sea water 

favors the real agglutination of sperm. 
The writer tried then to ascertain which salt solutions favor the 

formation of these clusters. To investigate this point the ovaries 

and testes of purpuratus were washed in an m/2 NaCl solution 

and then put directly into another m/2 NaCl solution without 

coming in contact with sea water. It was found that the super- 

natant solution of the eggs did never, or only exceptionally, give 

rise to cluster formation with the NaCl sea water; the reason for 
this may be partly the fact that the spermatozoa are practically 

inactive in a pure NaCl solution and that although the presence 

of the supernatant NaCl solution from the eggs stimulates the 

spermatozoa into activity this may not always be sufficient. The 

addition of KCl does not materially improve the cluster forma- 

tion, the addition of the chlorides of Mg, Ca, Sr and Ba and of 

MgSO, vastly increases the cluster formation or induces it in an 

otherwise inefficient NaCl solution. 
It is not possible to draw any conclusions from these facts upon 

the nature of the process underlying it. 

THE ORIGIN OF THE SUBSTANCE CAUSING THE CLUSTER 
FORMATION 

Lillie assumes that the substance which causes the phenomenon 

described by him as agglutination is given off by the egg itself 

though he states that the jelly which surrounds the egg—viz., the 

chorion—is saturated with this substance. The writer was 

curious to know whether the phenomenon of cluster formation 

depends upon a substance given off by the egg or whether it is due 

to a substance originating from the chorion. It could easily be 

shown that the latter is the case. Herbst had stated that the 

chorion of the sea urchin egg can be dissolved by acid. The 

writer therefore put a mass of eggs of purpuratus for three minutes 
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into 50 ec. sea water + 3 cc. 7; HCl. The eggs were constantly 

squirted with a pipette to prevent them from sticking to the glass 

and were then transferred to normal sea water. They were then 

washed five times in succession in normal sea water under constant 

squirting with a pipette and then left standing in a refrigerator 

with a small volume of sea water. At no time did the sea water 

in which these eggs were kept give any trace of a cluster formation 

with fresh sperm. The supernatant sea water was tested a few 

hours after the acid treatment and two or three times daily on four 

consecutive days. These eggs which had apparently lost their 

chorion had permanently lost the power of giving off to the sea 

water a substance which causes the cluster formation of the 

spermatozoa of the same species. If the substance were con- 

stantly given off by the egg it should have been found after some 

time in the supernatant sea water. The experiment was repeated 

a number of times with the same negative result. 

On the other hand, it was easy to show that the acid sea water 

(50 ce. sea water + 3 ec. 4 HCl) in which the eggs had been 

washed contained the substance which is responsible for the cluster 

formation in large quantities. This acid sea water was filtered 
and the filtrate neutralized with NaOH (with neutral red as an 

indicator). The neutralized sed water gave with sperm of the 

Same species a very powerful cluster formation. 

This neutralized sea water kept the power of inducing cluster 

formation for about three days (during which time it stood in the 

refrigerator) but had lost it the fourth day. 

This seems to indicate that the substance causing cluster forma- 

tion is derived from the jelly-like substance surrounding the egg 

(the chorion) but does not emanate from the egg itself. 

If this substance which causes the cluster formation should be 

identical with the substance which Lillie calls ‘fertilizin,’ which is 

very probable, it is obvious that his conclusion that the substance 

comes from the egg is untenable. This would also make it im- 

possible to attribute to this substance a réle in the process of 

artificial parthenogenesis. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No. 1 



134 JACQUES LOEB 

CLUSTER FORMATION AND FERTILIZATION 

Lillie’s application of the side-chain theory to the problem of 

fertilization rests on the assumption that the substance which 
causes the phenomenon he describes as agglutination is indis- 

pensable for fertilization. This ‘fertilizin’ is in his theory an 

amboceptor which must combine at one end with the spermato- 

zoon at another end with the egg; the ‘fertilizin’ when in com- 

bination with the spermatozo6n undergoes a change and then 

fertilizes the egg. It is therefore a substance given off by the 

egg which in Lillie’s opinion causes its fertilization, and not, as 

we all had hitherto assumed, one or more substances contained 

in the spermatozoon. 

We have just seen that the substance which causes the cluster 

formation does not come from the egg but is given off by the 
chorion—or possibly is the chorion itself which is slowly soluble in 

sea water. ; 

We can show in a number of different ways that eggs which 

have lost or do not possess the power of giving off a substance 
which induces cluster formation may possess the normal power of 

being fertilized. If we treat eggs of purpuratus for three minutes 
in 50 ec. sea water + 3 ec. % HCl and wash them about five 

times in sea water they have lost the power of causing the cluster 

formation of the sperm of purpuratus. Such eggs can be fertil- 

ized immediately after the washing or at any time during the next 

two or three days if they are kept in the refrigerator. Their 

power of being fertilized is not in the least impaired. One hun- 

dred per cent of the eggs were invariably fertilized and the fertil- 
ization took place instantly after the addition of sperm. Prac- 
tically all the eggs developed. The membrane was slightly 

abnormal which was an after-effect of the acid treatment. The 

power of the eggs of being fertilized remains unimpaired while 
their power of giving off substances which cause cluster formation 

is completely and permanently lost. 

When we treat the eggs with a fatty acid instead of with a 
mineral acid they form, when transferred to normal sea water, a 

fertilization membrane. The fatty acid also dissolves the chorion 
and such eggs when washed afterwards lose their power of induc- 
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ing cluster formation of sperm. It is interesting that Lillie states 
that such eggs lost also their power of causing agglutination, which 

seems to suggest that Lillie’s ‘agglutination’ and the writer’s 
‘cluster formation’ may be the same thing. Lillie states that such 

eggs which have formed a fertilization membrane have lost their 

power of being fertilized and he sees in this a support of his theory 

that without ‘fertilizin’ the egg can no longer be fertilized. 

Eggs which have formed a fertilization membrane under the 

influence of butyrte acid can easily be fertilized with sperm if the 
membrane is torn by shaking. The writer has repeated this 

experiment this winter and confirmed the earlier observations 

by Kupelwieser and himself to the same effect. He alsomade sure 
that the eggs which after the artificial membrane formation can 
be fertilized with sperm have completely lost the power of causing 

cluster formation. 
We thus see that complete loss of the. power of inducing cluster 

formation can be combined with maximal power of the eggs of 

being fertilized. 

HYBRIDIZATION AND CLUSTER FORMATION 

The best test for a possible connection between fertilization and 

cluster formation is afforded in the phenomena of hybridization. 

If the phenomenon of cluster formation were inseparably associ- 

ated with the power of the eggs of being fertilized, we should 

expect that sperm should only be able to fertilize the eggs of a spe- 
cies if the egg-sea water of the same species caused the cluster 

formation of the sperm. 
It is easy to show that no connection of this type exists. It is 

impossible to call forth cluster formation of the spermatozoa of 
the starfish Asterias ochracea with the egg-sea water of purpuratus 

and yet 100 per cent of the eggs of purpuratus can be fertilized 
with the sperm of ochracea and as many as 80 per cent of these eggs ; 

may develop. The writer showed that this hybridization takes 

place only in hyper-alkaline sea water and it was therefore nec- 

essary to test the possibility of cluster formation in both neutral 

and alkaline sea water; these tests gave always absolutely negative 

results. 
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The sperm of purpuratus shows no trace of cluster formation 

with the egg-sea water of franciscanus and yet the eggs of fran- 

ciscanus are readily fertilized with the sperm of purpuratus. 

If the cluster formation were caused by a substance which was 

necessary for fertilization in the sense of Lillie’s theory these and 

probably many other hybridizations which occur should be 

impossible. 

It often happens that in hybridization less than 100 per cent 

of the eggs are fertilized. The writer tried whether the yield of 

fertilized eggs could be increased if the egg-sea water from the 
species which furnishes the sperm be added to the mixture. This 

would furnish the sperm with the specific ‘amboceptor.’ It was 

found that hybridizations occur just as well if not better in normal 

sea water than if the egg-sea water from the species from which 

the sperm is taken be added. 

All these facts contradict the assumption that the substance 

which induces the cluster formation of the spermatozo6n is nec- 

essary for fertilization. 

ARTIFICIAL PARTHENOGENESIS AND CLUSTER FORMATION 

The writer has expressed the idea that the causation of the de- 
velopment of the egg either by a spermatozo6n or by the agencies 

of artificial parthenogenesis is due to an alteration of the cortical 
layer of the egg which may or may not be accompanied by a 

membrane formation; and he has shown that all hemolytic sub- 

stances are able to bring about this alteration. Lillie agrees with 
this idea but differs in regard to the origin of the agent which 

causes this change in the cortical layer of the egg in the case of 
fertilization by a spermatozo6n. According to the writer, this 

change is caused by a substance contained in the spermatozoon 

while Lillie assumes that it is a substance contained in the egg 

which must, however, be activated by the spermatozo6n in order 

to cause the alteration of the surface of the egg. It seems to the 
writer that Lillie’s assumption is unnecessarily complicated. 

Moreover, if it should turn out that the substance which is re- 

sponsible for the cluster formation is identical with the substance 

which Lillie calls ‘fertilizin’—which is very likely the case— 
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Lillie’s theory becomes untenable, since this substance does not, 

in all probability, originate from the egg but from the chorion and 

since there is, as we have seen, no connection between the presence 

of this substance and the power of the eggs of being fertilized. 

A second difficulty which Lillie has not considered lies in the fact 

that the writer has shown that in addition to the membrane form- 

ing substance still another, namely a corrective agency, is neces- 

sary for the causation of the development of the egg. The cor- 

tical change induces development but the egg as a rule perishes 

if the second factor of artificial parthenogenesis is not applied 

(hypertonic solution or lack of oxygen). The writer is suspicious 

that even a third factor may be implied. It is under these circum- 

stances difficult to see how the assumption that the ‘fertilizin’ 

causes development—leaving aside all other objections—can 

act as an adequate substitute for the known facts of artificial 

parthenogenesis. 
Lillie sees a proof for his idea in the statement of Glaser‘ that 

the filtrate from eggs of Arbacia ground up with an equal volume 

of sea water will cause normal unfertilized eggs of the same species 
to undergo one or more cell divisions if they are transferred from 

the filtrate after one or two hours to normal sea water. Lillie 

concludes from this that the egg contains its own fertilizing 

substance, the ‘fertilizin,’ and that it was this ‘fertilizin,’ liber- 

ated from the eggs when they were ground up and contained in 

the filtrate, which induced the cell division of the Arbacia eggs in 

Glaser’s experiments. Waiving the question of how this ‘fertil- 
izin’ was ‘activated’ without the presence of sperm, the writer 

sees no reason to assume that the egg extract acted through the 

‘fertilizin,’ or any other specific substance, since he has shown 

that a large number of non-specific substances are able to induce 

the first cell divisions (without membrane formation) in the egg 

of Arbacia, e.g., traces of any weak base like HN:, or protamine.® 

A slight increase of osmotic pressure could also have such an 

effect. It even suffices to let the eggs of certain females lie for 

4 Science, N.S., vol. 38, no. 978, p. 446, 1913. ' 

5 Jour. Exp. Zo6l., vol. 18, p. 577, 1912; Arch. f. Entwceklngsmechn. d. Organ., 

Bd. 38, p. 409, 1914. 
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some time in sea water.® The writer fails to see any reason for 

assuming that the cell division in Glaser’s experiments was induced 

by ‘fertilizin.’ The fact that the composition of the mixture 
which he used was unknown is not sufficient proof that ‘fertilizin’ 

was the active agency. 

In conclusion, the writer would like to call attention to the fact 

that the cluster formation described in this paper or the agglutina- 

tion of sperm described by Lillie inhibit the fertilizing effect of 

the spermatozoa instead of enhancing it, since the cluster forma- 

tion prevents the spermatozoa from reaching the egg. Even from 

a teleological viewpoint it is difficult to understand why a sub- 

stance which only prevents the fertilizing action of the sperm 

should be a necessary link in such action. The writer is inclined 

to believe that the cluster formation or agglutination of sperm does 

not occur when fertilization takes place under natural conditions. 

The writer is not quite sure whether his interpretation of the 
cluster formation of the spermatozoa as a tropistic reaction will 

have to be modified or not. If it should turn out to be essentially 

or partly correct, it might be worth while to point out that we have 

many examples of tropistic reactions which are of no possible use 

to the species, e.g., all the phenomena of galvanotropism which are 

only laboratory products. 

The writer takes pleasure in expressing his thanks to Prof. 

S. S. Maxwell of the University of California for his kindness in 

putting the Herzstein Laboratory at New Monterey at the 

writer’s disposal. 

SUMMARY 

1. The writer describes the formation of clusters of spermatozoa 

which is observed when the sperm of a sea urchin is put into the 

supernatant sea water of eggs of the same species. This specific 

phenomenon of cluster formation may possibly be identical with 

the specific phenomenon described under the name of sperm agglu- 

tination in recent publications of F. Lillie. 

* Arch. f. EntwekIngsmechn. d. Organ., Bd. 36, p. 626, 1913. 
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2. The cluster formation resembles the phenomena of surface 

tension in various respects, e.g., inasmuch as the clusters are 

spherical or tend to assume a spherical shape, and inasmuch as the 
fusion of two clusters results in the formation of a larger spherical 
cluster. When sperm is put into ordinary sea water or the super- 

natant water of foreign eggs these apparent surface tension 

phenomena are not observed. In real sperm agglutination neither 

cluster formation nor the above-mentioned surface tension 

phenomena are noticeable. 
3. It was found that the cluster formation is a direct function 

of the motility of the spermatozoa. As soon as the spermatozoa. 

are immobilized by NaCN or by high temperature or by KCI the: 

cluster formation ceases; as soon as the motility of the sperma- 

tozoa returns the cluster formation occurs again when the sperm 

is put into the supernatant sea water of eggs of the same species. 

The real agglutination of sperm occurs just as well when the sperm 

is immobilized as when it is motile. The cluster formation is 

therefore not a form of agglutination. 

4. The clusters last only a few minutes, like Lillie’s sperm 

‘agglutinations.’ The writer has found that in a neutral solution 
they last much longer than in an alkaline solution and that they 

scatter the more rapidly the more the alkalinity of the sea water 
is raised by the addition of NaOH. 

5. The writer offers tentatively a working hypothesis which 

assumes that the phenomenon of cluster formation is essentially 
or partly due to a negative chemotropism of the spermatozoa to 

the egg-sea water. 

6. It is shown that eggs which have been treated with acid! 

sea water lose permanently their power of producing a sub-— 

stance which causes the cluster formation of the spermatozoa of 

their own species; while the acid sea water in which the eggs were: 

treated when filtered and neutralized with NaOH induces a very 
powerful cluster formation. If it is true that the acid dissolves; 

‘the chorion (the jelly-like substance surrounding the egg) this; 

experiment would prove that the substance which causes the: 

cluster formation is not formed in the egg but in the chorion. If 

this substance is identical with the substance which Lilhecalls 
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‘fertilizin,’» his theory concerning the rédle which this substance 

plays in the fertilization and development of the egg will meet 
with serious difficulties. 

7. It is shown that eggs which have been treated with a mineral 

acid like HCl and which have permanently lost the power of 

causing a cluster formation of the spermatozoa can nevertheless 

all be fertilized with sperm of the same species and that the 

rapidity with which the sperm fertilizes these eggs is equal to 

that with which normal eggs are fertilized. When the acid used 

was a fatty acid and when membrane formation occurred the eggs 
also lost permanently their power of inducing cluster formation 

but retained their power of being fertilized by sperm, provided 

that the membrane was first torn. 

8. The supernatant sea water of the eggs of Strongylocentrotus 

franciscanus will not induce cluster formation of the sperm of 

Strongylocentrotus purpuratus; yet the latter sperm fertilizes the 

eggs of franciscanus. The sperm of Asterias ochracea undergoes 

no cluster formation in the supernatant sea water of Strongylo- 

centrotus purpuratus, no matter whether the sea water is normal 

or hyperalkaline although the starfish sperm readily fertilizes 

most or all the eggs of Strongylocentrotus purpuratus in hyper- 

alkaline sea water. 

9. The facts mentioned under paragraphs 7 and 8 prove that 

the substance which is responsible for the cluster formation is not 

necessary for the process of fertilization. 
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INTRODUCTION 

The following series of papers embodies the results of my work 

on ‘Fertility and Sterility in Drosophila ampelophila.’”’? The 

first paper deals primarily with a case of sterility in which the 

female is affected, together with the effects of selection upon 

female sterility and its behavior in transmission. The second 

paper is concerned with the low fertility of a mutant, and the 

behavior of this low fertility in heredity. The third study deals 
with the effect on fertility of crossing different races. The fourth 

study treats of the effect on fertility of crossing within and with- 

out an inconstant race. The work has been in continual progress 

since the fall of 1911 when it was undertaken at the suggestion of 

ero, Ll. He Morgan. 

Two investigators have studied sterility in Drosophila. Castle 

and his students found sterile individuals of both sexes in their 

141 
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cultures. Moenkhaus found in his strains that sterility was 

practically confined to the males. He attempted to harmonize 
Castle’s results with his own by the assumption that each had 

used a different measure of productiveness. Both investigators 
are in agreement that inbreeding can not be the cause of sterility, 

and that sterility is amenable to selection. From Castle’s paper 
I gather that he considers low productivity and complete sterility 

in the female as related and that sterility in this case is related to 

egg structure. Moenkhaus seems to imply that sterility is due 

to some condition of the sperm. Evidence that bears on these 

questions is given in the following pages. 
I wish to state in the beginning that my results warrant me in 

making a sharp distinction between fertility and sterility as it 

actually exists in the strains that I have used. Fertility, as I 

have found it, does not grade into complete sterility. There may 

however be gradations in fertility. The total sterility that ap- 

pears in my cultures bears no relation to low fertility. Sterility 

as it affects the flies in my strains is due to a different condition 

from that operating to reduce the fertility. This statement is 
certainly true of the sterility as it affects the female. The dis- 
tinction paves the way for bringing the results of other investi- 

gators under a common point of view. Failure to distinguish 
between sterility and fertility has I suspect led to confusion, cer- 

tainly in the work of Castle, and probably in the results of Moenk- 

haus, because as I shall show the two things may relate to quite 

different phenomena. The inheritance of sterility and fertility 

in Drosophila must be separately treated if any progress is to be 

made. 
In a culture of Drosophila, which I had been inbreeding and to 

which I shall refer as the inbred stock, there appeared an increas- 

ing number of sterile pairs. The sterility affected primarily the 

females as was evident by testing them with other individuals. 
In the sixth generation which had descended from a single pair of 

grandparents of the fourth generation, 51 pairs in a total of 105 

pairs were sterile. There were 47 sterile females, 3 sterile males 

and 1 questionable case. 
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It seemed probable that the defect was due to something in the 
hereditary mechanism rather than to some factor in the environ- 
ment, since the same defect reappeared among the grandchildren 

which hatched at different times during a period of two months. 

Since the effects of inbreeding were under observation I was at 

first inclined to attribute this sterility to inbreeding. 

STERILITY AND INBREEDING 

It is a popular belief that one of the effects of inbreeding is to 

induce sterility. Moenkhaus and Castle, however, after many 
generations of inbreeding with Drosophila could find no evidence 

in favor of such a view. Nevertheless, since sterility appeared in 
my ‘inbred’ culture to such a high degree it was tempting to 

attribute it to inbreeding. As Moenkhaus has clearly pointed 

out, if ina sterile inbred stock, the sterility can be eliminated 

by continued inbreeding, then inbreeding can not be held to be 

the causative agent. This is the test to which my own case has 

been put, and by selecting from those families that showed the 

sterility in the least degree a fertile race was produced. Tables 

1 to 7 show the manner in which the sterility appeared in the 
inbred stock and its elimination by selection. 

1. Sterility of the inbred stock 

TABLE 1 TABLE 2 

Sterility of the first five inbred Sterility in the Fs generation 

generations 

| NO. NO. No. | 
GENERATION | PAIRS sree 8 | as a oe eee ieee 

(———= — = —— —— +: 

EF, | 16 1? 25 1 iii in LA a 
F, (6 0 | 27 11 03 30 0 

F; o 3 28 5 Ssh ct 0 
F, 12 3 30 32 US EZ 1 

F;* | 10 2 2 31 31 16 | 14 2 

| | 32 10 Gall)" 1? 
| | hg enn Mane 0 

otal... | 61 8 Be otal...) 105. |.051. a7 ASeeLe 

* The ten pairs of F; were from a sin- * Miscellaneous paire. 

gle pair of F,4 
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Sterility in the Fz generation 

TABLE 4 

Sterility in the Fs generation 

ancus-| No. | NO. STERILE STERILE ANCES- BF ee NO. |srERILESTERILE 
TRY NO. "0" nee aera : TRY No. “O° eee Sree e 

27 134 1 17 a 4 127 | 149) 26 11 10 1 

30 127 5 2 127) 15) 21 5 5 0 

32 129 | 12 6 WE ANS US 3 3 0 
129 164 2 2 0 

127 | 165 3 3 0 

127 | 166 2 1 1 

| NB) UGYE 1 0 il 

1384 | 172) 28 12 10 2 

Total. 34 | 15 | 4 Total 110 | 39. | 34. liera 

TABLE 5 TABLE 6 

Sterility in the Fy generation Sterility in the Fo generation 

NO. NO. : he NO. NO. 
eae NO. PAIRS Pare Pvorey TERILE oa NO. PAIRS _PAIBS rte ie 

172 | 228) 28 6 5 1 226 | 232 0 0 0 

151 | 226 8 0 0 0 227 | 229°) LO 0 0 0 

15k.| (227 4 0 0 0 

Total 40 6 5 1 Total hil 0 0 0 

TABLE 7 

Sterility in the Fi, generation 

ANCES- SOE sO STERILE|STERILE 

TRY NO.| “O- ae ards ? cS 

229 | 236 4 0 0 0 

229 | 237) 10 2 1 1 

229 | 238 7 2 0 2 

229 | 239 2 1 1 0 

229 | 240| 14 2 1 i 

232 | 241) 61 6 0 6 

229 | 242 | 22 4 1 3 

229 | 243) 33 5 1 4 
229 | 244) 18 2 1 1 

229..|..245 |) 11 4 0 4 

Total 182 28 6 22 
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Tables 1 to 7 show that in the beginning of the experiment only 

a few sterile pairs were found (table 1). Moreover, the fertile 

pairs were high producers (Part II, table 2) yet sterile individuals 

appeared in their offspring and these were largely females. At 
times fully half the females were affected, although there were 

undoubted cases in which the males were also affected. 

It is to be noted in the eleventh generation, as shown in table 

7, that out of 182 pairs only 6 sterile females appear. The steril- 

ity as it affected the female had been practically eliminated, for 

while it had been affecting 50 per cent of the females it affected 

at the end of the experiment less than 4 per cent, It might seem 

as though the character had been transferred to a certain extent to 

the male as 22 males out of 182 are recorded in table 7 as sterile. 

But the figures, as given here for the male, do not in all probability 

represent the actual facts in the case. Many of these males were 

very small, and after they had been paired for a few days prac- 

tically all the males that proved sterile were crawling over the 

food with their wings drooping at their sides. This may or may 

not have prevented them from mating with the females. I was 

not able to follow the case further, but I have found no evidence 

in any of the other experiments that sterility, as it affects the fe- 

males, can be shifted in heredity to the males. 

That sterility is not due to inbreeding, and that selection is 

an effective agent in controlling it, is shown in the history of 

another strain, to which I shall refer as the truncate stock. This 

stock had been inbred for forty-two generations by Mr. Alten- 

burg, a graduate student in the department. A great many 

sterile pairs were appearing in the strain and the broods were so 

small that it was somewhat difficult, as Altenburg told me, to 

keep the stock from dying out. Table 8 gives the history of the 

sterility as it appeared in this stock. When I took charge of the 

stock fully half of the pairs were sterile and yet on continued in- 

breeding a large percentage of the sterility disappeared. Table 

11 shows that in F,, there were 3 sterile pairs in 21 pairs. That 

there were but few sterile individuals in the truncate stock at this 

time is also borne out by crosses that were made with fertile 

races. Sterility had been largely eliminated, and moreover this 

“ 
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had been brought about by selecting from those families that 

showed the least sterility (no. 17, table 9, and 17a, table 10). 

It seemed to me at first that the large number of sterile indi- 

viduals that appeared in this stock might bear a causal relation 

to the low productivity of the fertile pairs, but at the point in the 

experiment when the sterile individuals were eliminated there was 

no rise in productivity. I shall return to this question in the 

second part of the paper. 

2. Sterility of the truncate stock 

TABLE 8 

Sterility of the truncate stock as it appeared in successive generations of inbreeding 

GENERATION 

Fa) Ful Fos | Fas Faz| Fas| Fag| Fso| For} Fsz| Fsg 

53| 46| 19) 1 14) 21) 24) 2)| 8 15 

27.12) 60 | 22 3) 0) 0; eae 
2h 107 

Number pairs tessed) (43)o5.0... 2285 50) sas 31 
Number pairs atemile. . ws <0 el e se biel 22* 

* Some doubtful cases are included. 

TABLE 9 

Sterility of the truncate stock in F4; generation 

ANCESTRY NUMBER 
TOTAL 

SFI || ea} 9 | 15 17 | 21 | 23 25 | 26 33 | 37 | 52 | 53 

4/3/4/4/4]/5/3/1] 46 No. pairs tested .. .| 1/8 
O0/O0)1)1)/2)/1)1)0)1)0 12 

| 

feat | 1 

No. pairs sterile ...| 1 | 0 | 1 

2 

2 

TABLE 10 

Sterility of the truncate stock in F'45 generation 

NUMBER AND ANCESTRY 

TOTAL 

5a | 8a | 17a | 2la 23a | 33a 52a 
| | | 

Number pairs tested.... 1 ree 1 1 2 2 19 

Number pairs sterile... . if 3 | 0 1 0 0 | 1 6 

For the forty-seventh generation one pair was chosen from 17a. 

It is to be noted that no sterile individuals had appeared in the 
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TABLE 11 

Sterility of the truncate stock as it appeared in the F'49 generation 

ANCESTRY NO. NO. PAIRS TESTED | NO. PAIRS STERILE | STERILE 2 STERILE o' 

26 3 2 0 2 

33 1 0 0 0 

35 16 1 1 0 

39 il 0 0 0 

Motaly 2o6 | 21 | 3 1 2 

last two generations of this family. Fourteen pairs were chosen 

from the Fis generation, two of which were sterile. From this 

generation pairs were made up as shown in table 11. 
It should be recalled that the truncate stock was bred at the 

same time and under the same conditions as the inbred stock, and 

while the former developed into a fertile stock the latter developed 

into a sterile female stock. 
Attention is called here to the fact that the individuals in table 

2 are the grandchildren from a single pair of the F, generation. 

Sterility appears in the different families and affects about 50 

per cent of the females. Family 27 is an exception in that 11 
pairs show no sterility although descended from the same grand- 

parents. This small amount of evidence is in accord with the 

- assumption that some individuals come through without the defect 

in their germ-plasm, and shows how selection has brought about 

its results. That one of the grandchildren in this combination 

had some factor which prevented the appearance in her of the 

defect is shown by the fact that the defect reappears among her 

daughters (table 3, no. 134). These numbers are too small to base 

a safe conclusion upon; but attention is called to them here, since 

the asumption is borne out in the experiments which follow. 

BEHAVIOR OF STERILITY IN HEREDITY 

In a study of sterility one meets at the outset a peculiar diffi- 

culty in that he cannot breed the animals that show the very defect 

which he wishes to study. Again there is no way by which sterile 

animals can be recognized except by pairing them with different 

mates which involves an additional amount of labor. Moreover 
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the same strain on inbreeding may behave differently in successive 

generations as has been shown in the history of the inbred and 

truncate stocks. An additional difficulty is met in finding a highly 

fertile strain against which to test a known sterile strain. In the 

face of these difficulties a number of detailed experiments have 

been required in order to determine (1) the method of transmission 

of the female sterility, and (2) the relation between low production 

and sterility in the truncate stock. I shall present first the evi- 

dence that bears directly on the method of transmission of female 

sterility. 
TABLE 12 

Sterility as it appeared in the Woods Hole stock 

LOT DATE | geet: pee STERILE | ogee oT 

A. >) Moca toh. aco nfs 2% 68. Sepa 0 1 
By i duneeeeigioe eee aD 4 2 2 
Atul sige. ee 63 3 1? 2 

A wild stock to which I shall refer as the Woods Hole stock was 

characterized by the presence of but few sterile individuals. 

Consequently this was good material against which to test the 

sterility of the inbred stock. An entirely fertile stock would be 

the ideal one to use but it is the experience of all who have bred . 

these flies that a sterile pair is occasionally met without any assign- 

able cause. Table 12 gives the history of the fertile Woods 

Hole stock. 

At the time the following cross was made there appeared in the 

Woods Hole stock that was used as a control by placing under 
similar conditions, 4 out of 70 pairs that were sterile. There 

were 2 sterile males and 2 sterile females (table 12, Lot B). In 

order to determine the behavior of the sterility in the F, and F, 

generations, the inbred females were paired with the Woods Hole 

males. The reciprocal cross was also made. The offspring that 

resulted from this cross were paired together, brothers and sisters, 

for the F, generation. The grandchildren were paired for the 

F, generation. The offspring from three families of the inbred 
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stock were chosen to cross into the Woods Hole stock (see table 

4, Nos. 149, 151, and 172). The pairs that were tested from these 

different families as a control show the sterility to have been 
present in different intensities in these families; No. 149; 11 pairs 
in 26 were sterile; No. 151, 5 pairs in 21 were sterile; No. 172, 12 

pairs in 28 were sterile. That the controls give a fair measure of 

the sterility is shown by the crosses made into the fertile Woods 
Hole stock. ‘These crosses are given, together with the sterility 

as it appeared in the F, and F; generations, in table 13 a to 13 f. 
In these tables the first number gives the serial number of the 

cross (e.g., inbred male by Woods Hole female) and is designated 

as P;. The second column gives the number of pairs of offspring 
that were tested from the given family, for the F; generation, while 
the next column gives the corresponding number that were sterile. 

The fourth column indicates the number of pairs selected to be- 

come the parents of the F, generation. The succeeding columns 
give the corresponding number of pairs tested and sterility as it 
affected the different sexes. 

Crosses between inbred & and Woods Hole 

TABLE 13a 

Crosses between the inbred stock and the Woods Hole stock showing the behavior of the 

sterility in the F; and F2 generations. Inbred & No. 149 X Woods Hole 9? 

P, No. PAIRS Fj PAIRS F; | ANCESTRY | PAIRS F2 PAIRS Fz | STERILE STERILE 
TESTED STERILE NO. TESTED STERILE 9 

1 a 1 la 12 1 0 1 

ibe etd 2 2 0 
2 i 0 2a 13 3 3 0 

2b 7 1 0 1 

2c 8 4 1 

3 5 | 0 3a 12 0 0 0 

3b 20 Rel) iO 1 
4 2 te 4a 26 9 9 0 

| 4b 16 10 9 1 

5 5 Uwe? Ba 10 1 1 0 
| 5b 20 1 1 0 

5¢ 12 0 0 0 

otal sy an. Lae leet 166 33 26 4 

THE JOURNAL Ok EXPERIMENTAL ZOOLOGY, VOL. 17, No. 1 
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TABLE 13b 

Inbred & No. 172 X Woods Hole 2 

Eine PAIRS Fy PAIRS F; | ANCESTRY | pares F2 PAIRS F2 STERILE STERILE 
TESTED STERILE NO. TESTED STERILE 

6 8 0 6a | 20 0) 0 0 

6b 14 4 4 0 

6c 13 0 0 0 

6d 32 0 0 0 

6e 21 2? 

7 2 Keg 7a | 4 Lo% 1 0 
“Ao | 28 3? 

fe 20 ile 

8 5 0 8a 9 4 4 0 

9 4 0 9a GZ! || 2 2 0 

10 3 19 10a! 18 9 9 0 

11 3 0 
12 6 20 12a | 19 2 1 1 

12b 2 0 0 0 

13 9 0 13a 16 2 2 0 

13b 15 1 0 1 

14 6 0 14a 2 0 0 0 

14b 3 0 0 0 

15* 

16* | 
ile 

Totalkeeae 46 4 252 31 23 2 

* Sterile 
TABLE 13c¢ 

Inbred & No. 151 X Woods Hole @ 

Pot PAIRS PAIRS ANCESTRY PAIRS PAIRS STERILE STERILE 
TESTED F; | STERILE F) NO. TESTED F2 | STERILE F. ou 

18 12) 1 0 
19 17 0 19a 0 0 0 

20 8 0 20a 21 0 0 0 

21 8 0 21a 28 1? 

22 9 0 22a, 25 2 1 1? 

23 11 0 23a 15 0 0 0) 

24 oe a ne 24a 5 0 0 0 
25 8 0 25a 10 1 1 0 

26 13 0 26a 21 Bye 3? 

27 9 0 27a, £8: | 0 0 0 

28 6 0 28a, 20 2 1 

28b 12 il 0 1 

29 0 

‘Totals 113 1 183 10 6 2. 
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TABLE 13d 

Inbred 2 No. 149 X Woods Hole &; reciprocal of 13 4 

= NO PAIRS PAIRS ANCESTRY | PAIRS pate STERILE STERILE 

TESTED F | STERILE Fy NO. | TESTED F2 | STHRILE F2) 9 

30 6 0 30a 50 a pee 2 
31 a 0 3la 4 1? 

oe 3 0 32a 20 3 3 0 

33 5 0 33a 18 9 9 0 

33b 14 1 1 0 

33¢ 15 3 3 0 

34* | 

si 

36* 

By 

totale es 21 0 121 21 18 2 

* Sterile 

Reciprocal: Crosses between the inbred 2 and the Woods Hole & 

TABLE 18 e 

STERILE STERILE P, NO. PAIRS PAIRS ANCESTRY | PAIRS PAIRS 

TESTED F; | STERILE F; NO. TESTED F?2 | STERILE F2 ie} J 

38 10 0 38a | 28) Messe my, (3 1 
f | 38b 5 Oey) 0 0 

| be ta8e.. Wo Borer 7 osamenlamoeo: Ye | iG 
39 7 Pe 30a ula uals 6 ape 
40 8 0 | 40a 15 1? | 

| | eaObeo ment 7Tesr i Gwen: 36h Minas 
41 ee a Gas ib 4a 10p0 Lr O 0 0 
42 Se pari ict FNC Aa oe 24 | S10 Os Bhi, (0 

42b 35 oN dm aes eet 1 Nae 
43 Pee Stewie aC) Ba hen Doe cede Sa memlemas CO 
44 De Sad 44a 40 5h iliac ame 
45 2 Op ah. 45a Gr etl heeds fy. wae 0 
46* | | | 
47* | | 
48* | | | | 

49* | 
50* | 
Eyles | 

52* | 
53* | 

atal- +0 43 3. 302 76 64 2 



152 ROSCOE R. HYDE 

TABLE 13f 

Inbred 9 No. 151 X Woods Hole &; reciprocal of 13 ¢ 

PAIRS PAIRS ANCESTRY PAIRS PAIRS STERILE STERILE 
no. Py TESTED F) | STERILE F NO. TESTED F?2 | STERILE F2 g 

55 13 0 55a 3 0 0 0 

56 9 0 56a 51 3 2 

57 13 0 57a 16 1 1 0 

58 9 0 58a 22 1 1 0 

59 inl 0 59a 14 0 0 0 

60 11 lo 60a 24 8 8 0 

61 9 0 6la 6 3 2 1 

62 4 1l%¢ 62a 22 1 1 0 

62b 4 0 0 0 

63 8 0 63a 4 2? 1? 1? 

63b 4 0 0 0 

64 ill 0 64a, 50 0 0 0 

65 4 0 65a 32 3 1 2 

65b 6 0 0 0 

65¢ 5 2 

66 

67 

68 

69 

70 

71 

2, 

73 

74* 

(or 

6" 

Cite 

Motaleence 102 2 262 24 17 3 

* Sterile 

This experiment brings out the following facts. In the sterile 
female stock (inbred) used as a control 39 pairs out of 110 pairs 

were sterile. In the Woods Hole stock 4 pairs out of 70 pairs 
were sterile. In the F; generation only 12 pairs in 351 proved 

sterile. Of those tested 5 were females, 4 were males. In the 

F, generation 1286 pairs were tested, 195 of which were sterile. 

There were 153 sterile females and 15 sterile males. The sterility 

of the female reappeared in both the cross and the reciprocal, 

indicating that both the brothers and sisters of the affected 
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females were capable of transmitting the defect. The control 

shows that family No. 151 of the inbred stock was the least 

affected, and it is to be noted that sterility reappears among the 

grandchildren of this family in less intensity than among the 
grandchildren of the other two families. This fact seems to 
indicate that the intensity to which the sterility reappears in the 

F, generation bears a causal relation to the intensity in which it 
entered the cross. 

Crosses between inbred, truncate and Woods Hole stock 

In the sixth generation of the inbred stock, when the sterility 

of the females appeared in its greatest intensity (50 per cent; 

table 2), crosses were made with the Woods Hole stock and also 

with the truncate stock. The truncate stock was also crossed 

with the Woods Hole stock, and since the truncate stock at this 

time was a relatively fertile stock, it serves as an excellent control 

for the female sterility of the inbred stock. This experiment 

then consisted of three crosses, together with their reciprocals 

and controls: (1) The inbred stock by the Woods Hole stock; 

(2) The inbred stock by the truncate stock; (3) The truncate 

stock by the Woods Hole stock. 

The control on the Woods Hole stock used in this experiment 

shows that one sterile male occurred in 58 pairs (table 12, Lot A). 

TABLE l4a 

Crosses between the inbred stock and the Woods Hole stock, showing the behavior of 

sterility in the F, and F2 generations. Woods Hole 2 X inbred & No. 31 

no. Pi meerap \|eemartm | ANCRETEY TESTED ae faded aa ge 
1 1 . 2 2 

36* 
37 22 1 37a 17 0 0 0 

37b 13 0 0 0 
37¢ 16 0 0 0 

38 4 0 38a 10 0 0 0 
39 1 0 39a 16 2 1 1 
40 0 | 

Potala... 27 1 72 2 | 1 

*Sterile @ 
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The truncate stock shows only a slight degree of sterility (table 

8, Fi). The crosses themselves bear out this statement, for, 

out of the 24 pairs, all are fertile (table 16). Two died, however, 

before their fertility could be established and are not recorded in 

the table. Of the 251 pairs tested in the F; generation there are 

only 2 sterile individuals; a male and a female. The behavior 

of the sterility is the same in the cross as in the reciprocal. If the 

sterility behaves like a character which segregates and recombines 

TABLE 14b 

Woods Hole * X inbred 9 No. 31; reciprocal 14a 

no. Pi Bi a Seana ANCESTRY coaean sree SUES SHEE 
1 Fi hs Fe | F2 = cs 

41 0 Dye” ae 0 0 0 0 
42 r Oy.) 7425 12 vi 4 
43 24 OR)! ease |S eos: sae 2 1 

| 43b | 20 0 0 0 
| * 48¢ 40%. ois 1 

fod. hc Sah eG 3 
44* | | 
45* 

Teak. oe 31 0 129 20 | 9 2 

* Sterile 9 emilee > 

TABLE lia 

Crosses between the inbred stock and the truncate stock showing the behavior of 

sterility in the F,; and F2 generations. Inbred 2 No. 31 X truncate & No. 35 

| 

wo.P: | cugre | grams | Avoumer | came, | rte, | emus | omens 
| F, Fy 5 F2 ey 

25 | 26 Ol ie Fonda. tela, MG ee bey 
Dab | #36 0 0 0 

| | | eee | ear 28 9 4 4 
| 25d 18 6 4 7 
| | 25e 33 3 

26* 
Att eee 
28* 

7, | 
Ne eM EAL Nils 9 P| ee | eo eS a 2 

Totaki?.<2.] (kG as eM  Onaiesy eenle 24 ul 7 

* Sterile 9 
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TABLE 15b 

Inbred & No. 31 X truncate 2 No. 35; reciprocal 15 a 

No. Pi aeetee saad sk ia paeiaD ae sae ahead te Soiieas 
Fi F; F2 F2 

31 

32 

33 8 0 33a 46 4 2 

33b 29 15 a ily 

33¢ 48 9 7 

34 19 0 34a 24 1 1 0 

34b 39 3 2 1 

34¢ 12 5 2 3 

35 11 0 35a 48 6 3 1 

35b 31 3 1 

35¢ 38 22 9 A 

Motels: 38 0 5 315 68 34 7 

TABLE l6a 

Crosses between Woods Hole stock and truncate stock showing behavior of sterility ir 

F, and F2 generations. Woods Hole 9 X truncate 3 

aD. a TESTED STERILE Boe | TESTED ereitcn STE Se STERILE 

18 35 10 0 18a 7 1 1 0 
Bebe 1 0 0 0 

19 35 15 0 19a 22 2 2 0 
19b 12 z 

20 26 9 0 20a 15 8 4 4 
20b 17 2 2 0 

21 26 18 0 a a 0 0 0 
aie: | 85 1? 

| Fie 8 0 0 0 
22 35 fh >. 29a || Sead 2 1? 1 

O91 |) ume 4 4 0 
23 35 OP es Pog wear || 7 0 0 0 

| | 23b 5 0) 0 0 
24 Se Os Pie ators. |e Om: 23 oF De a0 0 

| | 24b 13 2 ee 1 
See een | | 

Total:....| 148 | 1 | | 243 25 15 6 

* Pairs chosen at random from the above crosses. 
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in the germ plasm we should expect it to reappear only slightly 

intensified in this case among the grandchildren, A study of the 

528 pairs tested in the F, generation verifies the expectation. 
This case shows that sterility as it reappears among the grand- 

children bears a more or less definite relation to the degree to 
which it was put into the cross. The behavior of the sterility of 

the truncates at this time is significant for their earlier history 
shows that half the pairs were sterile. As stated, it was at first 

my opinion that sterility was inherent in the strain, and that it 

bore a causal relation to low productivity. But the above 

results seem to show that sterility and low production of fertile 

brothers and sisters are two entirely different things. Such a 

TABLE 16b ‘ 

Woods Hole & X truncate 2; reciprocal 16 a 

a Se | esreD STERILE a TESTED sTPRtLE SEES ae 

1 35 13 0 la 12 Lie 2? Ly 

1b 25 1 0 1 

2 35 0 0 0 0 0 

3 35 10 0 3a 14 0 0 0 

3b 7 1 1 0 

4 Bi) 12 0 4a 16 ili 1? 0 

4b 20 1 1 0 

5 +35 25 0 5a 20 2 2 0 

5b 19 0 0 0 

6 35 

Uf 35 

8 33 4 ld 8a 14 1 0 ult 

8b . 38 1 1 0 

9 33 

10 26 11 0 10a 19 2? 1 

10b 6 Die 1 

10¢ 17 0 0 0 

11 26 i 0 lla 8 1 0 i 

11b 11 0 0 0 

12 33 8 0 12a 13 0 0 0 

12b 26 11 0 11 

13 34 

14 34 5 0 

17 35 8 0 

Totalee 103 1 285 27 8 17 
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view paved the way for a study of the low production of the trun- 

cates, which is dealt with in the second part of this paper. 
It is to be noted in 12 b (table 16 b) of this cross that 11 pairs 

out of 26 are sterile. This proved to be due to the males. 

Twenty-eight other males from this family were tested with the 

hope of establishing a sterile male strain. Seventeen of the 28 
were sterile. This gave promise of yielding a sterile male line; 
but on inbreeding a few pairs the sterility vanished as suddenly 

as it had appeared. This is the only case in all the experiments 

in which sterility affected the males to any appreciable degree. 

Let us turn now to the evidence which this experiment gives on 

the transmission of female sterility. A study of the tables where 

the sterile female strain (inbred stock) was tested against the 

truncate and Woods Hole stocks shows that the sterility reap- 

peared again after skipping a generation and that it affected 

primarily the females. The defect reappears in both the cross 

and the reciprocal. A great deal of weight is to be attached to 

this evidence since the sterility did not appear to any appreciable 

degree when the truncate stock was crossed to the Woods Hole 

stock. Moreover, the sterility as it was affecting the female was 

now at its maximum. In table 14 a there are three inbred males 
that did not transmit the defect. An apparent explanation is 

found on the assumption, which is borne out by all the evidence 

presented, that the defect behaves like a unit character and 
accordingly some families are not affected. 

Crosses between inbred and truncate stock 

Before proceeding to a summary of these sterile cases I wish to 

give the results of an experiment in which the inbred stock was 

crossed into the truncate stock. Sterility was present in both 
stocks at this time. Tables 17 a and 17 b give the result of the 

sterility as it appeared in the F, and F, generations. 

Table 1, F3, gives the control for the inbred stock while table 

8, Fs, gives the control for the truncate stock. The inbred 
strain up to the time this cross was made had been relied upon as 

a fertile strain. That sterility had appeared in this stock and 
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TABLE 17a 
Crosses between the inbred stack and the truncate stock showing the behavior of 

_ sterility in the F; and F2 generations. Inbred 2 X truncate 3 

xo. eee eet | no eee a ae ee 
Fy F; F2 | F2 

18 3 0 Tsu laa 
19 3 0 6 2 

20 | 6 0 9 3 

21 2 0 0 0 

Doe 

ays 

24 4 Os | haiti 1 2 
Dee 

26* 

27* | 
28* 

29 | 8 il | 33 0 

30 | 6 0 | 14 3 

31 | 0 OF hag 0 
32 Lathes Ore ile ke 1 
33 | 1 0 0 0 

34 7 0 3 1 

Whabales cette es ho! #9 1 84 14 1 2 

* Sterile 
TABLE 17b 

Inbred & X truncate 9 ; reciprocal 17 a 

os Semen ff) emcee learn |) ome | eee 
Fi Fi F2 F2 

1 7 1 4 3 | 
De | 

3 6 0 8 5 | 
4 0 0 0 0 

5 6 0 22 4 1 

6 0 0 0 0 

7 10 (0) 4 4 4 
8* 

9 11 0 11 5 

10 13 2 28 3 1 | 

ial 

12 7 0 17 G 0) 2 

13 4 0 2 0 

14 6 0 | 3 1 | 

Totals. es eee ae 70 3 99 | ey 5 3 

* Sterile 
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that it was also present in the truncate stock at this time is shown 

not only from the controls but also from the crosses themselves. 
It looks at first sight as if the sterility reappeared in a higher de- 

gree in the reciprocal than it did in the cross, since it occurs in 32 

cases out of 99 in the reciprocal while in the cross the sterility 
occurs in 14 pairs of the 84 pairs tested. It is to be noted, how- 
ever, that the pairs as made up are not equally distributed, for, 

number 29 of the cross has 33 representatives none of which are 

sterile. If correction is made for this we have 14 sterile pairs in 51 

or 28 per cent which corresponds fairly well with the 33 per cent 

of sterility as it occurred in the reciprocal cross. The fact that 

33 pairs of number 29 showed no sterility is significant as has 
already been pointed out; for, it shows that some families do not 
show the defect, while in closely related families the defect may be 
present to a high degree. 

In table 18 I have compiled the results of all the experiments 

that deal with the transmission of sterility. A census of the 

whole situation shows that of 417 pairs set aside as controls 113 

pairs were sterile. Twenty-seven per cent of the controls were 

sterile. There were 84 sterile females and 14 sterile males. Of 

the 149 crosses made between the sterile and fertile strains 35 
pairs, or 24 per cent, were sterile. If the sterility behaves any- 

thing like a recessive character the expectation is that sterility 

will not appear in the F, generation. A total of 832 pairs tested 

in the F, generation verifies the expectation as only 19, or 2.3 per 

cent, are sterile. These seem to be chance occurrences as both 

sexes are equally affected—5 females and 6 males. If one could 

find an absolutely fertile race against which to test the sterility, 

it is altogether probable that no sterility at all would appear in 

the F, generation. The sterility as it appeared here in the F; 

generation apparently gives a fair measure of the degree to which 

the sterility entered into the experiment from the strain against 

which the sterility of the sterile strain was tested. 

In the F, generation we find that the sterility as it affects the 

female reappears. Of the 2644 pairs tested, 407 pairs, or 16 per 

cent, proved sterile. There were 237 sterile females and 60 

sterile males. The rather large number of males given here in- 
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cludes 15 sterile ones that occurred in one family and was probably 
due to a chance combination. 

A glance at the summary given in table 18 will show that the 

sterility as it affected the female is practically the same whether 

inherited through the male or female. I think that the 574 cases 

of sterility recorded in this summary of 4042 pairs tested gives 

a faithful picture of the actual facts in the case as seen on a minor 

scale in each of the experiments and in the history of the inbred 
stock. The evidence is conclusive that sterility as it affects the 

female may be present in different intensities in the different 

families and that female sterility is transmitted by the fertile 

brothers and sisters of the affected females to the granddaughters 
but not to the grandsons. This character behaves like a recessive 

Mendelian character in that it disappears in F,; and reappears 

in Be: 

CROSSES INVOLVING A SEX-LINKED FACTOR 

In this experiment, which unfortunately was not carried out on 

a very extensive scale, the white-eyed stock was used. This 

stock arose from a mutant of the inbred stock. Females were 

TABLE 19 

Behavior of sterility in F2 generation of No. 12 b; control of the supposed sterile 

male strain 

NUMBER 

1 | 2 Sod 

Number pairs mated... Je Oe | 8 | 12 3 11 3 | 43 

Number pairs sterile..... 0 | 0 1 | 0 0 2 0 | 3 

paired with the fertile males from No. 12b, table 15. The recip- 

rocal cross was not made. Family No. 12b arose as a cross be- 

tween the Woods Hole and truncate stocks. One-half of the males 

from this particular combination were sterile. It was my hope 

that this would develop into a male-producing strain; but the 

sterility vanished suddenly. 
A number of flies from No. 12b were allowed to breed in order 

to obtain the next generation. From this eighteen pairs were 
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drawn off and tested in F, generation. Much to my surprise, 

all proved fertile. From 5 of these, seven pairs were made up in 

the F,, as shown in table 19. 

As a control of the white-eyed stock eight pairs were tested all 

of which were fertile. 

Fifteen males, brothers of the sterile males whose fertility had 

been established, were crossed with 15 white-eyed females; all 

the pairs proved fruitful. Offspring from five of these crosses 

were paired as shown in table 20. All the males represented in 

the 62 pairs in the table have white eyes like the mother, while all 

the females have red eyes like the father, since this is a case of 

sex-linked inheritance. On inbreeding, four classes of offspring 

will be produced in the next generation: (1) white-eyed males; (2) 

red-eyed males; (3) white-eyed females; (4) red-eyed females. 

The four classes were about equally represented. The virgin fe- 

males were placed with a number of males; the males with a 

number of virgin females. The result is given in table 21. 

TABLE 20 

Sterility as it appeared among the children of the crosses; F' generation 

| NUMBER | 
| | TOTAL 

1 2 3h kl A aad od 

Number pairs tested . . 16 21 5 | 6 13 62 

Number pairs sterile . . | 3 9 0 | 1 | 0 13 

TABLE 21 

Sterility as it appeared in the F2 generation. Offspring from two of the 21 pairs 

of No. 2, table 20 

Family No. 2 a Family No. 26 

CLASS | CLASS 

| Red | Red | White | White "| Red | Red | White | White 
Cee Gh We | ot 2 fou 

Number | Number | | 
tested.-..| 18 19 | 10 10 tested....) 14 215) tS 20 

Number | Number | 

sterile....| 3 ie 0 sterile....| 2 |10+1?| 1? 13+2? 
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The figures given in this experiment are very small and the 

source of the sterility doubtful since the controls throw no light 
upon it. It is to be noted, however, that both classes of females 

are affected in family No. 2b. Im the case of the white-eyed 
females more than 50 per cent are affected. 

To analyze the evidence:from the foregoing experiments let 

it be assumed that a gene responsible for the functioning of the 

oviduct is carried by the X-chromosome and that in the sterile 

individuals this gene has changed so that the oviduct fails to 

function. In analogous cases when the female is affected both 

X’s are affected but she remains normal so long as only one X 
is affected. When the affected X goes into the males they should 

not be sterile because the male has no oviduct. But such a male 

will be able to transmit the defect. To follow the argument, let 

us make three assumptions. 
a. If the defect in this experiment came from ie white-eyed 

grandmother then her germinal make-up would be expressed by 

the formula wwXx, in which the x represents the affected cromo- 

some. Since the red-eyed male did not contain the defect his 
formula is RXO. Crossing these two individuals gives: 

wx—-wxX 

RX-— O- Gametes 

wRXx—wRXX—wxO-wX0O F;, Red-eyed females and white- 

eyed males, none of which show sterility. 

If by chance the flies chosen have affected genes, we get: 

wx-—-RX 
a ek! O Gametes 

wwxx— wR Xx—Wwx ore RX oO Flies of the F2 generation; only white- 

eyed females are sterile 

But this does not agree with the facts of the experiment. 
b. If the defect was brought in by the red-eyed grandfather 

and the female is free from it, then it follows: 

wX —-wX 
Tage mest Gametes 

wRXx—wxX0O. Ff, Red-eyed females, white-eyed males: all fertile. 
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On mating the F, the following results: 

wX—Rx 
Gametes 

wX-— O 

wwXX —-wRXx-wXO —-RxO F, White-eyed females, red-eyed 
females, white-eyed males, red-eyed males; no sterile individuals. 

This does not accord with the sterility as shown in this 
experiment. 

c. If the defect is brought in the X-chromosome of both grand- 

parents, it follows: 

wx—-wxXr 
eG Gametes 

wRxx—-wRXx-—-wxO-—-wxXO Fi Red-eyed females, white-eyed 

males. Half of the females sterile. 

On mating the F, the following results: 

Pees Gametes 
wx-— O 

wwXx—-wRxx—wXO-RxO F, White-eyed females and red-eyed 
females; white-eyed males and red-eyed males; red-eyed females sterile. 

This accords with the appearance of the eye colors but not with 

the appearance of the sterility, since there was practically none 
in F,. 

These three assumptions exhaust the possibilities on the 
hypothesis that the defect is carried by the X-chromosome and 

yet none of them meets the facts in the case of this experiment. 

I conclude, therefore, that sterility as it affected the female in this 
experiment was not transmitted by the X-chromosome. There 

is a possibility, however, that the factor involved is in the sex 

chromosome but so far from W that it crosses over freely with it. 

DISCUSSION : 

The foregoing series of experiments brings out the following 

facts. (1) Sterility as it appeared in the inbred stock affected 

primarily the females. The males may also be sterile but it seems 

probable that the sterility of the male bears no causal relation to 
the sterility that affects the female. (2) The defect is germinal 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No. 1 
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in character in that it is strongly transmissible through inheri- 

tance, behaving like a character that segregates. The evidence 
goes to show that the character in all probability is not carried by 

the X-chromosome. (3) The sterility as it affects the female 

can be eliminated by selection. Inbreeding, as such, does not 

appear to be the causative agent in producing this kind of sterility. 

A close study of the females revealed the fact that they were 

not laying eggs. The abdomen swelled until it was very large 

and in many cases the ovipositor protruded some distance beyond 
the body. The female could not deposit her eggs. A score or 

more females were sectioned and these sections showed eggs 

present in abundance. In fact, a mere examination of the fly 
after it had been mashed on a glass slide showed in all cases, ap- 

parently well-formed eggs in large numbers. I have examined 

scores in this manner after they had been tested with a number 

of males and except only one doubtful case I have found that all 

had eggs. The exact nature of the defect cannot be stated until 

more attention is given to a study of sections, but the defect is of 

such a kind that it prevents her from laying her eggs. The possi- 

bility that parasites were the source of the trouble suggested 

itself. Sections show, however, that these flies are remarkably 

free from parasites in so far as one can make out with ordinary 

stains, and the behavior of sterility in transmission, moreover, 

shows the futility of such an hypothesis. 

In the case of the fertile female one has merely to bring pressure 

to bear upon the abdomen to cause her to expel anegg. The 

sterile females will not respond to such treatment. On the con- 
trary, the wall of the abdomen will burst, and allow the eggs to 

roll out, while none will pass through the oviduct. Whether or 

not the eggs are ever fertilized I cannot say. I have frequently 

seen the sterile female copulate and I have planted scores of eggs 

(obtained by opening the female) on banana but never has a single 

larva emerged.! All attempts at artificial fertilization proved a 

failure. 

1 A fertile female placed on a very poor grade of banana may refuse to lay her 

eggs for some time. She holds them as long.as she can but after a few days will 

lay them. 
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It is to be recalled that Castle in his cultures found both males 

and females sterile. Moenkhaus found in his strain, in 64 cases 

tested, that the males alone were sterile.2, Moenkhaus in attempt- 
ing to harmonize Castle’s results with his own points out that the 

two cases can not with certainty be compared since Castle took no 

account of the emergence of larvae but merely the production of 

pupae. In other words, Castle’s measure of productiveness was 
eggs that gave rise to pupae; Moenkhaus’s measure, the emergence 

of larvae. From my studies this difference seems rather apparent 

than real since in only one or two very questionable cases have I 

found that larvae after’ emerging from the egg were unable to 

develop to the adult stage. I do not wish to be misunderstood 

on this point. Not every zygotic combination, as is evident from 

my later studies, results in the production of a well formed fly. In 

fact, the percentage, as I have been able to show, may be very low. 

Whether the sperm enters the egg, or having entered the combi- 

nation dies, is another question. The fact holds in mystrains 

that if the larvae emerge some of them develop to the hatching 

stage. 

I wish to point out that my results and those of Castle are more 
likely to be harmonized on the asumption that a distinction exists 

between fertility and sterility. Castle and Moenkhaus seemed 

to consider that the defect related to sperm and egg structure. I 

infer from Castle’s paper that he supposed that sterile females 

occurred more frequently in a strain inclined to low productivity ;. 

that low fertility and complete sterility as it affects the female are 
causally related. I interpret him to mean that there is a range in 

the capacity of the eggs for fertilization by good sperm, extend- 

ing from zero (or complete sterility) to high fertility. In my 

strain no such condition is involved; but it is conceivable that 

the egg-laying power ranges in degree from zero to complete 

productivity. If so some of the sisters of the sterile females 

2 He mentions one exception which from the present standpoint seems signifi- 

cant. ‘‘In one instance I found among a brood, beside a sterile male, two females 
that failed to deposit eggs although eggs were evidently present in the oviducts.’’ 

It seems likely that this is the same defect that I have found so prevalent in my 
cultures. 
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should be low producers. This would seem to correspond to 

Castle’s results but in my case we meet with a difficulty at the 

outset on such an assumption for it appears that the egg-laying 

power of the affected female is totally abrogated. My evidence 

will not deny the possibility of transitional stages but it is not clear 

how an egg-laying mechanism should be able to expel a few eggs 

and not all. 

Critical evidence is hard to obtain on this point because low 

production may be due to a variety of causes. Attention is 
called to the truncates, in which there was no rise in productivity 

as the sterile individuals were practically eliminated. 
The history of the inbred stock allows us to form a more reliable 

opinion, for the total output of offspring at first was much greater. 

In table 2, Part 2, we get results that look as though the produc- 

tivity is running down as the sterile females appear. The table, 

however, does not convey all the facts of the experiment, for in 

the F,; generation where 65 offspring is recorded as the average 

per pair, some of the flies failed to emerge from the pupae. The 

generations which precede and follow show more nearly the actual 

facts in the case, namely, a gradual decrease in productivity. 

That this was a high producing strain in the beginning of the ex- 

periment there can be no doubt; for in the second generation the 
average for sixteen pairs is 365 offspring. The low production in 

the first generation is probably due to inexperience in handling, as 

half of the females were dead at the end of two weeks. The pro- 

duction gradually fell despite the fact that facility in handling 

became more and more perfected. In the F,, generation the pro- 

duction had dropped to 159 per pair despite the fact that the sterile 

females had been practically eliminated. This led to an investi- 

gation of the defect. It was found by isolating the eggs of the 
females of the F,, generation, which had been placed with a num- 

ber of their own males, that only 32 per cent hatched. And yet 

in the same experiment under identical conditions 58 per cent of 

_the eggs of the F,, female hatched when paired with the males 

from the truncate stock. Moreover, the males of the F., genera- 

tion were able to fertilize 52 per cent of the eggs of the females of 

the truncate stock. 
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These facts make it evident that incompatibility of some kind 
had arisen between the egg and sperm of the inbred stock. It is 

not evident that this is in any way related to the appearance of 
the affected females in this strain. 

In regard to the method of transmission of the sterility as it 

affects the female, Mast, one of Castle’s students, came to the 

conclusion that “‘ An an ier fertile male may transmit partial or 
complete sterility of the female sex as a racial character to his 

granddaughters though not apparently to his daughters.”’ Since 

Castle and Mast’s paper deals primarily with the effects of in- 

breeding, the data upon which these conclusions are founded are 

very small. As will be seen from my tables, this method of trans- 

mission has been verified many times, the exception to be taken 

here is that in all likelihood the partial fertility bears no relation 

to the complete sterility. The reciprocal cross that led Mast 

to the above conclusion 

resulted in one case in the production of females half 
of which were sterile and the other half were of low productiveness. 
This case shows that a female of a race inclined to sterility may trans- 
mit that character directly to her cross-bred offspring. . . . . This 
difference in heredity through the two sexes would seem to indicate 
that sterility of the female is dependent upon egg structure, the eggs 
produced by mothers of a fertile race always yielding fertile daughters. 
But the eggs of cross-bred females, whose father was of an infertile 
race, produce some of them fertile, some infertile females. 

Such a method of transmission is not borne out in my cases. 

The females transmit sterility to the granddaughters in the same 

way as the males and it is certain that the defect skips a genera- 
tion. Castle and Mast’s paper gives us no certain proof as to the 

defect in the female. It seems to be assumed that she is laying 
eggs but that these eggs are incapable of fertilization. If this is 

true her sterility cannot be compared at all to that of the females 

in my case. In all my experiments, however, I have never found 

but one or two questionable cases in which the female having laid 

her eggs proved sterile. In fact, toward the end of the experi- 

ments it was easy to tell which sex was at fault by observing 

whether or not the female was laying her eggs. While this was 

never made the final test it always held good that when the female 
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laid eggs which did not develop the male was found to be at fault. 

Some of the eggs of such a female always hatched on placing her 
with fertile males. It may or may not be that Castle’s case 

and mine are similar since they behave somewhat differently in 
heredity. Since Castle’s paper deals primarily with another 

problem, the data upon which the above conclusions in regard to 

the method of transmission are based are too small to base any 
definite conclusions upon, since the influence that may have 

entered into the experiment from the other sex is not with cer- 

tainty under control. A glance at Mast’s last conclusion will 

show that the male also may have been at fault. 

CONCLUSIONS 

1. One kind of sterility in Drosophila ampelophila is due to 

some defect, probably in the oviduct of the female, so that she is 

unable to deposit her eggs. 

2. The defect is transmissible through inheritance by at least 

some of the brothers and sisters of the affected females when 

mated to a fertile race, to the granddaughters, but apparently 
not to the sons or daughters or grandsons. It is therefore reces- 

sive and affects females only. 

3. The process of inbreeding brothers and sisters cannot be 
held to be responsible for this condition, but probably serves to 

bring it out When latent in a strain by making the necessary 

combinations. 

4. The character seems amenable to selection and can be made 

to affect fully 50 per cent of the females or can be practically 
eliminated by making the proper selections. 

5. It seems very probable that sterility as it affects the male 

bears no causal relation with sterility as it appears in the female. 

6. The defect in the female behaves after the manner of a 

Mendelian character in that it reappears after skipping a genera- 
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tion. The normal function is dominant to the negative condition. 

An unaffected male can transmit something as a dominant char- 

acter which causes the normal egg deposition of his daughters. 

7. The defect is sex-limited in the sense that it affects the fe- 

male only but it is probably not sex-linked in the sense that it is 
carried by the X-chromosome. If so, it is such a distance from 

W that it crosses over more or less freely with it. 

I wish to express to Professor Morgan my appreciation of his 

interest throughout the present study. I am also grateful for the 

generous gift of the Dyckman Fund which the Department voted 
me for 1912-1913. 
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INTRODUCTION 

The first study demonstrated that the sterility there dealt 

with is due to some defect probably in the oviduct of the female 
that prevents her from laying eggs. Since this defect is trans- 

mitted by males and heterozygous females, the defect when once 

in a strain constantly recurs. It is evident that this kind of 

sterility in the female is an entirely different thing from infertility 

in the sense that eggs laid are not fertilized or if fertilized do not 

‘develop. , 

It is evident from Part I that the low fertility of the truncate 

stock would not be explained by the presence of the sterile indi- 

viduals for after sterility had been practically eliminated the 
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-truncates produced no more offspring per fertile pair than at the 

beginning of the experiment when half of the pairs were sterile. 
Neither can the low productivity of the truncates be explained 

entirely because of the shortened length of life, although this is 
one factor in the result. 

The truncates differ in many ways from the wild stock: 
1. The flies give rise to a small number of offspring per pair. 

Table 1 gives the number of offspring produced through several 

generations of inbreeding. Despite all the care in breeding that 
could be exercised no way was found to increase the output. 

2. The truncate flies do not live as long as the wild fly. The 
length of life is in general about half that of the inbred stock which 

was used in the control. The two strains were bred under 

identical conditions (compare tables 1 and 2). 

3. Truncates, as the name implies, have the ends of the wing 

squared instead of rounded. The wings extend only to the tip of 

the abdomen. The flies will not breed true, for they produce 

TABLE 1 

History of truncate stock through seventeen generations of inbreeding _ 

GENERATION 

| (Pee ioy Sey 
F43 | Fas Fis | Fac ie hae Fs Fs | . Faz Fig 

= Rape aoe ee 
No pairs tested.. 5-27 --2.| (“Sly)% ad) (546 19 TaD? 2 i) 

No pairs sterile..........| 227] 27| 12 6} 0 2 30/0 i ae 
No pairs from which off- | | | | Ye oer 

spring were counted.... 9 | 26) 34, 13) 9 9 8 Me illge ie 
Druncate cieks shee! 173 | 855| 684 | 266 | —| 79|182 | 182] 218 
Truncate 9... 02.22... 212 | 911} 696) 292] —| 99202; | | 162] 228 
WiGueEOL st oe ce See 41 | 123] 136} 29} — 10 37! 31| 66 
Dowegor 62S ieee 43 117} 102) 32 | —| 14) 25 DA | © ae 

Total @...............| 214 | 978| 820} 205 | 14! 89219 | 213 | 284 

Total 9...............| 255 | 1028; 798 | 324 | 14113/227/ . | | 186 | 285 

Grand’ total... 220% | 469 | 2006 | 1618} 619 28 202 446 | | 399) 569 
ee Sn — = l= a = = nee : 

Average........... t..] 52 | 77) 47| 48 | 28 22 56 | Bry eal 

Average life of @ in | | | | | 

GAYS ise t? pak ak tsk sent al eet SG =A hoa 26| 26 BOF 23 
Average life of 2 in | 

days. {kins bc eke) et es 0G ae el gs I cal @ty> caslie 
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some offspring with wings like those of the wild fly; at least this 

has held true through many generations of inbreeding truncate 

brothers and sisters. The long winged flies from truncates 

throw in turn some truncates. 

HISTORY OF THE LOW-PRODUCING TRUNCATE AND THE HIGH- 

PRODUCING INBRED STOCKS 

In order to bring into sharp contrast the difference that exists 

in the productivity of these two strains I have compiled in tables 

land 2 the data of these two strains through several generations 

of inbreeding. The truncates gave on an average about 50 off- 

spring per pair, and the inbred stock about 200 offspring per pair. 

It has been stated that the inbred flies live longer than the trun- 

cates, but this difference, as the tables show, will not account 

for the marked difference in production. 

Table 2 gives the history of the wild inbred stock described in 

Part I. This was bred parallel to the truncates in table 1 and was 
subject to exactly the same environmental conditions. 

TABLE 2 

History of the inbred stock 

| GENERATION 

| 
| Ti oy ar cin, Spee | | aa eT ee | ry i. ts 

| Fi Fe Fs Fy Fs Fs F; | Fs | Fo ae Fu | Fi: Fu 

ee es oO L ge NE Sa Ea 

No. pairs tested| 16| 16 Ae, E20) Ce LOn MOS) = "Se 100 40 11 182) 12 16 

No. pairs sterile i datge 0| 3 3 2) 51) 15 | 39) 6 0 28) 1 1 

No. pairs from | | | | reas} | 

which off- | | | | 
spring were. ray | 

counted... ....-. 13 PS A ST oN a ee Se a ee dt 
Males produced § 975 2374 439, 854 | 708 336 629 1098 

Females _ pro- ey 
Gucedierss. «4: | 1034 | 2406 395 859 766 910) 677 1142 

i =a ee a | | | wale = s 

Total. | 2009 4780 pee 1713 | 1474 646 1306 2240 
= = eS = ——|——_| — | ass 

Average.......| 155" 368 209 190) 184 65+ 119 | 159 

Days o@' lived...) — 45 | 42! 41 36 | 45) 34 | 45 
Days Q*lived...| — 37 | 35) 33 37 | 35, 30 | 26 

* The ee oaneon in this case was due to inexperience in handling. Half of 

the females were dead at the end of the second week. 

+ Some of the flies failed to emerge from the pupae. 
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CROSSES BETWEEN THE LOW-PRODUCING TRUNCATE STOCK 
AND THE HIGH-PRODUCING WILD STOCKS 

The following experiments were carried out in order to determine 

whether the egg or sperm was responsible for the low fertility of 

the truncates. 

Females from the low-producing truncate stock were paired to 

males from the high-producing inbred stock. The reciprocal 

cross was also made. Since the number of offspring bears a more 

or less direct relation to the length of life of the pairs, data on the 

length of life is also given. Tables 3, 4 and 5 give the result of 

the first experiment. 

This experiment shows that the low-producing truncates were 

producing an abundance of fertile sperm, since each was capable 

of fertilizing on the average 428 eggs of the female of the high- 

TABLE 3a ’ 

Showing crosses between the low-producing truncates and the high-producing 
inbred stock x 

Truncate ? X inbred 

moe al ener | ome | a a a ee eee ae 
1 1 B16 27] OL |” 419") aoe | 7126 hase) ine haa 
Shh a | Mice alee el eee | 4 
3 G1) 0} pe8e) erie Saal” Meri 15 31 
4 Po a ee a ee 15 
5 | 0.1 i AAC GS SSG emis soon meals se 
6t Pe a a a 43 | 8 

ole Bi 864° “S4al) 938K BBs eon at 7 
gt i ee ee alee 7 

10 | 10 6| 185| 187] 195| 193) 388 56 | (6 
11g 9 |.) cea Reel eal cl meal cold aban fs oa i 
12 YOR ON hes) OBI SE stat 13) 2247 as 35 
14 Let) (ele SB0uh RBI. Seal 65 1b Ge ane ceeds 
16 i Gal oul o7S8a|) Oss amie4a 105") A80 37 24 
17 Ne We Pe es: rs) aS Re ae 5 

Total. 0a: | 41| 35) 824| 884| 865| 919| 1784) 496 | 267 

Average..... ; oo a = — —]| 198 38 19 

* ‘Crescent’ as recorded in table 3 are longwinged flies with a small crescent- 
shaped piece cut out of the inner margin at the end of the wing. They are a new 

class that arise on crossing the truncates with wild stock. . 

+ Sterile. 
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TABLE 3b 

‘ Reciprocal: Truncate ox inbred 9 2 

me, piel cave LONG Fa nae wae cEAnD Live or 3 ewnion 2 

18 5 Dil Soe) wolOn) sa 343 | 680 49 59 

19 5 4 130 136 135 140 | 275 16 53 

20 0 PA SS 335 283 337 620 | 66 66 

21 0 0 191 173 191 173 364 | 33 ts 

De = — — == — — a — a 

wey = — = = _— — — 63 63 

24 5 lg 185 189 190 206 | 396 26 24 

25* = — = = aye Wer — 41 11 

26* = = == — —| — = 33 41 

28* = — — Ss — - — 65 16 

29 2) | 9} 302 293 304 | 302 606 33 49 

30 0 0 86 118 86 118 | 204 37 37 

31 2 4) 263) 284 265 288 | 553 | 36 55 

32 0 (Hel) “2py 249 222 249 | A471 36 53 

33 it 20 127 126 128 146 | 274 36 67 

34 3} 1 1338 131 136 132 | 268 10 le 44 

Total..... _| 23] 84 | 2254 | 2350 | 2977 | 2434 | 4711| 598 | 659 

Average..... — — — — — —| 428 40 44 

* Sterile. a f 
TABLE 4 

Control for the high-producing inbred stock used in Experiment I, table 3; compare 

with table 2. 

NO. tt aetna, MALES FEMALES LIFE OF o LIFE OF 2 

10 45 28 7 26-+- 26-++ 

11 123 59 64 26+ 26+ 

1133" — — — 35 26 

14* — = -— 44 26 

16* —_ — —- 40 15 

17 311 159 152 40 40 

18 227 106 121 15 55 

19 198 100 98 40 40 

20 340 163 177 66 57 

21 46 21 25 26 26 

22 192 108 84 66-- 34 

23 231 115 116 66+ 26 

Mo tals wy. si: 1713 859 854 490 397 

Average. ?.. 190 — — 41 33 

* Sterile. 
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Truncate xTruncate Inbred x inbred 

48 % cy : 190 

1978 428 

Diagram A Effect on productivity of crossing truncate and inbred stocks; 
summary from tables 3, 4 and 5. 

producing strain, in fact, more than twice as many as when she 

was fertilized by her own male. The female of the low-producing 

strain was evidently producing a large number of eggs that were 

capable of fertilization as shown by the fact that on an average 198 

of her eggs were fertilized. And yet the truncates used for con- 

trol only produced an average of 48 to the fertile pair. The 

TABLE 5 

Control for the low-producing truncate stock, used in Experiment I, table 3; compare 

_with table 1 ee 
ia j 

NO OASIS | Bic @ yee | uae, BONE | EO ae LIFE OF | LIFE oF 2 

| 

1 oo") | cg a eter ihn es 25+ | 25+ 
2 1 1) cet igen nea nl 9 16 30+ 30+ 
3 6 Wi) 29) vi 59. | Bah Mba en ane 157 30+ 30+ 
4 Lo) 20°).0389 1) 40) 3a go aaa Se to 30+ 
5* a | a 34 34 
6 0 Oe) A). 19) aig Neat 36 - 37 14 
7* | | | | au 31 10 
8 0 0 Mi) 12h 7a Saale Sa 14 14 
9 9 | 137} 39 | 46°) 48 | 597) 107 30+} 30 

11 0 0 AS ke GS 4 3. | 7 23 23 
12* yi el all ee 14 8 
13 1 0 1 A oe 6 Gr eel 8 
14 2 Die |) AG eel AG a Ag arenes 95 42 42 
16* a ea el — 32 32 
17 0 1, Yh) 428s 9) LON mee eet S20 Yi 42+ 
18 0 1 2 0 2 | a i 16 
19* SS A) |) a ee Pee eS 19 
20 i O25) 13) a oemtene | AB. |) BT ee 
Ales we eee | Gh LE |, Si 

Total.’...),) 29 || 329), 266°-) 292) | 29517) 3245) 619 517 464 

Average.. | = | = oa Bae Pars | 48 278 | 25 

* Sterile 
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Crosses averaged even better than the high producing strain. 

Both were mutually benefitted by the cross, but it may seem that 

the production of the truncate female was limited because she 

lives on the average about half as long as the inbred female. The 

truncate male lives on the average about ten days longer,—long 

enough apparently to fertilize all the eggs of the inbred female. 

It should be stated that I have verified Castle’s observation many 

times that more than one copulation is necessary to fertilize all of 

the output of eggs from a female. It seems that the male lives 

on the average long enough to fertilize this second output of eggs. 

It is evident that the short life of the truncate female does not 

explain entirely her low production, for if the results of this experi- 

ment may be relied upon, there was evidently incompatibility of 

some sort between the egg and sperm in this strain. 

The results of this experiment were very surprising in the light 

of Castle’s work. Castle had made crosses between a low-pro- 

ducing strain and a high-producing strain with the result: ‘‘that 

low productiveness (or sterility) of the female may be transmitted 

directly through the egg from mother to daughter, but only indi- 

rectly through the sperm, the character skipping a generation.” 

Castle’s conclusion in regard to this case lends support to the 

assumption which I made in Part I, viz., that he did not dis- 

tinguish between complete sterility of the female and the low fer- 

tility that is here shown. . 

The problem of the increased fertility of the truncate stock 

when crossed into a high producing strain was now. put to another 

test. The experiment was carried out in the same way as the 

previous one except that the Woods Hole stock was used for the 

high-producing strain, as it had been observed in other experi- 
ments to give rise to a rather large number of offspring. ‘Tables 

6, 7 and 8 give the result of this experiment. 

At first sight this experiment is not as striking an experiment as 

Experiment I. Neither cross did as well as would be expected 

from the controls. Nevertheless, the same relation is evident, for 

while the truncate female produced an average of 56 offspring by 

her own male, she produced on an average of 118 by the Woods 

Hole male. It is to be noted, moreover, that her length of life on 
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the average was only 15 days in the cross while in the control it 

was 25 days. It seems, not only from this, but from the other 

evidence, that had she lived on the average ten days longer her 

output would have been much greater than 118. The truncate 
male on the other hand was able to fertilize on an average at least 

245 eggs of the female of the Woods Hole stock. But this length 

TABLE 6a 

Crosses between the low-producing truncate stock and the high-producing Woods 

Hole stock. 

Truncate 2X Woods Hole & 

NO. cane ces ar on S Tae tegie eietanen LIFE OF o’ | LIFE OF 9 

1 iLL 13 152 | 169 | 163 | 182 345 25 24 

2 8 3 28 64 SOP Od 103 19. 13 

3 1 0 49 | 61 50 61 111 15 13 

4 2 OP SOS eels saelOS 221 23 14 

5 3 1 20 31 23 32 55 | ? 4 

6 2 0 15 25 ily 25 42 29 14 

‘if 1 0 16 19 Ifa Wel) 36 34 13 

8 1 0 28 36 29 36 65 115) 28 

9 2 0 42 48 44 48 92 23 17 

10 3 2 43 | 62 46 64 110 38 iil 

Total 34 19 | 504 | 623 | 538 | 642 1180 221 151 

Average..| — ao a eas | = 118 25 15 
@ 

TABLE 6b 

Reciprocal: Truncate o&& Woods Hole 9 

NO. nad eae ea roe One aooF rept | LIFE OF c’ | LIFE OF Q 

1 in Uae late bois ioserbroealhpeonenel| Maran 29 
12 3°| 8 |150 | 150 | 153 | 167 | 320 17 38 
13 O ea | fer.) 124? I Sazailaen all e192 17 23 
14 1) s@eisias!() 157 aon dagen! | 206 21 38 
15 5 | 9 |124 | 155 | 129 | 164 | 293 17 25 
16 1) MON See M71 lel Grae) 2128 21 19 
17 9 | 18 | 112 | 90 | 121 | 108 | 229 18 20 

Total.....| 30 | 49 | 764 | 871 °| 794 | 920 | 1714 | 198 192 
| . 

Averages icin ii ra == SoS 245 18 28 
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of life is much shorter than in the controls. In other words, 

despite all of the unfavorable influences that entered into the 
crosses in comparison to the controls the point at issue is plainly 
evident that the female is producing a large percentage of eggs 

that are capable of fertilization, the male an abundance of good 
sperm, and yet when the two meet each other there is incompati- 

bility of some sort between egg and sperm, as inferred by the num- 

ber of offspring produced. It is clearly evident that the length of 

life isa factor, but by no means the only factor, involved in the low 

TABLE 7 

Control of Woods Hole stock. Brothers and sisters of the high-producing strain used 

in the cross in table 6 

No. ee MALES FEMALES nineton’c' anemone fo) 

1 | 244 iil 133 30 | 30 

2 | 527 263 264 AQ) 36 

3 351 185 166 26 57 

4 347 155 192 21 42 

5 249 116 133 22 23 

6 287 149 138 30 33 

Th 290 139 151 34 60 

8 275 126 149 44 30 

ROU) eee 2570 1244 1326 247 311 

Average....... 321 155 166 31 39 

TABLE 8 

Control of truncate stock. Brothers and sisters of the low-producing strain used in 

the cross in table 6. 

NO. eerie. io. € aa ‘cane oe eee pa LIFE OF o | LIFE OF 9 

1 1 0 1 0 | 0 2 De 25 

2 4 6 36 51 40 57 97 2 32 

3 4 3 15 Wy 19 20 39 21 24 

4 1 1 17 19 18 20 38 26 23 

5 3 4 15 17 18 PAL 39 26 ily7/ 

6 14 ff 39 43 53 50 103 31 25 

7 8 0 19 | 21 27 21 48 17 21 

8 2 4 AQ | 934 42 38 80 30 30 

Total 37 | 25 | 182 | 202 | 219 | 227 | 446 | 208 197 

Average..| — — a Se 27 28 56 26 25 
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Truncate x Truncate Wood'sH. x Woaod's 

$ ? 
5b gb g 32l 

18 245. 

Diagram B_ Effect on productivity of crossing truncate and Woods Hole 

stocks; summary from tables 6, 7 and 8. 

production of the truncates. To judge from the history of these 

strains and from Experiments I and ITI it would seem as though 

only one egg in four or five of the truncates gave rise to a mature 

fly when fertilized by its own sperm. I shall not analyze the data 

further here as I shall later bring forward better evidence that 

bears on this relation. 

FERTILITY OF THE F; AND F, GENERATIONS FROM THE CROSSES 
BETWEEN THE LOW-PRODUCING TRUNCATES AND THE HIGH- 

PRODUCING WILD STOCKS AS DETERMINED BY BREED- 
ING THE ANIMALS TOGETHER IN PAIRS 

We may next consider the evidence that bears on the behavior 
of the hybrids in the F; and F, generations. In order to deter- 

mine the productivity of the hybrids from the cross between the 

truncate female and the inbred male, 65 pairs of the F, brothers 

and sisters were made up from the crosses as given in table 3a. 

From the reciprocal cross 47 pairs of the F, brothers and sisters 

were paired. The different families were about equally repre- 

sented. Both F; hybrids proved to be most virile animals and 

excellent producers. In the thirty days from December 22, 

1911, when they were first paired as virgin flies, to January 22, 

1912, when the experiment was discontinued due to an accident 

the sixty-five pairs produced a total of 16096, an average of 248 

offspring to the pair, and the 47 pairs of reciprocals produced a 

total of 11800, an average of 251 offspring to the pair. The differ- 

ent classes that appeared are given in table 9. 

The experiment shows that the hybrids are excellent producers 

and that it makes no difference whether the father or the mother 

was of the low-producing truncate stock. Moreover, it seems as 
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TABLE 9 

Showing the n number of offspring produced by 112 pairs of the hybrids 1 in 30 days 
| at 
| TRUN- | TRUN- | CRES- | CRES- | | 
| CATE CATE CENT CENT LONG LONG | TOTAL | TOTAL | GRAND |) AVER- 

ge | 19 a rot SEAL peices! g TOTAL | AGE 

8 | 431 | 633 | 6881 “6857 | 828 | 8268 16096 | 248 

2 57: 

Fi (T2 XI’)..| | i 
27 | 2) 315 436 | | 4986 | 5458 | 5574 | 6226 | ee) 251 Hecho LS) .2) % 

= 
( 

5 

though the hybrids are long lived as shown by the fact that in 

this experiment at the end of thirty days 81 per cent of the flies 

were still living. Twenty-four males and 31 females had died. 

The death rate was not selective but was about equal in both the 

cross and its reciprocal. 
Table 10 gives evidence on the same question—the output of 

the hybrids as tested in pairs. In this experiment the hybrids 

TABLE 10 

Showing production of the hybrids of the crosses between the truncate stock and the 

Woods Hole stock 
TABLE 10a TABLE 10b 

F,; generation from truncate @ X Reciprocal cross: F; generation from 

Woods Hole & truncate < ox W oods Hole 9 

NO | TOTAL | TOTAL pete LIFE | LIFE No. TOTAL | TOTAL ore LIFE | LIFE 

“Vk ae Q TOTAL | OF co | OF Q Chimes TOTAL | OF G’ | OF 9 

Mey 83 l47,| 27 304 ea eeo:|) ea es | 45 iil 
Pee 98s) 180%" 228 20} 24+ 33 92; 124) 216 57 | 24 

4 96 | 119] 215 27 | 33 34 92) 105 | 197 40 | 24? 
5 103 95 | 198 5A) 27 35 70) 094.\ 9 164) 1622s 
8 | 143) 169) 312 24| 35+ av | 117 | 143). 260 33 | 27 
OF “90117 | 207 20 | 24 38 | 192) 198) 390 33 | 45 

10 96 | 110} 206 27 | 38 40 147 | 228) 375 24) 33+ 
Ey LOO), 40s) 240); 45 | 24 41 | 99) 129) 228 37 | 15 

ES eoSal) 67.) 120)| > $20) | 15 AD’ Nek 54s yay 28) | e206 ae he) 27 
14 |) 167) 138) 305°) 40) 27 43 | 104) 113 | 217 12 | 24 

LO LOL 139 , 240) 40, 33 44 |} 106) 127) 233 40 | 20? 

an eal gil eat Sx | visage’ 54. |) 54 46 66| 79| 145| 33+) 27 
1g) |) 149'| 150)| 292) 63 | 20 AT a Me Ag Ose az ee O00 te 
1a S700") 187 33 | 49 49 219 | 269 | 488 24 | 63 

20 | 126 | 1463) “272 27 | 33 50 | 112) 126)» 238) 45 hp ae 

22 | 238 | ue $89 )|039)| A. «herein na leeeeme mene ee eee 

Total | 2053 | 2348 | 4401 | 593/540 Av. | | | 2380) 32) 27 

ee | | 259 Sra gD 
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between the truncates and the Woods Hole stock were used. 
The hybrids came from the cross given in table 6. 

In the experiments given in table 11 the hybrids came from 

crosses between inbred and truncate stock, as recorded in 

tables 15a, b, Part I. At this time the inbred stock was in the 

F; generation and was a high-producing strain. The truncate 

stock was in the Fis generation. 

The results of these three experiments make it certain that the 

hybrid offspring from the low-producing truncates and high pro- 

ducing wild stocks are high producers. © In fact, the hybrids 
produce equally as well, if not better, than the high producing 
parental stock. Moreover, it makes little if any difference 
whether the father or mother is from the low-producing truncate 

stock. The following experiments give the evidence that bears 

on the question as to whether the low rate of fertility of one of the 

parents will reappear in the F, generation. 

Tables 12 and 13 give the results of testing in pairs the offspring 

of the hybrids, derived from the crosses between the low-produc- 

ing truncates and the high-producing wild stocks. The pairs as 

TABLE 11 

Hybrids of the crosses between the truncate stock and the inbred stock; the F, gen- 

eration 
TABLE lla TABLE 11b 

The F, generation from truncate Reciprocal: The F; generation from 

2X inbred 0 truncate o' X inbred 9 

wo. | mares] F®.|roran| 2% | HME wo, [aan | corns noran | UPS | LIFE 

7 | 294} 295] 589 42 | 39 1 184 | 256 440 | 58 | 48 
8 | 180| 224) 404 56 | 41 6 174 | 213] 387 60 | 40 

16 197 | 228 | 425 23 | 55 9* 91} 119] 210 16| 16 
22 164 | 176 | 340 40 | 45 12 120; 170; 290 80 | 40 
32 235 | 215 | 450 39 | 33 19 121 | 187 |. 258 73 | 23 

36 50 61} 111 25 | 61 = | | 
10 244| 246] 490 D3 | 73 Total | 690 | 895 | 1585 | 287 | 167 

11 259 | 242) 501 45 | 62 
Av. | | 

30 | 166] 208) 374] 58| 44 xu | 317 | 57) 38 
*Died at end of sixteen days 

because of failure to feed on transfer 

ee 409 39 | 50 to new bottle. 

Total | 1789 | 1895 | 3684 | 351 | 453 
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given in table 12 came from the hybrids recorded in table 9. 

The pairs given in table 13a, b came from the hybrids recorded in 

table 11. 

Tables 12 and 13 appear to show that low production reappears 

after skipping a generation and that this low production is trans- 

mitted through both the egg and sperm to the grandchildren. 

I shall not attempt to analyze the data further as I have other 
and more exact evidence that bears on the transmission of the 

low fertility of the truncates. 

CROSSES BETWEEN THE LOW-PRODUCING TRUNCATES AND THE 

_ HIGH-PRODUCING WILD STOCKS IN WHICH AN EXACT 
MEASURE OF FERTILITY IS EMPLOYED 

The term ‘fertility’ is used in so many different ways by differ- 
ent writers that I wish to make clear at the outset the sense in 

which the term is used throughout the ensuing papers. By 

‘fertility,’ I mean the percentage of eggs that complete develop- 

ment and give rise to mature flies. For example, if 100 eggs are 

isolated from a stock and later 50 flies come from these eggs then 

I speak of the fertility of that stock as 50 per cent. It is evident 

that fertility in this sense can only be determined by isolating the 

eggs, and that the number of offspring produced by a pair does not 

give a measure of the fertility of that pair but only a measure of 

the ‘productivity’ of that pair. 
The marked difference in the length of life between the truncate 

stock and the wild strains together with the increased length of 

life of the hybrid makes it very difficult to draw safe conclusions 
in regard to the role played by the egg and sperm in fertilization 
in so far as establishing any definite ratios are concerned. In 

other words the production of offspring cannot be taken as an 

absolute measure of the fertilizing power of the egg and sperm for 

as we shall see later in the case of the hybrids, although their 
production of offspring is very high, their fertility (combination 

of egg and sperm) is relatively low. 
Accordingly, I wish to return to the question of the low fertility 

of the truncates and consider the behavior of the low fertility 

in this race on crossing into other races. In order to insure an 



TABLE 12 

Showing the result of mating in pairs the F2 generation of the crosses between the 

short-lived, low-producing truncates and the relatively long-lived 
high-producing inbred stock 

TABLE 12a TABLE 12b 

Grandchildren of the cross between Reciprocal cross: Grandchildren of 

the truneate @ and inbred & the cross between the truncate «7 

cn a 7s "i and the inbred 9 

bE | s ee tou lite AL ae ae | | 
Soe es 2 aa S & B¢ fe) | ga | SRE TTS) ma eal 2 ° i) 7S z eS am = 6 oy | ee 

56120 se ye lee: Mime eller Hon | OB lo eR ies 
i & Z Z S| | g ee 5 eC) | | =: So ee a 

ies Rees ol ee eee ee eg BI oes Rl ee ain 
Bae yey Wanye ie as 20 | 111] 119] 74) 144) 144 
S39) Aral A Aga ay 36 M1 120° —| 
34) 157) 331 38+) 38+ 1i1| 140} 256] 38) 46+ 
34| 161} 319| 24) 29 ttt 1490=" Ont = igeee 
S23 ulolGra | 59a) | Tan ees 111] 153] 150] 41] 44 
33| 172| 106; 47| ? 111} 163| 152} 5 | 38 
33.) 5173) 380 | 325/946 |} 111]; 465), 0), =e 

ii 91; .118; O| —| — 111} 178 | 215 | 35+) 35+ 
91/ 122; O; —j| — 119) AS0-) 13541) aie ais 
91; 125} oO; —j| — 29 | 1024 111 | 89) 40) as 

|} 91) 155} Of; —| — 95| 117| 153 | 244+) 24+ 
12) OTs) AN LAA 24) 2 102| 124; 192} 14| 24 

e107) MG eae. age) tA | 100| 127] 136| 18+] 34 
| 106 y|M2E | 504 P| 14 | 102") 1128)" "98s wala 
| 106} 123 | 251]; 31] 31 |: 95"| 28-200: VS4nn ee 
eaoOpiaMzo th 2b, Lo Mas 95 | (182) |.' 200°) 26 uae 

10641) 130%) 295). 9 323 wey |; 102) 433: |) 1075) » 20rleas 
| 50] 134] 280; 20] 39 100} 136; 6] 388] 6 
PemOr 135 [1 G2n)) sO 23) Ve ) O29) 4a") 295) Soy eos 

50| 138 | 164; 30) 38 | 102; ) 61429) 265) eA ae 
50 | 146 | 208 | 95-4 25 102 | 144% 42) 305) a 

106 | 150 224, 23 30 | 95| 152) 46 6 39 
1068) 54"): 75)" 20i) 15 Si) A565 © 199938 Arcee 

| 106] 175 | 178| 29] 3 102) 160 | 298) 38] —? 
107°) 182 0; —) — 100 | 164| 432] ° 32| 32 

\-107| 184| 44| 21 bate 102 | 166) 379| 24) 35 
TAP a7 4) 112.1964) 26." 4s 1G2;)) 0681" 61) 2oaieeae 

NeoRLe CSAS PAOLA. ee Pee 102| 169| 189] 29) 24 
ie 28d) LON esGVel ano) 1b? 102.) 170'), QSS ite ere 

96'|. 143° | “Ail 36 46 | 95.| 4171 | 2264 38) Oe 
2%) 145; O}| —| — 102| 174] 111| 24] 26 
1A 15877) OU eh 95| 176| 205; 54| 26 
17g) ASO eI eb ly? |) 102;) 177 |) 43%) 19) eee 
7M 2 Salary) 112 102'|\ 179 | 230) 238i e248 
26} 180 | 204} 59| 46 102 | 185) 4257) 2m 
26| 184) 44| 21} 12 SUN UMM GaN SPC tf 

16. 8090126) DOU sa ase tn neta: 5 eal are 
| 80) 151) 288° 37| 32 = AV. | jE SO aaeeee 

A ae | 183) |) Soleo eee >) 0 alee ae 
Av. | | | 140| 30— 30— 
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TABLE l8a 

Table showing result testing in pairs the grandchildren of the crosses between the short- 

lived low-producing truncates and the relatively long-lived, high-producing , 

. tnbred stock. T = truncate; C = erescent 

Grandchildren of the cross between the truncate 2 and inbred 

FAMILY NO. | J | | 
Op GRAND- | LP NO. oat | TOTAL pate | Tae 5 OF 

| | 

33 7 415 20 Ft 70) tea 16 
416 Seer || LESS 5 1s RAB sie nates 
417 C POT | ghsGn el he 2018 "les Rees 19 

| 418 0 Oa O17 Spuera2 aa 6 
Se ose sare = SRO Mh Me Te 27 27 

| 387 119 182 301 | 49 33 
| 388 ORI A ae at Ta G2 PTs 15 

low easouiee Wee HOT.  O/Ote NN! 110s) Nia tG 30 
390 Oe a iOieniy uly OF» Ii AGRE mamma 
| 91C¢ 67 72 130° ° |) | 27 eats 
| 3920 ¢ (6) | ete 186.) 4895 Giezs 
| 393 Cee esi ON eas ayer yh Oe il 

394 92 102 194 60 a 
395 77 121 198 61 25 
436 'T SOND | 15 
437 0 0 One 8 54 15 

| 438 T USA), ) 20ee | mee Si eae TL 
see) gasp Tit Neo) 156 52 fai) 16 

| ASSO mL) || AI45 Oe AUST S| 8076s) eee |, 2.29 
peso. (ea97 103 143 hy 246" pea 30 

398 71 81 152 53 33 
| 399 | 68 72 140  ~—39 20 

36 | 407 L ~ ‘60 74 ist) | 63) 2e 
408 98 102-0) 200 16. 1* Pe 

| 414 20) aly, 2k eel 16 21 
35 F- 10) > |-400 151. {> -1847" |) 985 34 56 

401 S35 |e S360 ae eee? 45 31 
402 T A 88 | 12 | ose 9 37 
403 T 78 73 igit eee. a sor 

11 497 ie nail 63 114 16 20 
428 74 100 174 | 22 32 

$2, )') 429 71 67 138) 5 ? 42 
| 430 62 47 109 | 50 18 

30 | 410 2 2 4 37 56 
434 14 14 28 16 | 6 
435 0 Om) 0 50 | 6 

Rotalias.. = = 1959 | 2229 | 4188 | 1279 | 881 

Average. | — — — — | pled 36 25 
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exact measure of the fertilizing power of the egg and sperm the 
experiments were carried out in the following manner. 
A female was placed in a bottle with four or five males to insure 

an abundance of sperm. A small piece of banana was introduced 

on a piece of paper and on this food the female laid her eggs. Each 
day the food was removed and the eggs picked off individually 

with the point of a needle. Each batch of eggs was planted on 

fresh food and the number of eggs recorded. After a few hours 

new food was given to the parents. This is a most laborious proc- 

ess so that one cannot carry out as many crosses at a time as 

might be desired, but this does not invalidate the test as such. 

Since the Woods Hole stock was the most fertile one at hand, 

six females were tested with their brothers as a control. Atten- 

tion is called to the fact that these females were about ten days old 

when the experiment began. Eleven truncate females were tested 

against the Woods Hole male. Fourteen truncate females were 

tested against their truncate brothers. These counts have led to 
the results given in detail in table 14, a, b and ec. 

TABLE 13 b 

Reciprocal cross: Grandchildren of the cross between the truncate @ and the 
inbred Q@. 

‘oF GRAND- | see ORs, oe ee Gakp) | Vor) oF |r 

25 | 1 420 T 74 7fil 145 32 45 

421 40 59 99 19 29 

422 0 1 1 20 20 

423 0 0 0 52 26 
6 | 424 99 104 203 20 42 

BRR sae aa 39 90 52 16 
426 Pipe 92 184. |< 22 45 

12 411 a 0 7 55 11 

412 64 68 132 34 29 

413 17 20 37 ~ 200 22 
| 419 0 0 OF jt 52 
| 404 22 28 60 15 15 

405 | 82 90 172 62 e2 

| 431 21 36 57 29 52 
} = 

Tose ue = 569 518 | 1087 472 436 

Average | me —_ — — 91 34 31 
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TABLE 14 

Egg count showing fertility of the truncates stock bred to the Woods Hole stock 

TABLE l4a TABLE 14b 

Woods Hole @X Woods Hole & Truncate 9 X truncate 

a8 a a | 8 anit a 

Bees 2) ic e | & 8 Bt lee 
No:*|| 2 ae S - a No. Or 3 SMG) es B 

m P = a 6 5 § | = a | a 2 A HQ a rat ; FAA 4 

: a9 a) : A p | £43 a A ae = 
Seiiteca ieee g Br 2 ele eo lee g 

1 OT 2207 0 | 227 | 148 18 30.) 271)! 120.) 158) 42 
y: 28 | 302 0 | 302 | 256 197 +|y (23h. 268) e770 |) es ee 
Bre eo | 2 40 0| 40| 30 20 2B) D0) |. 14:1 7G 
4 25 | 424 0 | 424 | 320 21 5 2 2 Oy 0 
ree on) 20.) "0" | 20"! 10 990) es6 e230 0| 239! 56 
Gu 243807) | 389: \1820 23 57 | 560 | e111 | 449| 76 

| 3 r apa 24 |; | 42|), 435°). 32!) A0geI) 80 
Total (a 1402 0 | 1402 |1084 25 39 | 304 93 981 | 87 

ee re s ey 26* | 38] 360 0| 360] 86 
TABLE 14 ¢ 27 20 | 295 0| 295) 69° 

Truneate 2 * Woods Hole 28 34 | 282 | 0 + 282 | 114 
- = ; ——z 20 ee kO,) | eS 1s e eOsee 0) 

| 5 8 5 & 3000) 35 0 0 0; O 
Wise aie e | a 31¢| 42] 394 0| 394 | 150 

Pee esics | come is A a = 
; | 4 | = Q 2D 

Spa Se Za : Totall — | 3249 | 626 | 2623 | 644 

Ul Blea! -O 171|, 38 
8 Saf 980s 0 93] 58. 
9 One Sin EA Teli 

10 107" = 20)|) =20 Oy O 
1 Bae Dalene Tike 0) 
12 28| 226 0| 226] 148 
13 14| 179 0| 179] 68 
14 Glare 0 1 1 
15 gi OT Gu sale =8 
16* 6 6 6 CAO 
17 Taga 3 15 | 10 

Total) —| 614| 55] 559 | 307 

* Escaped. 

+ This was a long winged female and is not considered in the totals. Note 

that her fertility was somewhat higher than the average. This will be discussed 

later. 
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In this experiment the entire output of eggs of the trvuncates 

was collected. The count from the Woods Hole stock does not 

represent the entire output since these flies were about tendays 
old when the experiment began. It is true that it is practically 

impossible to get the entire output of eggs by relying upon an 

. ordinary dissecting microscope without spending an undue amount 

of time, but as the same method was applied throughout this 

source of error as it enters into a comparison of the output of 

eggs of the different races is about constant. I feel quite sure that 

the counts, as here shown, represent over 80 per cent of all the 

eggs laid. That many were missed is certain as the food from 

which the eggs were picked was often kept and later larvae were 
‘seen toemerge. In regard to the conditions of the experiment as a 

test of viability, no objection on the grounds of personal selection 

can be made, as it is impossible to tell beforehand which eggs are 

going to hatch. Care must be taken not to allow the eggs to 

stand too long before picking them as the larva will emerge from 

the fertile ones while the sterile eggs are left behind to be picked 

up and considered in the counts. 

The question may arise in the mind of the reader as to why 626 

eggs are not considered in table 14 b in determining the percentage 

of eggs which hatched. The explanation is given here since the 
question recurs in some of the other tables and in succeeding 

experiments. It is evident from the method used in making the 

test that a picture is given of the productivity of any single female 

day by day. The 120 recorded in column “No. not considered ”’— 

No. 18 (table 14 b) represents the total number of eggs laid by the 

female through a number of consecutive days in which none of her 
eggs hatched. The eggs that failed to hatch were in practically all 

cases those isolated during the first few days of the experiment, 

although in a few cases they came in the middle of the count, 

more frequently however toward the close of the count. This 

seems a fair way to treat the facts as this may be due to other 

causes operating other than eggs meeting sperm. 
In this case the benefit of the doubt is given to the truncates for 

if these are considered 749 in 3643, or 21 per cent, hatched. In 

reality the percentage is not changed much and had this been 
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known in the beginning much labor could have been saved by 

picking the eggs from mass cultures, although this would give 
little insight into the total output of eggs from a single female. 

The former plan allows us to get much closer to the problem in 

hand. ‘The results of Experiment IV are given in diagram C. 

Truncate x Truncate. Wood's H. x Wood's H 
24 2 Q11 

b ry 
i. 2623 i 2 1402 
h. 644 h. 1084 

55 2.559 
kh. 307 

t=No. eggs isolated. 
e 

he Tio eggs hatched. 

Diagram C_ Effect on fertility of crossing truncate and Woods Hole stocks; 

from table 15. 

This experiment served in a preliminary way to show that the 

egg-picking process could be relied upon in general as it gives 

results in harmony with the earlier breeding experiments. The 

evidence seems to show conclusively that only one egg in four or 

five of the truncate female, when fertilized by its own male, will 

complete development. Moreover, it is shown that the Woods 

Hole male can fertilize more than twice as many of the truncate 

eggs than can her own male although it has been shown in earlier 

experiments that he produces an abundance of fertile sperm. It 

is interesting to note that only 77 per cent of the eggs of the 

Woods Hole stock hatched. It was the expectation that this stock 

would show a fertility of something like 100 per cent. At first 
I was inclined to believe that this discrepancy was due to some 

defect in the egg picking process itself, but the results of later 

experiments together with the behavior of this stock does not 

bear out any such conclusion. Since these experiments were 

completed I have obtained a fertility of 96 per cent with two new 

wild stocks. 
It seemed to me that the explanation for the low production of 

the truncates was not far to seek. That the length of life is a 

factor is not to be doubted, but more than that it is evident from 
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the experiments that only relatively few eggs were giving riseto 
mature flies. I wished to test the conclusion further and also 

determine whether or not some factor for egg production was 

operating, as well as to make the cross between the truncate male 

and the Woods Hole female which combination was not made in 

the previous experiment. 

Experiment V. This experiment was carried out in the same manner 
as the former one. The flies were mated as soon as they emerged and 
the output of eggs recorded from each female each day during her life. 
The facts in detail are recorded in table 15. 

The results of this experiment are expressed in diagram D. 

Truncate x Truncate Wood's H. x Wood's H. 

2l e S ie e 15 . 

a 1901 g [622 

nh. 396 A 1227 

7 @ 1015 i 4065 
JU al 80 » 3438 

i= Noeggs isolated. 

h- No eqgs hatched 

Diagram D Effect on fertility of crossing truncate and Woods Hole stocks; 
from table 16. 

This evidence taken with all the other evidence presented shows 

conclusively that there is incompatibility between the egg and 

sperm of the truncates since only one egg in every four or five 

gives rise to adult flies. It is surprising to find that the truncate 

male should have actually fertilized more eggs of the female of 

the Woods Hole stock than a male from its own stock could ferti- 

lize, and yet a male from the Woods Hole stock can fertilize 
almost as many eggs of the truncate female as he can fertilize 

with a female of his own race. If the results given in diagram 

-D are compared with those obtained in Experiment I as expressed 

in diagram A; it will be found that the results are in general agree- 

ment. 

Experiment VI. Reference to table 2, where the history of the inbred 
stock is given, will show that the fertility has steadily declined on 
inbreeding, despite the fact that sterile females had increased to 50 
per cent and again eliminated. It occurred to me that something like 
incompatibility between egg and sperm might be operating in this stock 
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> TABLE 15 

Egg count showing the fertility of the truncate stock together with the fertility 
on crossing into the Woods Hole stock 

TABLE l5a TABLE 15 b 

Woods Hole 9 X Woods Hole & Truncate @ < Truncate 

enita tre v8 ee ee 
; oo | oo (2) iS) oS I fa) | ie] 

rou. ty | o 2 a a a nace 2 = a ae 

rg Wea le |e at ere | a 5 el a a 2 

es a a Beles at lecie pame 
q i! Es J a q 2 SE Pyeeoale See 4 Need — (i 

24 | 52) 463) 0 | 463| 356 1 | 32] 359/ 19] 340| 90 
25* | 511 650] 194] 456 / 138 2 12 2 0 oO 
26 33 | 316 0| 316 | 148 3 23 | 251] 220°} 381) 7 
27 52} 529| 0| 529 | 433 4 A.| AT 14) ese re ap 
23 25 | 314 0 | 314 | 290 5 4} 21 20) 70) ae 

a sto Tea al! ; 6 35. | 374 0| 374] 64 
Total| — | 2272] 194 | 2078 /1365 7 7 99) |.” bas Wie ania 

a 8 Gri eee7 4 O. | 74a ot 
* Laid very small eggs; some looked 9 39 | 567 97 | 540 | 148 

as if they might have been parasitized. 10 49 | 989 96 | 186 | 25 

11 32 | 320 0| 320] 30 
TABLE 15 12 Gul 22 22 0| oO 

Truncate 2 X Woods Hole & 13 19 45 42 Shi wel 
as an Sie ai pte = ies Ti ——— Ea ;:| ra 

| 8 Wad aa g Total| — | 2387 | 486"! 1901 | 396 
A z Q & aA BIS ee 

e a E 
No. Bs Z - : | ‘ TABLE 15d 

s Fils “a Sul Woods Hole 9 X Truncate @ 
| 54 on ) 9° : : — 
S| mses a one 7 Z { 2 | in | a 

= 
oO } Dp Q 

oe 14) 88 | 18 15) 4 We aan | e 
15*| 18 O)|) 40 0; 0 aa oagtaltie i e a 
16 a 0) Ou AO 30 SMa ncarin|| > el PRO ea 
ig 19| 265| 0O| 265 | 214 sil Gaol eee ee : 
Sia) 5 6). 84 0| 84/ 64 Rita [oe EA ibe x 

Ho marlec, 4551) SOGt Wer. 63 B90 |) 72 We 7300: 0) |) 730.er7 
20 ZOE 250u\) 6h 253) | 182 30) 92 | 393 0 | 323 | 276 
21 S00b 235) | 53a). 182) | 162 31*| 31/1 631 0 | 631 527 

22 16; 105/;. 0) 105) 42 32 78 | 536| 17 | 519 | 395 
i ee ee oe 33 | 79| 552| 18 | 534 | 389 

i CRG ay ali i Be 34 | 75| 798] 12] 786 | 588 
RED aA cea lean ee a ar ce eo 

* Escaped. ey [= ee eo F: r — | 4127| 62 | 4065 [3238 
{ Copulated. soul) | 

* Escaped. 
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* 

Truncate x Truncate Inbred fx x Inbred Fw 

24. , g ? 32 

ie 
Dene 

A. 28 
Lee 

5 gilo 
t 2625 

A i. el ‘ 

52 fF isel 
58. A /2k 

t=lo.eggs tsolated 

h= To. eggs hatched 

Diagram E Showing the effect on fertility of crossing the inbred and 

truncate stocks. 

and if so this could be put to a test and at the same time more light 
might be thrown upon the behavior of the truncate stock. Accordingly 
the inbred stock which was now in the F\, generation was crossed into 
the truncate stock. Table 16 gives the details of the experiment. 
Table 17 is the control on the inbred stock that was bred in pairs at the 
same time. 

The results of Experiment VI are expressed in diagram E. 

BACK CROSSES BETWEEN THE HYBRIDS AND THE RECESSIVE 

LOW-PRODUCING TRUNCATES 

We may next consider the evidence that bears on the fertility 

of the hybrids when paired with each other and the fertility of the 

hybrids when back crossed into the recessive low-producing 

truncates. This experiment was originally undertaken in order 

to determine whether or not there were sex-linked factors for 

fertility. The results in this direction have been largely negative 

but nevertheless the experiments give us the key by which the 

low productivity of the truncates may be explained on a very 

simple assumption. 

It was my expectation to find that the eggs of the hybrids when 

isolated would show a fertility of 100 per cent, since I had already 
found that their production is far in excess of their high-producing 

parent. Three experiments have been required in order to con- 

vince myself that the fertility of the hybrids is in reality low and 
that the percentage of fertility in the back crosses is an actual 

measure of the fertilizing power of the egg and sperm. 

There are two classes of hybrids, as follows: Offspring from the 

truncate ° by Woods Hole ¢& will be referred to as A 2 and Ac. 



TABLE 16 

Egg count showing the fertility of the inbred stock together with the effect on fertility 

of crossing into the truncate stock 

TABLE l6a TABLE 16b 

Inbred 2 X inb ed & Truncate ? X Inbred of 

}3 [a . | se lie 8 

NO. OF 3 + a a No. | o 8 ara | A 
ke ° z a be Salen ie oe 8 ose ee | [2 laa | Ba) Sea 
SMe ees ve lee eae lee 

1 28| 340| 0| 340] 89 Gui nas] emo 0 0| 0 
2 21 175 21 54 | 60 LOD ole 18 14 4 1 

Seat elo: |, 325 0| 325| 68 11) "207 52215) 38"), Tse eee 
4 | 386] 400 30 | 370 | 116 Le aie 18 94 | 45 

5 28h) 408 0| 403 | 174 ibs pie 4 | 0 0 0 0 

6+ | 35] 453] 20] 433] 140 14 6 0 0 ol 
emt y LO Ih 137 3} 134) 67 tee OMmELOL 3/ 98] 38 

Sone ezee| Leo!) ar 43 4 16 10 130 15) |) PETS ess 
Te —— = 4 15 | 122 34 88 | 46 

Total | — | 2413 | 211 | 2202 | 718 18 at 96 9 87 | 39 

: Oe 3 0 0 0 0 
* Lived much longer but ceased to 20 | 5 45 5 40 | 32 

lay eggs after 15 days; preserved for 1% 17 0 0 0 0 

PR iy 22 | 27 268) 0. (2281 164 
7 Discontinued. 23 9 26 12 14 4 

24 20 | 126 14; 112} 29 

33 17 | 128 Oi 2s aes 

34 13 | 139 5. | 184.) ae 
TABLE 16c 37 11; 106 0; 106; 43 

Inbred @ x truncate o 38 19 | 253 0} £53 | 159 

a a t anh 39 5 0 0 0 0 
a g Qa A 
& g a a g 40 10 0 0 0; O 

Ben ee e a 5 41**| 17 | 256 0| 256 | 137 
Ie: 2 4 5 z Z 2h tall Pelivil| da (0) |) AOE |) eR? 

a 2 a e g 8 43 15 | 126 11 SS eel 

| oF ABET NER a LOA 19| 165) 86 
25" | 28) 291 55 | 2386 | 111 46+ 9 | 0 0 0 0 

2675) 289| 166 120) 15455 +29 AT 17 72 10 62 | 39 

Zia e267) 3030!) 630), 273 |v 154 48tt) 12 0 0 O:\,."6 
28 2 \ 248 0| 278 | 193 49 itn. Sz (ale Keogh ay! 

Borel B20 LOF 47 60 | 18 = = =|= 
30* 22| 375 0| 375 | 263 Total | — | 2877 | 252 | 2625 1361 

Sl) BR Ake 0| 407 | 225 Wmeeapad ; eer 
5 ; 

¥ of Gs be | gee re Bets a8 ** Discontinued. 
Total | a 2954 | 144 | 2110 |1222 if Killed and preserved for study. 

£ sts 7+ Laid a-.few cheesy looking eggs 

* Discontinued. probably due to parasites. 
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TABLE 16d 

Truncate 9 X truncate o 

| cs mes 
NTRS | ceca? aol ve 

ae S a s 
io) Qa ic 

NO. Or Zz = a mn 

5 : g a S = 
ei veal. a7 aoa es 
Sf Ena oa g g 

35 2961 179| 70} 109| 26 
36 8| 9 0 | Ou) 22 

el ee ——_——| — eet — 

Total] —| 188 70] 118] 28 

Offspring from the reciprocal cross will be referred to as B ? and 

Bo. In these experiments A @ is tested with Ac’, B? with 

Bo, AQ with the truncate ~, BQ with the truncate <’, the 

truncate 2 with Aco and the truncate 2 with Bo. In order to 

get an exact measure of the fertility, eggs were isolated day by 

day from each of the combinations made. The number of eggs 

isolated each day, and the number of flies that emerged is given 

in table 18. 
TABLE 17 

Fis generation of the inbred stock, showing the result of testing the flies in pairs; 

compare with table 16a 

NO. | NO. OF @ NO. OF Q TOTAL LIFE OF © LIFE OF 2 

1 | 59 67 126 43 26 

2 | 5d 39 94 31 31 

3 113 133 246 45 37 

4 33 dl 64 41 10 

5 0 0 0 91 13 

6 89 | 90 179 77 21 

di 129 | 139 268 37 37 

8 70 90 160 $1 17 

9 129 13% 262 41 35 

10 | 28 31 59 30 24 

11 104 111 215 30 28 

12 46 46 92 28 24 

13 128 96 224 39 28 

14 71 59 130 37 25 

15 44 | 77 121 28 28 

‘Rotel eee ace 1098 | 1142 2240 679 | 384 

Average...... — | = 159 45 26 
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The percentage of eggs that hatched in this experiment is not 

altogether reliable, due to unfavorable conditions which arose. 
Previous to this time the flies had hatched normally and I still 

believe that the foregoing experiments measure the absolute 
fertility of the different stocks and combinations made, within 

a range of 3 per cent. In this experiment, however, the food be- 
came very sour and the flies did little more than crawl out of the 

pupae and die. The dead animals were searched for and counted. 
The percentages as given in this table are in consequence too low 

and are to be taken relatively to each other and should not be 

compared with the percentages as given in the other tables. 

Tables 19 and 20 give the details of a second and third repetition of 

this experiment. The results express more accurately the facts in 

regard to fertility in these combinations. The plan of the third 

experiment, table 20, was modified somewhat for it seemed that 

fertility could be determined fairly accurately by isolating the eggs 
from mass cultures provided the experiment were controlled by a 
stock the fertility of which was known. Accordingly hybrids 

between the truncates whose fertility was low and the Woods 

Hole stock whose fertility was high were produced and a number 

of these hybrids were tested in mass culture. The hybrids were 

also back crossed into the truncates as shown in table 20. In 

each case a number (the actual number is indicated in the table) 
of virgin females was placed in a bottle and twice as many males 

from the stock, in which the combination was desired, added. 

The males and females were kept separate for four or five days 

before they were placed together. 

At the time of placing the two sexes together an epidemic of 

mating took place. In each of the bottles about half the pairs were 

to be seen mating at the same time. None of the eggs were 
isolated until five days later in order to give all the females a chance 

to mate and in order to avoid the first few eggs laid, which as I 

have shown, are not likely to hatch, especially in the case of the 

truncates. The eggs were isolated day by day in the usual 

manner. ‘Table 20 gives the result of this experiment. It will 

be noticed that it is in close agreement with the second experi- 

ment of this series. 



TABLE 19 

Showing the combinations made between the hybrids and the truncates; the number 

of eggs isolated and the corresponding number of eggs that hatched 

Tox Ba Agooc Ie 

ge | g8 | fa | 8 ge | $8 | fe | 2 
NO. a is BS aie NO. a ane a ays 

4 .9 A 5 2 ; ines | iS) 

Lilia eae! Wine Mee ay 
13 pg 0 0 0 39 18 | 284] jo99!| 9Q 
14 Nove ag ga oa A 40 13,1) FO1S: gz aco 
15 13 | 200 | 69 0 41 20 | 585! 368| Oo 
16 2 0 0 0 42 17) ALE | a7 ig 
iby ec teen. || a! 0 43 | 20: 853: | coer ero 
18 past al ioe 8 0 44 | 20 | 296! 125 | 136 
19 ia 8G. ls 30 0 45 20 || 288 | 403) 
20 Ao) 4G ale ike aaa |_| | 

SP RG es aedent ae 
23 £45 4) 311 10 25 aa 
24 13 | 144 | 38 0 
25 RP vale od) Bi Or ee wena 
26 Fe TOON 4) 2SG0ul veil eae |) Sickel om heen 
27 Ha Ole OCs \y “9 eon Cee se | 2a | *E 

| | 3 E | a3 28 20 | 0 0 0 | $8 | s8 Si | 8 

Total 997 | 324 | 78 ie 2 | 513| 3| 0 

Be on cent 47 11 | 296| 1581, 0 
ne ae 48 20 | 400| 209] 11 

hea ex Be 49 20, 480 | 798 18 
z : a8 : ; : a 50 AG eAgT N28 on iG 

NO. Nip ete als EGS ss B vi [rept roe . 
las 3 5 3 sa oe Total 2171 | 1099 24 

i i mie re z, ea 2 ees aoe oA =e 
6 9 98 99 0 50.6 per cent 

‘ 16) | ASe 220 \o we D 
8 Banleas sega G _Texag¢ - 
Oe sis | 257 65, | 0 | fa | $8 | ge | 88 

HON Ge 2a 12d. |) 0 e ab | #2 | ge | 25 
11 Be egal owe a Som eer is sa ee 
12 20 | 437 | 277 0 a Fe ie | SR 

| aase 29 20) |) 27en 150.) 6 

59.6 per cent at 7 TO epoca le nO 
| 32 13 16) 95 25 
AXA? 33 3 BB eoo8 |. <0) 
@a | 2a | 2a | 28 34 17 tie aL 6 wo oa Be of 

no. Ae | a2 | Be | Ze 35 Siieeo | | Olly 
Se | ce | ear) Sz 36 10 SON TOs ee 

Ng nce NUN ea 37 20) SEAT (orga ig 
1 20 | 460 | 278 Ole 38 20R ST 767 One 

9 20 | 392 | 164 0 Ose eT THE Gaara 
: Nae Wea r Total 1049 | 458 | 25 

4 3 57 30 | 0 43.4 per cent 
5 20 | 382 | 257 0 

Total (1435 | 808 0 

56.3 per cent 
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Diagram F expresses the essential relation of fertility as brought 

out in these three experiments. I shall consider the results of the 

last two experiments in making up the average since it is evident 

that these numbers express more nearly the actual facts of the 
experiment. 

TABLE 20 

Back crosses between hybrids (of Woods Hole and truncate stock) and the truncate 

stock. The table gives the number of females that entered into each cross. The 

numbers on the left side of each column show the number of eggs isolated, the corre- 

sponding number on the right the number of flies that emerged. 

cRoss | AQXTS| BEXTH| T?XAP| TE XBH| BE XB) AP X AP) WE X Wo 
— —___—— a _ = — 1 - — —|—— —— ~ — | ——___________ 

| | | | | 

NO. FEMALES | 12 15 | 28 28 15 | 15 | 15 

| | 
}eges adults eggs adults eggs adults | eggs adults| eggs adults) eggs adults! eggs adults 

—— ee | 
| | 

Jan. 23 713 | 110-45 | 120- 65 | 150-39 | * 61— 7 | 217-130 | 180-111 | 225-130 

24 60-20 | 114- 54; 70-26) 43-13 | 100- 0* | 103- 7*| 95- 45 
25 | 161-89) 130- 63 | 74-7* 55-18 | 131- 72 | 160- 43*| 116- 72 
26 135-41 | 142- 82 | 120-39 | 150-56 | 151- 87 | 115- 47 | 150- 97 
27 | 103-47] 90- 29; 183-21 | 170-40 | 151-100 | 150- 48 | 140- 91 
28 | 105-39 | 150- 55 | 200-86 160-74 | 165-104 | 166- 73 | 175-144 
29 | 160-80 | 200-119 | 175-63 | 146-42 | 190-145 | 231-153 | 176-123 
30 | 110-33 88-73) 125-58 | 107-46 | 112- 86 | 203-135 | 120- 81 
31 | 45-25] 63-44) 61-49) 51-16| 70- 50 | 100- 65| 95- 67 

Feb. 1 | 71-35} 106-55) 94-40| 45-11] 61- 45 | 125- 94 | 100- 75 
2 | 90-53) 86-49/ 80-52} 30-10 | 110- 80 | 125- 89| 36- 29 
3 | 40-28} 24-14] 33-18] 20-6] 59-41] 42-29| 25-17 
4 | 38-20] 45-29] 53-27| 438-19) 35-25] 60-39| 44 31 
5 | 20-8} 45-22) 50-18) 10-3] 35-25] 21-12| 30-21 
6 -43-23 | 50-24] 34-18] 20-7] 35-31] 86-59 | 
7 27-12, 78- 37| 45-15! 30-8 | 100- 62 | 130- 58| 98- 76 
8 39-16 | 91- 44] 3412) 27-8 | 102- 55 | 120- 55| 50- 38 
9 | 52-25 | 150- 75 | 105-40) 43-12 | 53- 34 | 100- 49 | 100- 74 

10 | 160-88 | 85- 49} 100-34 |  28- 0*| 121- 63 | 150- 80 66- 50 
ra | 140-73 | 114- 42) 102-36| 17-1 | 115- 70 | 115-60 | 135- 81 
13 | 50-383] 51-22] 50-20) 0 55- 28 | 53- 38) 54 36 
14 | 51-26] 50-18] 50-17| 0. | 55-30] 56-30) 55-43 

Motals i.  1810-859,2072-1064| 1864-728, 1228-397 2122-1363 2328-1324 2085-1421 
te Pe EY fe | | 

Per cent...) 47 Blea: (SOA mee 64 57 70 

* These bottles met with an accident and are not considered in the totals. 
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v R xm AS Bol) x BE # 

56.8 24 : 
59.6 

Sey rx UTES. 

3 28 0 
jad 41.5 $4.1 5.4 
43.4 543 35 50.6 

Diagram F Summary of tables 18, 19 and 20, showing the effect on fertil- 

ity of back-crossing the hybrids into the recessive low-pruducing truncates. 

THX Ts e¢ we x we 

oS 80 

ASK Ae Tx Te eM BER Be 
6.6 

61.9 

8.5) 

9797 50.9 97 st 

@ 
©= Calculated 

Diagram G Expresses the essential relations of the behavior of fertility in 

heredity a3 based on the foregoing experiments. The numbers in the circle 

express the calculated percentage. The other numbers express the observed 

percentage of fertility. 

In diagram G a composite picture is given of all the experiments 

that bear on fertility in these crosses where an accurate method of 

measurement has been employed. 
If 24, 75, 55, and 80 express the actual fertilizing powers of the 

gametes of the different combinations then the percentages as 

given in the hybrid back crosses can be explained on the following 

assumption. 
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The hybrid A is made up of T? and W.. Let us assume that 

its germ cells segregate into the parental types in so far as factors 

for fertility are concerned. Accordingly A @ produces two kinds 

of eggs, T eggs and W eggs. Ac will produce two kinds of sperm, 

T sperm and W sperm. Diagram H expresses the relation as to 

what happens when the gametes are brought together. 

bgt = T 

Pe cal 
Sperm T E— 53E 

Diagram H Showing the possible combinations of the gametes of the 

hybrids (A) on the assumption that the germ cells have segregated into the 

parental types in respect to factors for fertility. 

When a T sperm fertilizes a T egg 24 per cent of the eggs hatch 

When a T sperm fertilizes a W egg 80 per cent of the eggs hatch 

When a W sperm fertilizes a T egg 55 per cent of the eggs hatch 

When a W sperm fertilizes a W egg 75 per cent of the eggs hatch 

The sum, 234, divided by 4 gives on this assumption the actual 

fertilizing power of the combination, or 58.5, which corresponds 

very closely with the 56.6 observed. In like manner the other 

combinations may be determined. I have placed in a circle in 

each case the calculated percentage of fertility; the number out- 

side the circle expresses the observed percentage. The agree- 

ment between the two sets of numbers lends support to the view 

that the germ cells of the hybrid do segregate into factors identical 

with those of the parents in so far as factors that are responsible 

for fertility are concerned. 

We find here, I believe, the key for the low fertility of the 

truncates. They have become homozygous for many factors. 

The corresponding rise in fertility when crossed into other races 

is to be explained on the assumption that the combination formed 

is heterozygous for more characters upon which fertility depends 

and consequently more likely to develop. The assumption seems 
a reasonable one to make in light of the fact that we are able to 
predict the fertilizing power of the gametes in a given combination. 
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It will be recalled that over sixty generations of continous 

selection has failed to produce pure truncate stock. May not 

this result be explained on the grounds that only the heterozygous 

forms with respect to this structure ever reach maturity; the 
homozygous or pure truncate animals never come into existence? 

It is of interest in this connection to recall Cuénot’s failure to 

produce yellow mice that would breed true. 

The reduced fertility of the inbred stock in successive genera- 

tions of inbreeding may also find its explanation on the assump- 

tion that the gametes have reduced to a condition approaching 

homozygosity for as I was able to show in the Fy, generation a 
larger percentage of zygotes developed as a result of outbreeding. 

FERTILITY AND HIGH PRODUCTIVITY OF THE HYBRIDS 

It has been pointed out that the hybrids that resulted from the 

crosses between the low-producing truncates and the high-pro- 

ducing wild stocks give rise to a large number of offspring. They 
produce on an average many more young than their high-produc- 

ing parents. The fertilizing power of their gametes when inbred 

was only 56.6 per cent, while in the Woods Hole stock it was 75 

per cent. In other words, the productivity of the hybrids is 

higher than its high-producing parent, but the fertilizing power of 

its gametes is lower. 

This apparent contradiction is accounted for by the fact that 

the output of eggs of the hybrid female is greatly increased and de- 

spite the fact that the fertilizing powers of the egg and sperm when 

placed together is relatively low, nevertheless the production of 

offspring is very high. This fact shows how easily one might be 

misled by using the number of offspring as a measure of the fer- 

tilizing power of the egg and sperm when not controlled by more 

accurate means. A comparison of the number of eggs laid by 

the hybrid, table 21, with the number laid by the Woods Hole 

females, tables 14a, 15a and 15d will show that the output of 

eggs from the hybrid is practically twice that of its high-produc- 

ing parent. 

The following controlled experiment, table 22, confirms the 
foregoing conclusion and also shows that it makes no difference 
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in regard to egg production whether the father or the mother of 
the hybrid came from the low-producing truncate stock. 

In this experiment conditions were as uniform as possible. 

The virgin females were in each case paired with three of their 

brothers. The,eggs were counted each day with the aid of a 

dissecting microscope and discarded. ‘The females in this experi- 

ment were given a chance to lay their eggs on dried apples that 

had been soaked in water and allowed to become slightly sour. 

This insures great accuracy in counting, as the white eggs are 

easily seen against a brown background. 

The count as given in tables 21 and 22 supports the conclusion 

that the hybrid female has a greatly increased ouput of eggs as 

compared with the Woods Hole female. Now despite the fact 

that only about 56 per cent of her eggs hatch when tested with her 

own male, yet she is able to produce as many if not more offspring 

than her high producing parent, the fertility of which is 75 per 

cent. We should expect the hybrid to lay approximately twice 

as many eggs. An analysis of table 22 shows this to be true. It 

is true that no far-reaching conclusion can be based on such a 

round-about treatment as this, taken alone. This evidence must 

be taken in connection with the other evidence presented. If the 
percentage evidence as given is correct, and if it is true that the 

hybrids are excellent producers, as judged by the number of off- 

spring produced, then we should expect the egg-production to be 

greatly increased. The count as given here verifies the expecta- 

tion and makes the former conclusions more certain. 

The anomalous condition that the fertility of this animal may be 
relatively low and yet its productivity high, finds its explanation 

in the facts presented and shows, as before stated, how one may 

easily be misled in regard to fertility in heredity by using the 

number of offspring produced as a guide, when not checked up by 

more accurate means. 

The increased egg-laying capacity on the part of the female may 

seem strange at first sight, especially when we recall the fact that 

neither parent possessed it to such a marked degree. But let it 

be recalled that the hybrid is more virile, as judged by the length 

of life, than either parent and that the same thing is probably true 

in regard to their reaction to light. In fact, in every way these 

ae 



TABLE 21 

Number of eggs laid by the offspring of the crosses between the low-producing truncates 

and the high-producing Woods Hole stock. These are the same females given in 
table 18 

(A) AQX Act (B)BeXBa 

NO. | DAYS COUNTED | NO. EGGS LAID NO. DAYS COUNTED | NO. EGGS LAID 

1 | 34 1056 10 | 33 974 
| 6 144 11* | 10 221 
3 14 0 12 | 46 826 
4 13 372 13 | 84 1807 
nen] 7 | 170 14 | 48 1429 
6* 4 116 Gia 15 351 
7* 15 462 16* 28 782 
8 88 2184 50 26 552 
9 Fill 1613 51 33 756 

56* 30 | 828 52 52 601 
57* 16 371 53 44 652 
58 52 1246 54 48 901 
59* 14 304 55* 9 200 
60* 59 | 1265 as Se we 
61 | 48 1360 Total 476 10052 

Total | 471 11491 Average per day 21.12 

Average per day 24.4 

* Escaped 
TABLE 22 A 

Showing the total output of eggs of the Woods Hole stock and their hybrid children 
when crossed to the truncate stock 

WH? X WH? A? X Ac Be xX B& 

NO. tare oF Xo. BaGs ae ae | mo OF Bie or NO. | ea Or Yo 

ee a 812 besa doa: Top ineas |e tenn 
14} 51 443 2 | 14 403 8 38 1043, 
15 61 9 3 34 886 9 | 55 1511 

HGS Gil" 896 1 31 589 10 29 740 
7s) Gl 369 5 52 1482 11 50 1204 
13 16 346 6 | 52 232 12 | 20 490 
1 es ae . ar nls errs. 
6 | 57 .|. ogy. , Lotal... .| 234 5998 Total... .| 232 5823 
21 | 54 600 foe he ae yt 
22 | 61 1034 Average number of eggs Average number of eggs 

laid per day 25.63. laid per day 25.09. 
Total..| 517 | 6216 

Average number of 

eggs laid per day 12.02. 

Average number of 

eggs laid per day, not 

considering number 15, 

13.61. 
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animals seem to be better somatically than either parent. To be 

sure, their fertility inter se is much lower but it should be remem- 
bered that while the individuals belong to one generation the egg 
and sperm produced belong to the next. 

The following suggestion is offered as a tentative explanation: 

It is probable that some factor or factors, let us say, regulate egg 
production in the normal wild fly.!. Let us designate these as AB. 

Let us assume that the truncates have dropped out some factor 

from this mechanism, then their formula would be expressed by 
Ab. ‘The other stock used had been inbreeding in mass cultures 
in the laboratory and had probably lost some factor, let us say 
A. Then their formulae would be expressed by aB. When the 

two races are crossed, the two factors are brought together again, 

thus ABab, and the normal egg-laying function is restored. The 

explanation holds at least tentatively for other improvements to 

be seen in the hybrid. The number of factors concerned is not to 

be looked upon to be as simple as the formula would seem to indi- 

cate. Instead of two factors, as the formula shows, there may be 
many units concerned, but the principle is the same. The things 

lost out of the germ-plasm of one are made good by those present 

in the other and thus normal conditions are restored. If this is so 

we should expect to find members of this species in nature that live 

well on to one hundred days and some that have high egg produc- 
tion and high fertility combined. They should produce well on 

to two thousand flies. 

FERTILITY OF THE LONG-WINGED BROTHERS AND SISTERS OF 
THE TRUNCATES 

When the long-winged flies thrown by the truncates are bred 

together their productivity is greater than their truncate brothers 

and sisters. This fact is brought out in table 23 where 120 is 

recorded as the average per pair. Their truncate brothers and 

sisters used for control produced an average of 77 offspring per 

pair. The flies were of the same ancestry and subject to the same 

environmental conditions. That the long-winged forms produce 

1 Whether the actual formation of germ cells, in this case eggs, or the regulatory 

mechanism that governs their actual maturation and discharge is involved is a 

problem more difficult of solution. 



FERTILITY AND STERILITY IN DROSOPHILA 207 

more offspring than their truncate brothers and sisters is borne 

out by table 24, in which the F; generation of the longs as thrown 
by the truncates are tested in pairs. In this experiment they 
gave an average of 92 offspring per pair, while 34 pairs of truncates 

used for control gave an average of 47 offspring per pair. (Table 

1, Fis.) 
I have pointed out that the number of offspring produced by 

a pair of flies is not an infallible guide to the fertilizing power of 
their gametes. That the fertilizing power of the egg and sperm 

of the long-winged forms is greater than that of the truncate flies 

is supported by the foHowing experiment, in which the eggs were 

isolated and 37 per cent hatched. Since I have never been able 

to obtain more than 24 per cent of fertile eggs from the truncates 
I conclude that this difference when taken in connection with the 

other evidence is significant. Attention is called to No. 31, table 

14b, in which the fertility of a long-winged female is 38 per cent, 

or 14 per cent greater than her truncate sisters. 

The data recorded in table 25 are too small upon which to base 

any very definite conclusion in regard to this obscure phenomenon, 

TABLE 23 

This table shows the result of testing in pairs the long-winged brothers and sisters of 

the truncates. For testing of truncate brothers and sisters to these, 
see table 1.—F 44. 

| | 

NO TRUNCATE | TRUNCATE TOTAL | LONG | LONG TOTAL GRAND 

barns rot | 2 | TRUNCATES | of | g | LONGS TOTAL 
| | 

1 5 5 LOG seek ote so 80 90 
Z 15 14 29 | 76 75 151 180 
3 2 4 6 21 23 50 
4 3 4 ii 67 | 75° 142 149 
5 11 6 17 37 28 65 82 
6* ~~ — — — = -- 
7 12 | 17 29 53 59 1 141 
8 7} 7 14 56 56 | 2 126 
g* — — | = =| = — 

10 15 10 2h ib OL Ree NS a AES 144 
ue ———| wet 

opal... 70 67 137 421 | 404 | 825 962 
a eee = ot a ee BE tS, | ——s = = 

Average... meatt a — — | aE ae 120 
—_—__ —— — - = = _ ¥ 

* Sterile. 



TABLE 24 

Showing the result of breeding in pairs the long-winged individuals selected from 

the previous experiment, the results of which are shown in table 23. 

ANCESTRY SERIAL! TRUN- | TRUN- TOTAL | LONG LONG TOTAL GRAND 

NO. NO. |caTEG| 9 TRUNCATE fof 2 LONGS TOTAL 

2 Pe seal aay 20 | 66 49 115 135 
2 2 0 0 0 | 33 33 66 66 
2 3 0 0 0 | 6 7 13 13 
2 10 ae i oe oe = = 
2 5 2 5 7h 8 Fi 15 22 
2 6 0 0 oO | 68 42 110 110 
3 Thea Nie— |e | a) | as Ee 
3 8 5 4 | 9 57 53 110 |. 19 
3 9 3 2 5 By 35 72 77 
4 10 7 2 9 42 56 98 | “te 
4 1*| — | — — — — = — 
4 12 6 8 14 59 | Thad e186 150 
4 13 0 1 1 27 42 69 70 
4 14 0 1 1 41 38 79 | 80 
4 15 3 1 4 | 24 2, | 51 | 55 
4 Lond Ss) eis 28 72 Oe ae ie 149 
4 17 15s 10 25 66 53 119. |.) p14 
4 18 Hi) al Sil 5 13: (ig a hes 
8 tye We Se — | _ == -: a= 
8 20 2 4 6 17 31 48 54 
8 21 4) sitet 15 57 40 OF Nee ee 
8 22 0 1%) 1 4 5 9 10 

10 23 5 9 | 14 86 86 172 186 
10 of || 94.) 45 | 69 50 | 52 102 171 
10 O5* | | — — — = = 
10 26 1 4 | 5 30 41 71 76 

Motals oe | 104 | 134 | 238 858 828 | 1686 1924 

Average... = — | area = — | — 92 

* Sterile 

TABLE 25 

Showing the number of eggs isolated and the corresponding number that hatched on 

pairing the long-winged males and females thrown by the truncates 

; | Enos NO. EGGS 

ioe | ISOLATED | HATCHED iat 

1 152 | 66 0 

Bat AL 14 31 

Seem Git! yee eco NY te 
: 73 | 22 20 
5 5/7 ))|, Rasta 0 

Total | 382 140 | 82 
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but that the productivity of the long-winged individuals is greater 

than their. truncate brothers and sisters I can testify from my 

experience with them in mass culture, and it would seem as though 

this increased productivity is due to the increased fertilizing power 
of the egg and sperm. I shall return to this question in Part IV. 

BEHAVIOR OF THE TRUNCATE WING IN HEREDITY 

Attention has already been called to the fact that many genera- 
tions of inbreeding the truncate brothers and sisters has failed to 

purify this stock. The truncate always throw long-winged males 

and females. . The long-winged flies in turn throw some truncates. 

Table 1 gives the number of truncates and longs that appeared in 
the different generations by continually selecting the truncates. 

From a total of 6356 there are 5469 flies with truncate wings and 

887 flies with long wings; a ratio of 1 long to 6.2 truncate. Dur- 

ing the period under investigation this ratio remained fairly 
constant. 

When the long-winged flies thrown by the truncates were bred 

together there appeared in a total of 962 flies, 825 with long wings 

and 137 with truncate wings; a ratio of 6.2 longs to 1 truncate. 

When the F, generation of long-winged flies were bred together 

the different classes appear as shown in table 24. In a total of 

1924 there are 1686 long-winged flies and 238 truncate flies. The 

males and females are about in equal proportions. This givesa 

ratio of 1 truncate to 7.1 long. This ratio is practically the oppo- 

site of the condition found in the truncate wing which threw 1 

long to 6.2 truncates. 

When the truncates are paired with the long winged wild stocks 

such as the inbred or Woods Hole, long wings are dominant to 

short, but not completely so; for while no truncate wings appear a 
new class of wing arises. This is along wing with small crescent 

shaped piece cut out of the inner margin at the tip of each wing. 
These will be referred to as ‘crescents.’ 

In the cross as given in table 3 there appeared among a total 

of 1784 hybrids, 41 crescent males and 35 crescent females, a 

ratio of 1 crescent to 21.2 longs. In the reciprocal cross from a 

total of 4711 offspring there were 30 crescent males and 84 crescent 
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females; a ratio of 1 crescent to 40.3 longs. I shall neglect this 

ratio in further discussion as it appears to be aberrant., 

In the cross as given in table 6 a, there were 34 crescent males 

and 19 crescent females, a ratio of 53 crescent to 1127 long or 1 to 

21.3. In the reciprocal cross, table 6b, there were 30 cres- 

cent males and 49 crescent females in a total of 1714. This 
gives a ratio of 79 crescent to 1635 long or 1 to 20.7. 

The different classes appeared in F, generation of the crosses as 

follows. From a total of 16096 as given in the cross in table 9 

there are 516 truncate males, 778 truncate females, 431 crescent 
males, 633 crescent females, 6881 long males and 6857 long females. 

In the reciprocal cross there are 273 truncate males, 332 truncate 

females, 315 crescent males and 436 crescent females, 4986 long 

males and 5458 long females. Out of a total of 27896 there are 

1903 truncates and 1881 crescents. This gives a ratio of 1 trun- 

cate to 13.2 longs and 1 crescent to 13.4 longs. The ratio is 
practically the same in both the cross and the reciprocal. To 

summarize in a general way, we may say that during the period 

of investigation the truncates threw one long in 7= truncates. 

Their long-winged brothers and sisters threw 1 truncate in 7+ 

longs. ‘The new type of wing, the crescent, appeared in the crosses 

between the truncates and the wild stocks and in the ratio of 1 

crescent to 21 longs in both the cross and its reciprocal. In the F, 

generation crescents and truncates appear in equal numbers from 

both the cross and the reciprocal and in the ratio of 1 to 14. 

These ratios apparently do not fall under any Mendelian 

explanation and yet I believe that any explanation of these ratios 
must take into consideration the great viability of the truncate 
stock and my opinion is that when more facts are available this 

case may be found to fall under a Mendelian formula because 
there is evidence of segregation and because definite ratios appear 

according to the combinations that are made. 
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SEX RATIO 

It is not the purpose here to enter into a discussion of sex-de- 

termination. I merely wish to bring together the data from the 
foregoing experiments that bear on the question of sex-ratios. 

Since the viability has been so great in some of my strains it seems 

remarkable that disturbances in the sex-ratio have not been 

encountered. The tables show the ratios to be remarkably con- 
stant, with a slight excess of females in almost all cases. The 

females emerge first and if a count is made at this time there is 

in almost all cases a large excess of females. At times the ratio 

may be as high as two or three females to one male. Toward the 

middle of the count, however, the ratio approaches equality and 
toward the end of the count the males are usually in excess and this 

tends to equalize the sex ratio. It is not that the first eggs laid 

produce females but that the egg which is to develop into a female 

carries its development through on an average from twelve to 

twenty-four hours more rapidly than the male. This is evident 

from the hundreds of bottles from which my counts have been 

made. 

Different strains of these flies vary somewhat in their rate of 

development. The truncates always emerged from two to four 

days later than the wild stocks used in control. The hybrid fly 

carries its development through to the hatching stage more rapidly 

than either of the parent strains. 

I have said that the sex-ratio is remarkably constant, with the 

females slightly in excess. This statement applies to the inbred 
stock, the truncate stock and the Woods Hole stock when brothers 

and sisters are paired. Diagram 1 shows the ratio of males to 
females to be 100 to 103; 100 to 103 and 100 to 107 respectively. 

I think that the slight excess of females is due to the factors to 

which reference has already been made. When the different 

races are crossed into each other a rather large excess of 

females appears. This statement also holds for the children 

and grandchildren when tested together in pairs. I do not believe 

that the early emergence of the female from the pupae will ac- 
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Diagram I Showing the ratio of males to females. Compiled from the 

foregoing experiments. T = truncate; WH = Woods Hole; I = inbred. 

count for the rather large excess of females in these crosses. It 

should be stated here as a matter of fact that the sex ratio doesnot 

change with the age of the female.. Diagram I gives the sex-ratio 

as compiled from the foregoing experiments. 
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STATEMENT OF THE PROBLEM 

In the work done thus far in animal behavior, no successful 
attempt has been made to apply any form of precise measure- 
ment to movements produced by light of known differences in 

intensity. The experiments on the blowfly larva described in 
this paper were devised for the purpose of making exact quan- 

213 
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titative measurement of the light reactions.in some suitable and 

easily available animal. The light was applied as two opposed 
beams, the intensity of which could be easily controlled and 

precisely measured. The responses to the stimulation produced 

by two beams of different intensity acting simultaneously on 
opposite sides of the same animal were measured in angular 

deflections from an initial path of locomotion. 

LITERATURE 

The earliest paper on the light reactions of blowfly larvae was 

that of Pouchet, in 1872. He described a series of experiments 

with daylight and artificial light, showing the negative character 

of the light response of the larvae of several species of the old 

Linnaean family of Muscidae. A considerable portion of the 

paper is devoted to experiments devised to locate the light 

recipient organs. The fact that the light response did not dis- 

appear when the sensory cones of the anterior end were excised, 

led Pouchet to conclude that the imaginal discs of the adult 
compound eyes were the sensitive organs. This conclusion was 
borne out by his observations on the increase of sensitiveness 

with the age of the larva, which coincides with the increase in 

development of the imaginal discs. ,The following quotation 

sets forth his interpretation of the way in which the imaginal 

dises serve, not only to perceive the light but also the direction 

of the rays (1872, p. 316): ‘‘La lumiére, frappant, sous des angles 

différent, les surfaces toutes différent inclinées sur horizon des 

yeux embryonnaires, donne A l’animal le sentiment de la direc- 

tion des rayons, par l’intensité relative avec laquelle ils affectent, 

grace 4 leur incidence, les différent yeux.” 
This conclusion is interesting in its foreshadowing of the ques- 

tion of the relative effect of ‘ray direction’ and ‘intensity differ- 

ence’ on orientation which grew out of the tropism controversy 

nearly twenty years later. 
The work of Pouchet, like most studies of behavior of this 

period was done on the basis of preference as shown by experi- 
menting. Conditions were so arranged that the animals could 
move into regions of higher or lower intensity or of particular 
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color, and the results were interpretated in terms of human 

experience. The behavior of an animal that was assumed to . 

have the freedom of choice was said to indicate its preference. 

The students of plant behavior—because the subjects of their 

experiments were remote from human activities—had begun to 
free themselves from the anthropomorphic point of view long 

before the zodlogists. With their earlier analytical outlook on 

the natural phenomena, came an earlier seeking for mechanical 

explanations. In the middle of the last century, when animals 

were still going toward light “because they liked it,” or “because 

it aroused their curiosity,” the botanists were seeking to deter- 

mine the nature of the mechanism involved in the reactions of 

plants to light. 

As early as 1831 de Candolle had used the term heliotropism to 

describe the bending of plants toward the sun. This he believed 

to be due to the direct effect of local difference of intensity, 

growth being retarded on the more highly illuminated side. 

The inadequacy of this explanation was shown by Charles Dar- 

win and his son Francis in their work on “The power of movement 

in plants;” these investigators demonstrated the difference be- 

tween sensitive and reacting tissues and the transmission of 
stimuli from one to the other. 

Sachs, however, did not accept the theories of the Darwins 

and advanced the explanation that the turning was controlled 

- by the direction in which the rays of light penetrated the tissues 
of the plant. The simplicity of the theory of Sachs was very 

alluring, but, like many ‘simple mechanical explanations,” it 

fitted only a few of the facts. | 

Soon after the work of Sachs appeared, Loeb took up the study 

of animal reactions with the purpose of analyzing the phenomena 
in terms of physics and chemistry in opposition to the anthro- 

pomorphic ‘explanations’ prevalent at that time among zoologists. 

His attitude is well expressed by the following quotation from one 

of his later works. He says (’05, p. 1x) “I consider a complete 

knowledge and control of these agencies (which determine be- 
havior) the biological solution of the metaphysical problem of ani- 

mal instinct and will.’”’ Whether or not future work bears out 
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all Loeb’s conclusions is a matter of small importance beside the 

tremendous advance in clear thinking which has resulted from the 
analytical attitude he has from the first maintained. 

In his earliest work bearing on the orientation of animals to 

light (88), he cites the reactions of fly larvae in support of his 

explanation of orientation. The main interest of this work was 

theoretical and but few facts were added to the fairly complete 
account already published by Pouchet. Perhaps the most sig- 

nificant of these were his establishment of the restriction of the 

sensitive region to the anterior end of the larva and the balanced 

reaction to equal lights acting on opposite sides of the body. 

Loeb concluded that the factor of prime importance in orientation 

was the direction in which the rays of light penetrated the 

tissue, as Sachs had believed for plants. This view, however, 

he has since abandoned, as may be seen from the following 

quotation (’06, p. 130), 

We started with the assumption that the heliotropic reactions are 
caused by a chemical effect of light; in all such reactions, time plays a 
role. We assume, furthermore, that if light strikes two sides of a 
symmetrical organism with unequal intensity, the velocity or the char- 
acter of the chemical reactions in the photosensitive elements of both 
sides of the body is different; that in consequence of this difference the 
muscles, or contractile elements on one side of the organism are in a 
higher state of tension than their antagonists. The consequence is a 
curvature or bending of the head. ‘This is followed by a turning of the 
body, kept up until the stimulus acts equally on the bilaterally !ocated 
sensitive areas. When such a condition of balance is attained, the ani- 
mal no longer deviates toward either side, but pursues a direct path 
toward or away from the source of light. 

If it be true that the immediate effect of light in causing the helio- 
tropic reactions is of a chemical nature, we should expect that it must be 
possible by use of chemicals to control the precision and sense of helio- 
tropic reactions (’06, p. 131). 

The striking results which Loeb (’93, ’04, 06) obtained in 

his experiments on the chemical control of heliotropism are the 

strongest sort of evidence for his interpretation that light reac- 

tions depend fundamentally on a chemical reaction, the extent of 

which is dependent on the intensity of the light. 

Loeb thus opened a new field of tremendous interest. The 
mechanical explanation of orientation to light became the ob- 

. 
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jective point of work on light reactions. Interest no longer cen- 

tered about the cataloguing of the positive or negative response 
of various forms, but about the developing of a general theory of 

light reactions. 

With the possible exception of Engelmann’s work on swarm 

spores, most of the work on behavior up to this time had dealt 

with mass reactions rather than with the details of individual 

reactions. In 1897 Jennings began a study of the aggregations 

so commonly found in the cultures of Paramoecium, by observing 

in the minutest detail the reactions that brought a single indi- 

vidual into the aggregation and held it there. The work on 

Paramoecium was followed by many other papers on the Protozoa 

and some on the lower Metazoa, all characterized by the same 

thoroughness in the observation of individual behavior. Such 

methods brought out many facts of great interest, previously 

overlooked. 
One of the points on which Jennings lays great emphasis is 

that behavior does not depend on the external stimulus alone. 

He believes that there are various internal factors which modify 

the reactions to the same external conditions. Former stimuli 

and the reactions of the organisms to them, as well as the meta- 

bolic processes constantly going on within the animal, have their 

effect on the physiological state. The physiological state in turn 

determines to a large degree the reaction of the organism to ex- 

ternal stimuli. 

Jennings also found that in the Protozoa on which he worked 

there were no bilaterally located sensory areas and that the posi- 

tion of orientation was not one in which the median plane of 

structural symmetry was placed in a definite position with ref- 

erence to the source of stimulation. The ‘tropism theory,’ as 

put forward by Loeb, evidently did not apply to these organisms. 

Jennings observed that changes in the direction of locomotion 

were brought about by ‘motor reflexes’ directed toward a struc- 

turally definite side of the organism. He characterizes this 

method of orientation as one of ‘trial and error.’ The ‘varied 

movements’ of locomotion involve contact with varying environ- 

mental conditions, selection from among these conditions is 
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brought about by the ‘motor reflex’ produced whenever a stimu- 

lus is encountered. This usually removes the animal from the 

source of stimulation, for the ‘structurally definite side’ toward 

which the reflex is directed is that opposite to the side on which 

the sensitive area is located. If the distribution of the stimulus 

in space is such that these reflexes hold the animal on a direct 

path with reference to the source of stimulation, a response 
resembling a ‘tropism’ results, but the method of its accomplish- 

ment is different from that assumed by Loeb. Jennings did not, 
however, believe that the orientation of all animals was brought 
about by the motor reflex (’06, p. 271). “In the symmetrical 

Metazoa we of course find many cases in which the animal turns 

directly toward or away from a source of stimulation without 
anything in the nature of preliminary trial movements.” 

About this time Holmes (’05) published a detailed account of 

the movements involved in the orientation of the individual 

blowfly larva. He lays great stress on the significance of the side 

to side swinging of the anterior end which occurs when the larva 

is suddenly stimulated by lateral illumination. These random 
movements, he believes, afford a means of selecting a favorable 

direction of advance. He says (’05, p. 105): 

There is, so far as I can discover, no forced orientation brought 
about by the unequal stimulation of the two sides of the body, but an 
orientation is produced indirectly by following up those chance move- 
ments which bring respite from the stimulus. I do not deny that there 
may be an orientating tendency of the usual kind, but if there is, it 
plays only a subordinate réle in directing the movements of the animal. 
The orientation of these forms is essentially a selection of favorable 
chance variations of action and following them up (p. 106). It may 
be said to be a form of the trial and error method minus the element of 
learning by experience. 

Herms has published two articles on the light reactions of the 

larvae and adults of the Sarcophagid' flies. The earlier paper 

(’07) is based largely on a field study of the light reactions as they 

affect food habits and migration. The second paper (711) con- 

tains an account of numerous laboratory experiments in which 

he has brought out a number of interesting points, such as the 

increased rate of crawling under increasing intensity of illumi- 

1 Herms bases his classification on Girchner’s system, published in 1896. 
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nation, the positive reaction of aggregations of feeding larvae 

to a light of moderate intensity, and the circus movements per- 

formed by larvae with one side of the anterior end blackened. A 

valuable part of the paper is occupied with the confirmation by 
more exact experimental data, of several of the earlier conclusions. 

Mast in his extensive treatise on “Light and the behavior of 

organisms’ has collected practically all the important work of 

the earlier writers and added many experiments of his own. His 

original work is similar to that of Jennings in the careful obser- 

vation of the details of individual behavior. One cannot fail to 

be impressed by the painstaking methods of his experiments, 

but it is difficult to see how his results invalidate the theories of 

Loeb so completely as he would have us believe. 

Considerable space is devoted to the reactions of fly larvae. 
Experiments are described which bear out the conclusion of Loeb 
and Herms that the sensitive region is restricted to the anterior 

end, but none of them aid materially a precise localization of the 

sensitive organs. His experiments on the effect of intensity 

on the rate of locomotion failed to yield any very definite results, 

largely because they were made with horizontal lights and hence 

the shadow of the animal’s body prevented the direct operation 

of the light on the sensitive anterior end. The most interesting 

part of his work is the series of experiments by which he estab- 
lishes that, in this form as well as others on which he worked, ori- 

entation depends primarily on the intensity which operates on the 

sensitive surfaces, but depends on ‘ray direction’ only in so far as 
it modifies the operative intensity on the receptive areas. His 

analysis of orientation will be taken up in same detail in the 

discussion of theories of orientation. 

Several authors have experimented with the effect of colored 

light on maggots, but the work of Gross (’13) is, by reason of the 

refinements of his apparatus and methods, by far the most ac- 

curate that has been done is this field. The colors used in his 

experiments were practically monochromatic and were accurately 

measured for intensity by means of a radiomicrometer. The 
sequence of effectiveness which he established for the larvae— 

green, blue, yellow, red, decreasing in the order named—is 

unusual in the greater effectiveness of the green than the blue. 
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It is interesting that in the imago the conditions are reversed, 

and the blue is more effective than the green. 

In the work which has been done on the light reactions of the 

blowfly larva there is essential agreement as to the general man- 

ner in which the animal actually behaves under various experi- 

mental conditions. The interest of recent work has centered 

about the discussion of details of behavior which have been 

adduced in support of one or the other of the theories of orien- 

tation. There has been no attempt made to obtain definite 

measurements of any phase of the orienting reaction. The pur- 

pose of the present paper is to devise a method of quantitative 

measurement which shall be available in work on light reactions 

and to apply such a method to the orienting reaction of the 

blowfly larva. 

APPARATUS 

The apparatus used in these experiments was constructed so 

that the opposite sides of the animal under observation could be 

subjected to opposed beams of light the actual and relative 

intensity of which could be varied at will. The plan of the 

apparatus is shown in figure 1. 
It consisted of a horizontal wooden frame in the form of an 

isosceles right triangle. As shown by the dotted lines on the 

diagram, this frame was so proportioned that a similar triangle 

measuring two meters on the base and 1.414 meters on the equal 

legs, could be laid out on it. Where the side bars of the frame 

came together to form a right angle, a horizontal platform 65 by 

35 em. was attached. On this platform, at the apex of the 

triangle were set up five 220-volt Nernst glowers, mounted | 

vertically and about 5 mm. apart, each with a’switch in circuit. 

Their position was such that no glower interfered with the light 
thrown on the mirrors by any other glower. When less than the 

five-glower intensity was desired, symmetrically placed glowers 

were used. 
A portion of the light from these glowers passed through the 

horizontal rectangular apertures (3.2 by 6.1 em.) in the screens 

d and d’, placed 25 em. from the glowers. 
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Fig. 1 Diagram of apparatus used to produce differential bilataral light 

stimulation. G, five 220-volt Nernst glowers; @ and M’, mirrors; / and f’ central, 

point of mirrors; O, center of observation stage; dotted lines, central ray of beam 

of light from the glowers reflected to O by the mirrors; d and d’, screens with rec- 

tangular openings; sand s’, light shields; a and b, 2c. p. orienting light with screens. 

The central ray of light from the apertures fell on the centers of 

the vertical mirrorgM and M’, which were cut from the best French 

glass, and, toinsure uniformity, fromthe same piece. These mirrors 

were placed at such an angle that they reflected the central ray of 

the beams Gf and Gf’ to the observation point O directly opposite 

the glowers. It will be seen that the apparatus was so constructed 

that the courses taken by the light over the two paths from G to 

O were equal in length and symmetrical in position. Further- 

more, the central rays impinging at O were in the same straight 
line but came from opposite directions. The two beams of light 

reaching this central point should be of equal intensity, and care- 

ful photometer tests showed them to be so. By using a single 

source of light for both beams, the uncertainty due to the pos- 

sible fluctuations in two separate sources of light was eliminated. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No. 2 
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A horizontal stage of slate 30 by 48 em., on which the animals 

were observed, was placed at the same level as the center of the 

glowers, and in such a position that the observation point O fell 

at its center. At either end of this stage, a 2-candle power 

incandescent lamp was set up at a distance of 55 cm. from the 
central point O. By means of these ‘orienting lights,’ (fig. 1 

a and b) a negatively phototactic animal could be started from 

either end of the observation plate, directly across the field of 

light from the mirrors. Light screens around the glowers, s, 

and a larger set of screens around the observation stage, s’ , shut 

out extraneous light and reduced reflection to a minimum. The 

orienting lights also were screened except for a small horizontal 

aperture throwing its central ray to O. 

With the apparatus thus set up, a maggot could be made to 

move on to the observation stage,.away from one of the orient- 

ing lights, so that two equally intense beams of light fell on its 

opposite sides. By reducing the intensity of one of the beams of 

light, differential bilateral stimulation could be set up, of any 

desired proportion or intensity. It was important to find a 

reliable method of reducing one of the beams of light. The 

episcotister, though very convenient, has been shown to be an 

unreliable means for the accurate reduction of light intensity 

(Parker and Patten ’12). Several forms of gratings were tried, 

none of which gave a perfectly uniform field. The difficulty 

of securing a uniform field, with diaphragms of small enough 

aperture to give the desired intensity differences, was very great. 
The most satisfactory means seemed to be to move the observa- 

tion stage to points on the basal arm of the apparatus where, 

according to the law I« < the intensities should be of the de- 

sired ratio. Such a method, though cumbersome, gave an ab- 

solutely uniform field, and the intensity could be figured with 

great accuracy.’ 
1 

* Hyde (’06) has computed very accurately from the law I «,, the amount of d2 

variation when the source of light is a cylinder of the dimensions of a Nernst 

glower insteadof a point. For the distances used in this apparatus, the variation 

is from +0.08 per cent to +0.03 per cent. 
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The percentage differences in the two lights used in this series of 

experiments were 662, 50, 334, 25, 162, 84 per cent, and as a con- 
trol, equality. The points on the basal arm of the apparatus 

at which these percentage differences exist are: 662 per cent, 

63.9 em.; 50 per cent, 41.4 cm.; 334 per cent, 24.6 em.; 25 per 

cent, 17.4 em.; 162 per cent, 11 cm.; 83 per cent, 5.4 em. to the 

right or left of the central point O. The percentage differences 

are in all cases expressed in terms of the stronger light. The 

actual intensities of the beams are given in table 1. 

With the apparatus set up for unequal opposed lights, negative 

animals should deflect toward the weaker light, and the de- 

flection should be greater as the difference between the lights is 

increased. This deflection measured in degrees gives the desired 

quantitative expression of the physiological effects of the light. 

MATERIAL AND METHODS 

1. Cultures 

The raising of blowfly larvae, and the duration of the various 

stages of their development under natural and artificial condi- 

tions, has been dealt with by Herms (’07, 711). He also made 

observations on the differences in behavior between certain of 

TABLE 1 

The intensities in candle meters of all the lights used in the series of experiments. 

The four-glower intensity is slightly lower than would be expected because the 

position of the glowers was such that there was a minimum of mutual heating at 

this intensity. The 834 per cent intensities do not fit in with the series because 

‘o obtain such a large difference it was necessary to re-set the mirrors. 

PER | INTENSITY OF WEAKER LIGHT | INTENSITY OF STRONGER LIGHT 

CENTAGE | RATIO IN CA. METERS | IN CA. METERS 
DIFFE R- Or | = : _ 
NC y | LIGHTS 5 5 = 5 3 ‘ 5 ENCE IN | LIGHT 1 3 / : 4 : | 4 

LIGHTS glow-| g.ow- glow- 
glowe 7 vers glowers glowers lower | glowers glower | glowers glowers glowers glowers| glower | glowers eas. | eas lene 

24.6 31 Equality ltol 6.32 13:.9 io) 41.1 | 6.32 13.9 24.6 | 31.5 | 41.1 

82% | 11 to 12 6.05 13.4 23.6 30.2 8005). enon 14.6 | 25.7 | 32.9 | 42.9 

163% 5 to 6 aed 1228 ODE San 2825 30.0 6.93 15.3 | 26.9 | 34.5 | 45.0 

25 % | 3 to 4 5.50 ie 21.4 27.4 Bi ft 7.34 16.2 28.5 | 36.5 | 47.6 

333% 2to 3 eral 11-5 20.2 25.9 33.8 7.83 17.1 | 30.5 | 39.0) 50.9 

50 % 1 to 2 4.60 10.2 17.9 22.9 29 Os) O22 20.2 | 35.8 | 45.9 | 59.9 

663% 1lto3 15.4 46.4 

832% | lto6 7.6 e | 46.4 | 

100 © Oto x 0.0 | 24.6 | | 
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the species, a detail which has been too often neglected in work on 

behavior. ‘Though the species he worked on especially, Lucilia 

caesar, and Calliphora vomitoria, reacted essentially in the same 

manner, the former was noticeably more sensitive to light than 

the latter. Similarly with various Planaria, Walter (’07) has 

shown well defined species differences in the light response. To 

avoid inconsistencies which might arise by the neglect of species 

differences, except for some preliminary experiments, the work 

was done with the larvae of a single species, Calliphora erythro- 

cephala Meigen. 
The larvae do not acquire their maximum sensitiveness until 

the end of the feeding period (Pouchet ’72; Herms ’11); as they ap- 

proach the pupal stage they became sluggish, and if not actually 

less sensitive, are certainly very tedious to record. The most fa- 

vorable age to make the light tests appeared to be at about the 

time of transition from the feeding to the migratory stage. 

Like many other forms, the larvae soon become acclimated to 

light, and are much more sensitive if kept from one to three hours 

in the dark. But a long isolation from food and moisture tends 

to make them sluggish and to hasten the pupal stage. The best 

procedure is to keep the whole culture in the dark and not remove 

the larvae until immediately before they are to be used. 

2. Variability of response 

There proved to be a wide range of individual variability in the 

response to light, the behavior of a few of the larvae being so 

characteristic that they could be easily recognized by their re- 

actions. For example, one larva had a preliminary exercise 

that it performed with great precision in each one of the experi- 

ments in which it was used. When placed with its anterior end 

away from the light, in the small wooden groove in which the 

larvae were started, this larva looped its anterior end directly 

back toward the light underneath its own body, until the ‘head’ 

emerged from under the posterior end and was struck by the full 

intensity of the orienting light; whereupon it promptly uncurled 

and crawled away from the light, responding otherwise like 

ordinary larvae. Out of several hundred larvae observed, I 
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have not seen this particular feat repeated. Though any ‘ex- 

treme individuality’ of this sort was uncommon, it was apparent 

that the rate of crawling and the response to light stimulation 

varied so greatly with different larvae under the same conditions 

that it had to be taken into account in a comparative study of a 
large number of individuals. To compare a larva of unknown 

sensitiveness, tested under one set of conditions, with an equally 

unknown larva tested under other conditions, would be of little 

value as an accurate basis for comparing the effect of the con- 

ditions. If one were attempting to find the precise effect of 

humidity on the time made by long distance runners, one would 

not try various runners of unknown speed, each under a different 

degree of humidity, and coinpare their ‘times’ as an index of the 

humidity effect. The only logical method would be to time the 

same runner under various conditions. His actual time would 

be an individual characteristic, but the relative time of the 

records under different conditions would be an index of the effect 

of humidity. 

3. Standard test. 

But we cannot use this method on blowfly larvae, for the short 

sensitive period coupled with the rapid changes in the degree of 

sensitiveness with age, makes it impossible to complete a series 

of comparative experiments on a single larva. The nearest ap- 

proach that can be made to such a method is to use, instead of a 

single larva, individuals which are as near alike as possible. For 

this purpose a standardization test, as it might be called, was 

devised and throughout the whole series of experiments only larvae 

testing to the uniform standard of sensitiveness were used. 

During the experiments, each larva was kept in a separate, 

numbered box. The record of the standard test, as well as the 

subsequent trails, was made by putting a drop of very dilute 
methylen blue solution on the posterior end of the larva and letting 

it mark its own course on a sheet of paper placed on the obser- 

vation stage. This method of recording the trails of larvae was 

used by Pouchet (’72) and Gross (13). It has been repeatedly 

checked by control experiments with tap-water and appears to 
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change the reactions of the larvae in no way. The number of 
the box in which the larva was kept, in combination with the date 

of the experiment,’ made an identification number for all the 

trails of an individual larva.. Thus the whole series of records 

was made permanent and can be referred to at any time. 
The trails of the standard test were made in the following 

manner. A maggot was placed in front of the orienting light 

(fig. 1, a), which forced it to crawl toward the center of the stage 

in a line perpendicular to the ray direction of the mirror beams. 

When it was well on to the stage, the orienting light was turned 

out and at the same time the side light (fig. 1, fO) thrown on, 

thus subjecting the larva to strong illumination from the left. 

The lateral illumination caused the larva to turn to its own right. 

After this trail had been completed, the side light was turned off, 

and the larva at once placed at the further end of the observation 

plate, where it was again started across the path of the mirror 

beams, this time under the influence of the opposite orienting 

light (fig. 1, b). The same side light (fig. 1, fO) was then turned 

on, but as the larva was crawling in the opposite direction, the 

light now operated on the right photo-sensitive area, producing a 

turning again toward the observer’s right, but toward the larva’s 

left. 

Figures 2 and 3 are photographs of actual trails made in this" 

way, except that the methylen blue trail has been blackened with 

india ink to show better in the photographs. The sharpness of 

the bend in such a pair of trails is an index of the light sensitive- 

ness of the larva, the symmetry of the curves, an index of the 

photo-sensitive balance. Only those larvae orienting to the new 

direction of light so accurately that both trails come to lie ap- 

proximately parallel to the direction of the rays, were used in 

making the records compiled in tables 2 to 5. The amount of 

variation within the limits of accurate orientation, according 

to this criterion, is shown in trails a, b and c of figure 2, all of 

which meet the standard requirement of sensitiveness. Though 

there is a clearly marked response to the new direction of light 

3 The method of writing dates employed in these records is the day, month, 

year, notation; thus 17/6/’13 is the 17th day of June, 1913. 
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Fig. 2. Three examples of test trails which pass the standard orientation test. 

Each pair of trails was made by a different larva. Though there is some differ- 

ence in the sharpness of orientation, each trail comes to lie parallel to the new 

direction of light. 
Fig. 3 Three examples of test trails which do not pass the standard orientation 

test. Each pair of trails was made by a different larva. Though there is a re- 

sponse to the new direction of light in all cases, the larva fails in one or both of 

its trails to come to complete orientation. 
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in the trails shown in figure 3, a, b and c, these trails do not come 

to lie parallel to the new ray direction. These larvae were sen- 

sitive to the light but not sufficiently so to orient accurately and 

therefore were not used in making the records on which the tables 
are based. 

In testing specimens from cultures at the optimum stage, from 

15 to 25 per cent of the larvae were discarded because they failed 

to orient sharply to the change of direction in the light. Al- 
though the maggots from the same cultures were all of the same 
age, they were not necessarily in the same stage of development. 

The discarded larvae probably represented individuals that had 

passed, or not yet reached, their period of maximum responsive- 

ness, rather thar those which would never reach the normal 

degree of sensitiveness. 

The larvae showing the desired accuracy of orientation were 

laid aside in numbered boxes and, after a rest, subjected to 

bilateral illumination from the mirror beams. Such a selec- 

tion gave uniformity to the animals used in compiling the final 

results, and though it raised their standard of sensitiveness 

somewhat above that of the general population, it did not in any 

way distort the relative values of the subsequent records; on the 
contrary it is only by thus insuring uniformity in the material 

used that the comparison of results from different larvae under 

various experimental conditions becomes of value. 

4. Plan of experiments 

The plan of the experiments was to subject larvae of standard 

sensitiveness to lights of accurately determined intensity, with 

the conditions so arranged that the reactions could be measured 

in physical units. The rate of locomotion of the larva under the 
influence of light of various intensities has proved a difficult and 

unsatisfactory basis for a quantitative study (Mast 711, pp. 

184-189). But orientation is a phase of the response to light 

which lends itself admirably to accurate measurement. 

According to Loeb (’05, p. 2): “If two sources of light of equal 

intensity and distance act simultaneously upon a heliotropic 
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animal, the animal puts its median plane at right angles to the 

line connecting the two sources of light.’”’ It follows, as a corol- 

lary to this hypothesis that if the sources of light are unequal, a 

negatively heliotropic animal would deflect from the perpendicular 

toward the weaker light. This has already been demonstrated 

by Mast (11, p. 179) for the blowfly larva. 

By measuring in degrees the deflection toward the weaker light, 

physical units of measurement may be applied to the physiologi- 

cal phenomenon. And since with equal lights there is no deflec- 

tion of the trail from the perpendicular to the line connecting 

the sources, whatever deflection there may be with unequal lights 

may be regarded as due to the effect of the difference between 

the lights. The starting point for a series of experiments of this 

sort would be at equality of the two beams of light. But it is 

not enough to know merely that there is no marked deflection 

when the lights are of equal intensity. It must be determined 

how many degrees from the perpendicular the aggregate re- 

sponse of a number of individuals falls. This necessitates not 

only a method of measuring each trail, but also a method of com- 
piling the data obtained by measuring many trails made by 
different individuals. 

The way in which we have obtained our results may be seen 

from a statement of (1) the method by which the trails were 

made, (2) the method of measuring single trails, (3) the method 

of tabulating the measurements. 

5. Making the trails 

The handling of the larvae in making the records is of sufficient 

importance to be described in detail. At each end of the obser- 

vation slate was a small wooden block, not shown in the dia- 

gram (fig. 1), with a groove in it leading down to the level of the 

slate. The blocks were located just in front of the orienting 

lights, the grooves extending along the line connecting the two 

lights (fig. 1, a and b). The larva to be tested was gently rolled 

from its box into the groove in front of the nearer orienting 
light (fig. 1, a), with its head away from the light. All other 
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lighfs were shut off; the mirror beams by slides, and the opposite 

orienting light by a switch. The larva, started straight by the 

groove, was forced to move on to the paper in the direction of the 

orienting light, and so directly across the field of light from the 
mirrors. When it was well on the paper, the slides were pulled 

simultaneously from the two mirror beams, and at the same time 

the orienting light turned off. This subjected the larva to equal 

bilateral stimulation by the two beams of light, for the orienting 

light brought it into the field with its median plane at right angles 

to the line connecting the sources of light. Under these condi- 

tions there should be no deflection toward either light, and 

in fact there was none, for the larva continued in the direction in 

which it was started by the orienting light (fig. 4, b). At the 

end of this trail the maggot was allowed to crawl into its box, 

held edge down to the paper, then without being touched in any 

other way, it was rolled into the groove in front of the opposite 

orienting light (fig. 1, b) with its anterior end toward the center 

of the stage, and driven back across the field of light from the 

mirrors. The lateral beams were then thrown on the larva again 

and the second trail completed in the same way as the first. 

After a rest, a second pair of trails (fig. 4, c) was run in the same 

way, except that the order of running was reversed and the trail 

from the farther orienting light run first. These four trails, 

together with the test sheet, form the complete record of an 

individual and the unit for compiling the tables. 

6. Elimination of asymmetry 

But the trails do not all conform so closely to the theoretical 

response as those of figure 4. For example, those shown in figure 

5 have a marked deflection under the same conditions of equal 

bilateral illumination. A careful study of this set will show the 
necessity of running the trails in pairs from opposite directions. 

In the lower trail (fig. 5, b), the larva deflected quite markedly 

to the left when the side lights were turned on, exactly as if the 

light from the right were stronger. But when its direction of 

crawling was reversed, it deflected to the right as if the left hand 
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Fig. 4 A set of trails made under equal opposed lights by a symmetrically 

responding larva; a, the test trails; b and c, trails under the influence of balanced 

lights. 
Fig. 5 A set of trails made under equal opposed lights by an asymmetrically 

responding larva; a, the test trails; b and c, trails under the influence of balanced 

light. 
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light were stronger. The trails are nearly perfect mirror images 

of each other. Although this deflection is first to the observer’s 

left and then to his right, it is in both cases toward the larva’s 

left, for the direction of its crawling was reversed between trails. 

Such a response indicates an asymmetry in the neuro-muscular 

mechanism of the larva. The right side must be either more 

sensitive, or muscularly more active than the left for it gives a 

greater response to the same amount of stimulation. This 

asymmetry is by no means as uncommon as might be expected, in 
fact a certain degree of asymmetry is far more common than even 

an approximately perfect balance of sensitiveness. Whether the 

asymmetry is anatomical or physiological is a question which will 

be taken up later. The point we wish to bring out here is the 
method of eliminating the effect of such asymmetry, for it might 

easily be a source of serious error. Many markedly asymmetrical 

larvae were thrown out by the preliminary test (fig. 3, a). But 

many of those giving a perfectly symmetrical response in the 

test-trails showed marked asymmetry when run in the balanced 

lateral beams. The reason for asymmetry appearing in the 

later records, when it was not shown in the test trails, I believe 

to be this. In the.case of the test trails, the larva is always 

orienting to a single light, and when orientation is attaimed, the 

anterior end of the larva is in the shadow of the posterior end. 

If the direction of light is changed, the larva keeps turning till it 

again crawls with its sensitive anterior end within its own shadow. 

If the ‘head’ swings out of the shadow, it is strongly stimulated 

and swings back again into orientation. Even if there were 
not a perfect balance of sensitiveness on the two sides, the lack of 

balance, unless it amounted to almost total insensitiveness of 

one side, would not appear under these conditions, for if, as the ~ 

larva throws its anterior end from side to side in crawling, it 

passes beyond the boundary of the shadow, the change of in- 

tensity is sufficiently abrupt to produce a response on the less 

sensitive as well as on the more sensitive side, thus holding the 

animal within a course sharply limited by its own shadow. 

When on the other hand the larva is made to crawl in a field of 

balance light, both lateral surfaces are illuminated, no matter 
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which way it turns, and the only means of maintaining its course 

is by a balance in the sensitiveness of the photo-receptive areas. 

This is clearly shown by trails such as those of figure 5. The 

guiding effect of the shadow is sufficient to obscure the unbalanced 
response in the trails of the test sheet and in the part of the trail 

made under the influence of the single orienting light. These 

trails lie almost exactly in the direction of the rays. But when 

the equal side lights are thrown on, which with a balanced larva 

should produce a direct continuation of the trail made under the 

influence of the orienting light, the asymmetry becomes at once 

evident in the deflection to the left. This larva, which gave a 

symmetrical test, proved to have the right side more sensitive 

than the left. Owing to some bilaterally unbalanced factor within 

the organism itself, it behaved, under the influence of equal 

lights, as if the right-hand light were stronger. Hence the 

deflection of a single trail is of little value in estimating the light 

effect. But turn the larva around and make it crawl into the 
field of light from the opposite direction (fig. 5, 6), it still swings 

toward its own left side, but by reversing the direction of the 

crawling, the expression of asymmetry has been made to fall on 

opposite sides of the perpendicular to the line connecting the 

sources of light. If we measure deflection to the right in plus 

degrees and deflection to the left in minus degrees and add the 

two, the trails of an asymmetrical larva, run in pairs in opposite 

directions, are reduced to the theoretical response, and to the 

actual response given by perfectly symmetrical larvae. 

7. Measurement and tabulation 

The trails are measured as shown in the diagram (fig. 6). The 

lines zy and x’y’ are drawn through the trails at the point where 

the larva was when the side lights were turned on, and perpendicu- 

lar to the line connecting the sources of light. A protractor is 

laid on the trail, with its center at the point where the lateral 

lights were turned on, and the deflection is measured in degrees. 

I have called this the angular deflection of the trail. 

The measurements obtained from each individual were col- 

lected in tables such as table 2. The deflection of each trail is 
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entered in the appropriate column, and the sum of the total minus 

deflection and of the total plus deflection of the four trails is 
entered in the net column. The sum of the plus and minus 
deflections of a larva divided by the number of trails made gives 

x? 10/9/7138 

F-16 

Vig. 6 Diagram to show the method of measuring trails. The lines zy and x’y’ 

are drawn through the trails at the points reached—marked by the arrows—when 

the side lights were turned on. The angle of deflection from this line is measured 

by a protractor, P. The small figures near the arrows indicate the number of 

wig-wag movements made when the side lights were turned on; Ist and 2nd refer 

to the sequence in which the trails were run; No. 7 is the box number, Which, in 

combination with the date, gives the identification number of the larva. 

the average angular deflection of the larva. The mean of the 

average deflections of a large number of individuals forms the 
final quantitative expression of the response to a given set of 

conditions. A study of this table shows that very few trails 
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TABLE 2 

Equality. Four-glower intensity 

| 
NUMBERS OF THE LARVAE. Ist SHEET | 2ND SHEET | AVERAGE 

ae So a Bs ____| Tora | ToTaL| \yq | ANGULAR 
DATE Ist 2nd | 3rd 4th = | ar | DEFLEC- 

trail trail trail | trail | DADs: 

No. 14, 13/5/7183 +10} —16| +15|—7 | 238 | 25 | +2 | +0.50° 
No. 18, 13/5/7138 0 1+6 |+2 |4+5 | O | 18 | +13 | +3.25° 
No. 20, 13/5/7138 | +7 |—-8 | +18) —12|) 20 | 25 | +5 | 4+1.25° 
No. 15, 13/5/713 Papo i mente ie 8). OD) |e OR) Galette 
No. 4, 13/5/7138 SG Ge eto: ae 0 43> RS) et Wee 
No. 22, 13/5/7183 0 |-+5 |—7 | —1 8 5 | =3 h=O.75° 
No. 21, 13/5/7138 —5 | —3 | -21| +17} 29 | 17 | —12} —3.00° 
No. 16, 13/5/13 | +17/-14] 0 |-6 | 20 | 17 | —3 | —0.75° 
No. 11, 13/5/7183 /—9 | -1 | +13/-6 | 16 | 13 | —3 | —0.75° 
No. 9, 13/5/713 =I | 45) |) =5 -}-43.)| 16) 8 | =8° 2.008 

fa nae | 167° | 166° | —1° | —0.025° 

conform exactly to the theoretical response. Out of the forty 

trails, only three show no deflection whatever. But the total 

plus and minus of each larva comes near to cancelling, and the 

average of the four trails of a larva is close to zero degrees de- 
flection. The average response of the whole set corresponds 

almost exactly to the theoretical response, the average deflec- 

_tion from the perpendicular being only —0.025°. This is aston- 

ishingly accurate when one considers that a degree on the pro- 

tractor of 7.6 em. radius used in measuring the trails was only 

about 1.5 mm. 
The striking results of table 2 were confirmed by similar results 

at various intensities of the equal beams, the details of which 
appear later in the paper. The immediate significance of these 
results is two-fold. The consistent closeness of the average trail 

to the perpendicular, and the equal distribution of the trails on 

either side of it, indicate that the method of individual measure- 

ment has effectively eliminated asymmetry and placed the differ- 

ent individuals on a uniform basis for comparison. The close 

conformity of the aggregate response to the theoretical response, 

when the lights are of equal intensity, makes a well grounded 
point of departure for a whole series of experiments with opposed 
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TABLE 3 

Measurements of the trails of figures 7 and 8 in tabular form. No. 16, 22/2/'18, 

made the trails photognonled in eg 7; No. 22, OS those of figure 8 

ee he Bs. ISTSHEET | 2ND SHEET | AVERAGE NUMBERS OF THE LARVAE. £ | Pe ee | aeeaae inacas 

— er NET | DEFLEC- DATE Ist 2nd | 3rd 4th | | eats 
trail trail | trail | trail | | 

INO, WG PHA —3 —12  —6 —1l1 | 32 | —32 , —8? 

No. 22, 30/1/’03 —29 | +17!) -—37 +8 GON 2D | aul —10.25° 

aa a ee 
») i} . 

4 larvae | = » é 
d 98> | 25> | =(34 — Jeo 

8 trails | | 

lights of unequal intensities. For if there is no deflection toward 

either side following equal bilateral stimulation, the deflection 

appearing under unequal bilateral stimulation may be regarded 

as a true expression of the physiological effect of the difference 

between the lights. 

The same method of taking the records at equality was used 

with unequal lights. There is, however, one additional precau- 

tion to be observed. A given side of the larva should be subjected 

first to the stronger light in one pair of trails, and first to the 

weaker light in the second pair of trails, thus avoiding possible 

cumulative effects such as might result if the stronger ight acted 

first on the more sensitive side in both pairs of trails. Asym- 

metry of response, though not cancelling to zero in this case, is 

checked out by the same method of running pairs of trails in 

opposite directions. The stronger light acting on the more 

sensitive side of the larva gives an abnormally great response; 

when the direction of the crawling is reversed, the same light 

acting on the weaker side gives a response correspondingly below 

the normal. The excess of one response is equivalent to the 

deficiency of the other, and the two average to a viens sym- 

metrical response. 

This is clearly shown by the two sets of trails photographed in 

figures 7 and 8, which were made under the same percentage 

difference in the lights, one by a symmetrical and the other by an 

asymmetrical larva. Tabulating these trails side by side, by the 

method already described, we obtain the results shown in table 3. 
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Fig. 7 A set of trails made under lights of 25 per cent difference, by a sym- 

metrically responding larva; a, the test trails; b and c, the trails made under the 

influence of the opposed lights. 
Fig. 8 A set of trails made under light of 25 per cent difference, by an asym- 

metrically responding larva; a, the test trails; b and c, trails made under the 

influence of the opposed light. 
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The total response of the four trails is nearly the same for the 

two larvae. Dividing the total response by the number of trails 

made, the average trail of the individual is obtained. This is 

for the symmetrical larva (No. 16, 30/2/13), 8°, and for the 

asymmetrical larva (No. 22, 30/1/’13), 10.25°. A similar case 

at 50 per cent difference is illustrated in figures 19 and 20, page 

260. 
The conformity of these averages from such apparently different 

trails, together with the similar case already considered at 

equality, is convincing as to the completeness with which the 

disturbing effect of the asymmetry has been eliminated. I have 
laid special emphasis on this matter of asymmetry and the 

method of dealing with it, because it is important that the final 

results should be free from the possible cumulative effect of in- 
dividual eccentricities. The average reaction of a large num- 

ber of individuals, tabulated in this manner, is used to establish 

the angle of response under each set of conditions. 

In spite of the precautions used in obtaining the records, ex- 

tremely aberrant responses occasionally appeared. In all the 

tables, the average deviation of the individual responses from the 

mean of the set was computed, and when any records showed a 

departure of more than three times the ‘average error,’ they were 

not entered in the tables. This selection was not applied to 

separate trails but to the records of a larva as a whole. Either 

all the trails of a larva were accepted, or the larva was thrown 

out as an extreme variant and none of its trails were used. For 

these discarded trails, the trails of a fresh, tested larva, run 

under the same conditions, were substituted. The tables were 

computed both with and without this correction and the difference 

was found to be very slight, as the records exceeding three times 

the ‘average error’ were very uncommon, many of thé tables not 

showing a single case. 
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TABULAR AND GRAPHIC STATEMENT OF RESULTS 

Having perfected a system of measuring the reaction of the 

larvae to light, and established a fixed point of departure by 

means of the experiments with equal, opposed lights, we were 

able to attack the problem which actuated this work, namely, a 

tabulation of the reactions to opposing lights of different in- 

tensities, acting simultaneously on opposite sides of the animal. 

It seemed advisable to begin at a well defined difference of 
intensity and work toward equality. Accordingly the apparatus 

was set up for a difference of 50 per cent between the opposing 
lights. By throwing glowers in or out of circuit, the absolute 
intensity of the common source of light could be varied at will, 

but however the source was varied, the relative intensity of the 

opposed beams remained the same. The reactions were all 

measured and tabulated as described in the preceding section, 

but as it would be impracticable to reproduce in detail over 30 
tables comprising the measurements of 3000 trails it has been 

necessary to condense greatly the tabular statement of the 

results. : 

Table 4 was compiled from the reactions of larvae stimulated 

on opposite sides by lights of a constant difference of 50 per cent. 

The absolute intensities of the opposed beams (table 1) were 

varied by using from one to five 220-volt Nernst glowers as sources 

of light. Each column in the table shows the average response 

of 25 larvae, each run four times. The average angular deflec- 

tion of these 100 trails is taken as the measure of the aggregate 

response to the special conditions. Table 4 is a condensation 

from five tables such as table 2, each column in table 4 represent- 

ing the “Average angular deflection” column of table 2. In 
table 5 the statement of the measurements is still further con- 

densed. By comparing tables 4 and 5 it will be seen that the 
50 per cent column of table 5 corresponds to the ‘Averages for 

100 trails” given at the bottom of table 4. Table 5, therefore, 

including as it does similar summaries of the measurements at 

all the other intensity differences used, is a tabular statement of 
the final results of the whole series of experiments. 
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TABLE 4 

46° 

2 GLOWERS | | 3 GLOWERS 4 GLOWERS 5 GLOWERS 

Averages from four trails of a single larva 

| 19.25° | 13.25° 20:25°° 0 |. Raa 
| 98./50°° >) 4 19.25° 19.25° 15.50° 
| Dt 15° (ie 20 .50° 24 .25° 15.75° 

20.00° 34.00° 17 .25° 29 25° 
13.50° 26 .50° 19 .50° 11.50° 
24 25° 2o750° — 18:50° * 4 16.75° 
32.00° 17 .25° 19600?) “| 21 25° 
23 .75° 18 .50° JOB eh 19.50° 
23 .25° 29 50° 22:50" | | aSsae? 
19.50° 16.00° 15.25° 21 .00° 
13.25° 25.75° 11.75° 17 .25° 
29 .00° 31.50° 25.00° 24 .00° 
21.25° 15 .25° 17 .00° 10.75° 
15 .25° 22.25° 16.50° 23 .00° 
17 .25° 15.50° 28 .50° 23 .00° 

| 15.50° HT B02!" y 17 .25° 9.00° 
23 .00° 17. 25°." — 8.75° 16.75° 
31.75° Dees 14.75° 14.50° 
27 .25° 18.50° 16.00° | 22.75° 
25.75° 17 .00° 20350°° > 4 21.00° 
20.00° 33 .50° L7AT5o, a 20.50° 
34.75° 18 .50° 725° 22.75° 
24 50° 10y75°4 . | 20 .25° 26 .00° 
12.25° 14002 "4 29 .50° 24.75° 
20 .00° Et a 27 .25° 22 25° 

Averages for 100 trails 

22.989 20.52° 19.88° 1925" 

TABLE 5 

Based on the measurements of 3000 trails, showing the average angular deflection 

at five different absolute intensities and nine relative differences of intensity 

4 Glowers 

5 Glowers 

Average 

| 
| 

EQUAL-| 8} PER 
ITY 

—0.55° 

—O7107 

+0.45° 
—0.025° 

—0.225° 

—0.09° 

163 PER | 25 PER | 334 PER| 50 PER 
CENT CENT | CENT | CENT CENT 

—2.32° | —5.97° | —9.04° | —11.86°| —19.46°| 
—3.05° | —6.12° | —8.55° | —11.92°| —22.28° 
—2.60° | —5.65° | —8.73° | —13.15°| —20.52° 

—2.98° | —6.60° | —9.66° | —11.76°} —19.88° 

—2.925°) 5.125" —8.30° | —10.92°, —19.25° 
a Ss = a = 

—2.77° | —5.75° | —8.86° | —11.92°| —20.28° 
| 

662 PER | 833 PER | 100 PER 
CENT | CENT CENT 

—30.90°, —46.81° —77.56° 

| 

—30.90°| —46.81° 
1 
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Fig. 9 The complete record of an individual larva run at equality, selected 

to represent the average deflection of all the trails‘made under the influence of 

equal lights. 

Fig. 10 An average set at 8} per cent difference 

Figures 9 to 14. show graphically the amount of deflection 
occurring at the various intensity differences. They are photo- 

graphs of actual trails, selected because they represent the aver- 

age deflection of all the trails run at the stated intensity difference. 
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In the subsequent theoretical discussion, the data have been 

somewhat rearranged according to the point under consideration. 

They afford (1) the possibility of constructing a curve of reactive- 
ness to differential bilateral stimulation; and (2) a means of 

arriving at several facts of interest in connection with theories. 
of orientation, because the method of light control gave an op- 

portunity to measure the simultaneous responses of opposite 
sides of the same animal to equal stimuli or to stimuli of known 

differences of intensity. 

The constancy of the angular deflection at a given intensity 

difference (table 5) even though the absolute intensity of the 

lights was varied from one to five glowers, strongly suggests that 

the response follows the principle of the Weber-Fechner Law. 

A consideration of this phase of the reactions, however, has 

been reserved until further experiments can be made. 

DISCUSSION 

1. The scale of reactiveness 

a. Determination. From the data already presented a scale — 

of reactiveness covering the special conditions of these experi- 
ments may be determined for the blowfly larva. It has been 
shown: that under equal opposed lights, there is no deflection 

toward either side in the aggregate response, and that if the 
intensities on opposite sides of the animal are made unequal, a 

deflection appears which becomes progressively greater as the 

inequality of the lights is increased. Apparently the relative 
difference of intensity determines the amount of the deflection, 

for it will be seen by referring to table 5 that the deflection re- 

mains practically constant for the five different absolute intensity 
determinations made at each of the percentage differences from 
equality to 50 per cent. The average of the five absolute in- 
tensity determinations at a fixed relative difference of intensity 
would therefore represent very accurately the aggregate response 

at the given ratio and the value of the average as determined 

for each percentage difference between the lights may be used to 
locate points on a curve which may be regarded as the blowfly 
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Fig. 15 A curve representing the angular deflection under opposed lights of 

graded differences of intensity, based on the measurement of 2600 trails; see also 
table 5. 

larva’s scale of reactiveness to differential bilateral stimulation 
by light. Such a curve has been constructed in figure 15, plotting 

angular deflection along the axis of ordinates and percentage 
differences along the axis of abscissas. Figure 16 shows nine 
pairs of trails made at the nine intensity differences used to plot 
the curve of figure 15. These particular trails were selected 
because they coincided with the average deflection of all the 
trails run at the stated differences of intensity and therefore 

give a very clear picture of the experimental results on which the 
curve was based. 
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The consistency with which the deflection remained constant 

at various intensities of a fixed ratio made it seem unnecessary 
to run the whole series of intensities to establish the last three 

points on the curve, so the three-glower intensity alone was 
used at 662, 834 and 100 per cent difference. <A difference of 

100 per cent meant that one of the side beams should act against 

darkness, which was exactly the condition under which the 

preliminary trials were made. Accordingly, to establish this 

point, 200 of the test trails were measured. The deflection 
under these conditions should, theoretically, be 90°. But this 

is not the case experimentally, largely because of the time factor 

involved in orientation. The new orientation, even though it 
may be eventually a perfect alignment with the rays of light, is 

seldom instantaneously accomplished; and as locomotion is con- 

tinued while the larva is orienting, the angle, if measured from the 

point where the light is turned on, is less than 90°. Figure 2 
shows the varying angles in which the trails eventually come to 
orientation. But the time factor is of importance only when 

the relative difference is very great, and the amount of turning to 

be accomplished before orientation is attained is large. To 
ascertain its effect in the 100 per cent set, trails were measured 

in two ways: first, exactly as all the other trails were measured 

(fig. 6, p. 284); and again by measuring the final angle of orienta- 

tion. Take, for example, the trails of figure 2, a, b, c; according 

to the latter method of measurement, all of them eventually 

attain a 90-degree angle to the line of starting; but according to 

the former method, the time taken in orienting lessens the angle 

measured. The deflection at 100 per cent, measured as the 

smaller angles were measured was 77.57 degrees; the deflection 

of the same trails measured by their final orientation was83.78°.‘ 

The difference of 6.19° between the sets represents the time factor 

in a change of orientation through 90°. The results of the first 

4 The measurements of the “‘final angle of orientation’’ were made at the point 

where the trails crossed the scale of the protractor of 7.6 cm. radius used in the 

other measurements. Had the measurements been made after the larva had been 

allowed to crawl through a longer distance, the determination for this set would 

have been nearer 90°. 
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method of measurement are shown in the curve, as a solid line, 
and those of the second as a dotted line (fig. 15). 

b. Application. With a series of measurements of this sort 
established, not only the actual response at certain fixed intensity 

differences is known, but the consistent progression of the values 

of these determinations makes it possible to predict by reference 

to the curve plotted from them the response that would be 
evoked under any intermediate degree of stimulation. This 

should be of practical value as a comparative physiological 

measure of other experimental results. 
For example, the responses of the blowfly larva to colored lights 

have been carefully worked out by Gross (718, p. 475): “The 

colored lights . . . . were obtained by cutting down the 

spectrum by means of diaphragms of blackened cardboard with 

narrow vertical slits of appropriate size.”’ The lights used were 

therefore practically monochromatic, while the intensity of the 

beams was accurately measured by the radio-micrometer.’ Thus 

the two greatest errors commonly present in colored light work 

(i. e., the use of mixed light due to imperfect color screens, and 
the inaccurate determination of the intensity) were eliminated 

at the start. 

Gross subjected the larvae to opposed beams of light of different 

wave lengths but of equal radiant energy, and recorded the de- 

flection made toward one or the other of the lights. His figure 
summarizing the reactions under opposed green and blue lights 
of equal intensity is reproduced in figure 17. I have added to 

his figure the labelling of the sectors in degrees, and the pair of 

heavy lines which represent the average deflection. In making 
his records, larvae were started in the green light and allowed 
to crawl in the direction of its rays, along the 90-degree line of 

figure 17, until they reached the center of the circle. Here the 
blue light was turned on from the opposite side. The course 

then taken by the larva under the two opposed lights was re- 

corded by indicating the sector through which it emerged from 
the circle. Figure 17 records in this way the points of emer- 

5 For description of method by which the colored lights were equalized by the 

radiomicrometer, see Day, 1911. 
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gence of 46larvae. Thirty-four emerged on the semi-circle toward 
the blue, and twelve on that toward the green. The trails above 

the horizontal (90°) diameter were made by turnings to the left, 

those below by turnings toward the right. If these trails had 
been measured in degrees of deflection from the vertical diameter, 

Green soe Blue 

Fig. 17 A diagram to show the deflection of the blowfly larvae when sub- 

jected to opposed green and blue lights of equal intensities; after Gross, slightly 

modified. The numbers around the circle indicate the number of larvae that 

emerged through a sector. The heavy radii A and A’ indicate the average angu- 

lar deflection as approximately computed from the data presented by Gross. 

the results would have been directly comparable to those pre- 
sented in this paper for white lights. This deflection may, how- 

ever, be approximately computed from the data of figure 17, by 
giving each trail the mean angular value of the sector in which 
it emerged from the circle. The trails to the left of the vertical 

diameter would be measured as minus, and those to the right as 
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plus. The sum of the plus and minus deflections, divided by the 

total number of trails, would give the average angular deflection 

toward the less effective color. The fact that certain of the larvae 
turned toward the color which in general acted more strongly, I 

believe to be due to the same asymmetry of responsiveness which, 

in my own experiments, caused the deflections toward the stronger 

of two white lights. The lack of balance of the larva in such a 
case would more than offset the difference in the colors, and the 

less effective color acting on the more sensitive side would pro- 

duce a reflection toward the more effective color. In a large 
number of trails, however, this unstable asymmetry in sensi- 

tiveness would tend to balance out, and the average deflection 

would be a reasonably accurate expression of the relative stimu- 

lating powers of the two colors. In the case of green opposed to 

blue, the average angular deflection was about 24° away from 
the green toward the blue. This angle of orientation could be 

attained by a turning either to the right or left and is represented 

by the heavy lines A and A’ in the figure. As Gross has pointed 

out, this deflection is due to the qualitative difference between 

green and blue lights, for by actual physical measurement the 

intensities of the lights are the same. Comparing the angle of 

deflection under green and blue lights with that under unequal 

white lights, the angle of response corresponds to that produced 

when the difference in the intensity of the white lights is 56 per 

cent (fig. 15). In other words, green light is about twice as effec- 

tive as a stimulus for the blowfly larva, as blue light. The values 

in the other color combinations could be estimated in the same 

way, but without access to the original records such computations 

would be only approximate and have therefore been omitted. 

There appears to be no other way in which the relative effective- 

ness of different pairs of colors can be estimated quantitatively. 

The method is presented more in the hope that it may prove of 

value in future work, than for the significance of the approx- 

imate relationship pointed out in this special case. 

6 Gross also showed that with opposed lights of the same color and intensity, 

the average trail lay perpendicular to the line connecting the sources of light, 

thus establishing his zero point for the deflections obtained under different colors. 
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2. Theories of orientation 

a. Relation of phototaxis and photokinesis. Among organisms 

that are visibly affected by light, there seem to be two distinct 

types of response. In some forms light appears to act as a stim- 

ulus to activity without any directive effect on position or loco- 

motion. In other forms, light produces a definite orientation 

usually accompanied, in motile organisms, by locomotion toward 

or away from the source of light. For the first type of reaction, 

I have used the term ‘photokinesis’ (Engelmann ’83); for the 

second, or directive response, ‘phototaxis’ (Davenport ’97). 

Holt and Lee (’01) maintained that the motor reactions of 

organisms to stimulation by light were not of two kinds, namely 

reactions to the intensity of light and reactions to the directions 

of its rays, but that light acted as a stimulus through its inten- 

sity alone, the direction of its rays serving merely to modify the 

intensity. With this conclusion I am in entire agreement. 

The terms ‘phototaxis’ and ‘photokinesis,’ as used in the fol- 

lowing discussion, are applied not to reactions to ray direction 

and intensity respectively but to different types of reactions to 

the intensity of light. 

It appears from the work of Bancroft (13) on Euglena, that 
light may operate as a stimulus either through its constant 

intensity, or through changes of intensity. In Euglena at least 

the mechanisms responding to constant intensity and to changes 

of intensity are distinct and separately modifiable. It should 

be clearly borne in mind throughout the following discussion 
that the term ‘photokinesis’ is not used synonomously with 

‘Untershiedsempfindlichkeit’ but to include any activity induced 

by light, which does not result in orientation, whether the activity 

be produced by constant intensity or by changes of intensity. 

Probably the fundamental response to light is of the kinetic 

sort, that is, activity induced by light without the operation from 

within the organism of factors which screen or intensify its direct 

action, or of factors which indirectly distribute its effects. In 

such cases movement persists until fatigue ensues, or if there 
is a region of the environment where the stimulating agent is 
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of an intensity which does not produce a reaction, it persists 

until fortuitous movement takes the stimulated organisms 
thither with resulting aggregation in the socalled “region of 

optimum intensity.” 

It may be assumed that in this phenomenon the animal is so 

attuned to light that at some degree of illumination internal and 

external conditions are in equilibrium and ‘stimulation’ ceases. 
The intensity at which a particular form is unstimulated appar- 

ently depends on some internal factor bound up with the ultimate 
make-up of the organism. It may not be any more uniform than 

the amount of potassium or any other chemical present in the 
protoplasm of various animals. 

In many organisms, the kinetic response to light is the only 

one present. The directed reaction, however, is never present 

without the kinetic response. It is not a primary phenomenon; 

it is the kinetic response with something added to it that comes 

from the association of the response with a specific organic 

structure, a structure that may localize the access of light and the 

material most sensitive to it, or that may localize the reaction, 

As a result, movements are restricted to locomotion in a more or 
less definite direction. It is not, therefore, in the fundamental 

reaction to light that the difference between photokinesis and 

phototaxis lies, but in the presence in the latter of factors which 

localize the action of the light or which limit the direction of the 

response. 
b. Orientation in the blowfly larva. The orientation of the 

blowfly larva was taken up in the hope that a careful analysis 
of its typical directed response would yield some evidence as 

to the factors involved in phototaxis. Mast (’11) has devoted 

considerable space to the consideration of orientation in this 

form. His experiments are carefully carried out and accurately 

recorded. J have made free use of his results in this discussion. 

The process of orientation under a single horizontal beam of 
light is the simplest aspect of the problem. But before this can 

be approached, the details of normal locomotion must be con- 

sidered (Mast 711, p. 176): 
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The blowfly larvae move from place to place entirely by means of 
muscular contractions. They proceed somewhat as follows: the anterior 
end is raised, thrust forward toward one side, fastened to the sub- 
stratum, and then the posterior end is pulled forward, after which the 
anterior end is again raised and thrust forward, now toward the oppo- 
site side, fastened, and the posterior end again drawn up. (I may add 
here that the posterior end is not merely pulled forward, but is also 
shoved ahead by the setting of the spines of the creeping pads.) The 
anterior end is thus turned alternately toward the right and left quite 
regularly during the process of locomotion. The extent of this lateral 
movement varies much, but it is usually great enough so that the 
extremity of the anterior end is nearly at right angles to the direction 
of locomotion. 

If the larva is subjected to lateral illumination, as it crawls 

along in this manner, it may orient in one or two ways: it may 

stop crawling, raise the anterior end more than in the usual ad- 

vancing motion, and wave it from side to side, finally fixing it 

away from the source of light and rapidly swinging the body into 

alignment; or it may proceed without any interruption of loco- 

motion and without the conspicuous waving of the anterior end,. 

simply swing a little more widely away from the light than 

towards it, as it extends the head first to one side and then to 

the other in the normal crawling movements. The most char- 

acteristic feature of the first method of orientation is the swaying 

of the raised anterior end from side to side. The term ‘wig- 

wagging,’ which Walter (’07) applied to a similar process in Pla- 

naria may be used to characterize this form of reaction. The 

swinging may be first toward the light and then away, or vice 

versa; it may be a single movement, followed immediately by 

locomotion in the direction in which the anterior end is fixed, 

or it may be repeated several times before locomotion is resumed. 

Whatever the details, and there are very many different individual 

modifications of the behavior, the result is a sharp turning of the 

anterior end away from the light, followed by the orientation 

of the rest of the body. 

The function of the wigwag movement in orienting the larva 

is not altogether clear. Holmes believed that the direction in 

which the swinging first occurred bore no relation to the direction 

from which the stimulus came, but that the swinging was rather 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, NO. 2 
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one of a series of ‘random movements’ induced by the stimulus 

and served to ‘try’ the conditions on the different sides of the 

animal. He says (’05, p. 105): “If a strong light is thrown upon 

a larva from one side it may swing the head either toward or 
away from the light.”” Mast, repeating the experiment, recorded 

the direction in which the anterior end first turned, in a large 
number of trials. His table (11, p. 189) shows a total of 177 

turns away from the light and 165 towards it. At first sight 

this would lead one to conclude that the direction of turning is 

little influenced by the direction from which the light strikes 

the animal. But other experiments at different intensities did 
not confirm these observations, which like those of Holmes were 

made under intense lateral illumination. Mast found that when 

a larva was subjected to a moderate intensity of illumination, 

the turns away from the light were much in exeess. ‘This, he 

interprets in the following way (’11, p. 191): 

When the larvae are first exposed to sudden lateral illumination in 
direct sunlight, they respond immediately by throwing the anterior end 
toward one side violently, no matter in what position this end chances 
to be. If it happens to be directed from the source of light when the 
sunlight is flashed upon the organism, it turns toward the source of 
light, and if the sunlight is immediately intercepted after the larva 
turns, it will continue in the direction toward which the anterior end 
points; if it is not intercepted, the anterior end is thrown in the oppo- 
site direction, and then the larva may follow this turn and become ori- 
ented immediately, or it may swing the end back and forth a few times 
before becoming oriented. If the anterior end faces the light when it 
is exposed to the sun, it is first thrown in the opposite direction and 
orientation takes place just as described above. The anterior end is thus 
turned in the direction opposite to that in which it is when the expo- 
sure is made. It is therefore evident that under these conditions the 
larvae will turn toward a strong unilateral illumination as often as 
from it. . 

Apparently this is not the case when the light is less intense 
(Mast 711, pp. 191, 192): 

If the larvae are carefully observed when they are suddenly exposed 
to lateral illumination by diffuse light, it is found that they respond 
immediately only if the anterior end is turned toward the source of 
light when the exposure is made. If this end is in any other position, 
there is no reaction whatever until the organism, in its normal process of 
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locomotion, extends it toward the source of light. Then it is at once 
turned from the light to such an extent that it frequently makes a 
right angle with the posterior end. Later it is swung back but only 
part way. . . . . But why does the organism turn toward the 
light, if the lateral illumination is very intense? Whenever the larva 
is stimulated, it turns the anterio” end in a direction opposite to that 
in which this end is when it receives the stimulus. The tip of ante- 
rior end is relatively very sensitive; in diffuse light the larvae are 
stimulated only when this end is extended and fully exposed, but in 
very intense light, owing to the translucency of the surrounding tissue, 
it is stimulated no matter in what position the anterior end is; conse- 
quently if this end is turned from the source of light when the organism 
is exposed it is at once turned sharply in the opposite direction, i.e., 
toward the light. 

This explanation of Mast’s not only clears up an apparent 

inconsistency in experimental results, but also establishes a 
point the significance of which might be further emphasized. 

When the anterior end of the blowfly larva is stimulated by being 

turned toward the light, a contraction takes place on a physio- 

logically definite side—the side on which the muscles are passively 

stretched.’ This is very suggestive of the motor reflex of a 
form like Stentor, where stimulation of the light sensitive region 
produces a “jerking toward a structurally definite side,” the 

aboral pole. In one case the organism in its locomotion is put 

in touch with various regions of its environment by the swing- 

ing from side to side of a bilaterally sensitive anteriorregion, 

in the other case by a spiral turning which brings the single sen- 
sitive region first to one side and then to the other. In the blow- 

fly larva, when the ‘head’ is swung to the left, it is partially 

shaded from a light coming from the right; when a Stentor ro- 

tates so its oral pole lies toward the left it also is partially shaded 

from the light coming from the right. The change of effective 

intensity when the sensitive region is turned from the shaded 

position toward the light produces a motor reflex which involves 
a change in the direction of locomotion. The reflex is repeated 

until a direction of locomotion is attained in which the changes 

7 The tendency of a passively stretched muscle group to contract more readily 
than muscles already partially contracted is familiar in many reflexes, not only 
in cases where a nerve net is involved, but often where there are definite afferent 
and efferent nerves (see Uexkiill,’09, chapter, Die Seeigel; Howell, ’12, p. 21, etc.). 
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of intensity no longer occur. In both organisms, such a con- 

dition is brought about by an alignment of the axis of the body 

with the direction of the rays. In Stentor, when the alignment 

takes place, the spiral turning no longer produces changes in the 

amount of stimulus; when it is attained in the blowfly larva, the 

shadow of the posterior end of the body produces a shaded field 

in which the swingings of the anterior end do not involve any 

considerable changes in stimulation unless they are carried be- 

yond the shadow, when the resulting motor reflex throws the 

head back into the shadow again. 
Instead of orienting by the method just described, which is 

perhaps the most characteristic, the larva may swing into align- 

ment with the rays of light by a different method. If a larva is 

suddenly subjected to a light from the side there is, in this second 

method of orientation, no cessation of locomotion and no wig- 

wagging. ‘The anterior end simply swings a little more to the 

side away from the light than it swings in the normal locomotor 

movements, and the orientation is brought about gradually 

instead of immediately. Under the same conditions, one larva 

may orient by one method and the next larva by the other method. 

Moreover the same larva may use both methods of orientation. 

In figure 2, c, the upper trail was made by a combination of the 

two methods. When the light was turned on from the left, a 

gradual bending of the trail appeared, due to wider turnings 

away from the light than toward it. This was kept up to the 

point at which the trail turns suddenly (fig. 2, c,x). Here the 

larva stopped crawling, raised its anterior end, and performed 

several wigwag movements; finally it fixed its anterior end 

directly away from the light, and immediately came to a perfect 

orientation. What the cause of the sudden change of tactics 

was, I cannot say, but the sharpness of orientation at the place 

where the wigwag movements were made, in contrast to the 

gradual turning up to that point, is very apparent. The differ- 

ence between these two methods of orientation, however, is not 

fundamental. The greater extent of the swingings termed 

‘wigwag movements’ naturally brings about orientation more 

abruptly. In the case where the swinging is not so pronounced, 
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either because a lesser stimulus is acting or because a particular 

larva is less sensitive, it may become linked with the side-to-side 

movements of normal locomotion. Here the reflex contraction 

takes place just as before, but instead of being a separate, con- 

spicuous wig-wag motion, it appears as a contraction added to 

that involved in the side-to-side swinging of the head in normal 
locomotion. This added contraction appears, of course, on the 

side away from the light and its effect is to produce a gradual 
turning away from the light until orientation is attained. In 

both cases when the anterior end is stimulated by a change of 

intensity, it swings in the opposite direction to that in which it 

was when the stimulus was received. 

These two methods by which the blowfly larva orients to a 

single light are of such a nature that certain authors have called 

the process, orientation by ‘trial and error.’ Undoubtedly if we 

free the term from its original association with primitive intelli- 

gence, as they have attempted to do, it characterizes certain 

features of the orientation. But there are phenomena involved 

in the orientation of the blowfly larva to lights from two sources 

for which this interpretation is not adequate. The movements 

of a bilaterally illuminated head involve a distribution of the 

stimulus on the sensitive surfaces entirely different from that 

produced by the movements of the head when there is but a 

single source of light. A movement of the anterior end toward a 
single light produces a sudden increase in light intensity on the 
sensitive surfaces which is followed by a ‘motor reflex,’ throwing 

the head back into the shade of the body again. Motion toward 
the light is automatically prevented by the intervention of this 

reflex. 

But with two lights of equal intensity acting on the larva from 

opposite sides, a swaying of the anterior end will encounter no 

changes of light intensity. Under these conditions there is, 

8 The sources of light in these experiments were at such a distance from the 

observation stage that the change of 2 or 3 mm. from the central point, which the 

trial movements involved, would produce less than 0.3 per cent difference in the 

opposing lights. The minimum difference at which a definite change in response 

was detected was about 5 per cent. 
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therefore, no way in which the animal can ‘select’ from among the 

different intensities produced by its change of position, as the 

‘trial and error’ interpretation demands. 

Mast believes that the shading of the sensitive region by 

contraction, alternating with its exposure by extension provides 

changes of intensity which are effective in bringing about orien- 

tation. This explanation does not apply under conditions of 

bilateral illumination, for the change of effective intensity would 

be the same in whatever direction the anterior end was extended. 

= > 
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Fig. 18 Trails made by an asymmetrically sensitive larva under non-directive 

light; a, the test trails to horizontal lights, showing the asymmetry of response; 

b and c, trails of the same larva started in the orienting lights and subjected to 

vertical illuminating at the points marked by the arrows. 

A definite orientation by the method of ‘trial and error’ where 
the ‘trials’ all result in the same amount of stimulation is hardly 
possible. Apparently the only explanation available is some 

form of the hypothesis advanced by Loeb, that equal intensity 

operating on symmetrically placed photosensitive areas produce a 

symmetrically distributed response. There is considerable experi- 
mental evidence that may be advanced in support of this view. 

Herms (’11, p. 207) blackened one side of the sensitive anterior 

region and found that when the animals so treated were subjected 
to non-directive light from above, typical circus movements were 
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produced with the blackened side toward the center of the circle. 

I tried a similar experiment with larvae that showed a markedly 

asymmetrical response to equal horizontal beams of light by sub- 

jecting them to light from above. The tendency to turn toward 

the less sensitive side was very marked. The turning, under non- 

directive light, of larvae that have been made artificially asym- 
metrical in their sensitiveness to light, and the similar turning of 

larvae naturally asymmetrical in their sensitiveness is hardly to 

be explained on any other basis than the assumption that unequal 

stimulation of opposite photosensitive areas is proportionately 

transmitted to the muscles concerned in locomotion. A significant 

fact in this connection is that the balance of reactiveness in many 

of the larvae was found to fluctuate; a larva, which in one experi- 

ment gave a symmetrical response, often giving soon afterwards 

under the same experimental conditions, an asymmetrical one. 

Figure 20 (p. 260) isa photograph of the test trails, and six pairs of 

trails made by the same larvae under a constant intensity differ- 

ence. The response is first ‘left-handed,’ D, (i.e., stronger to the left 

than to the right, implying that the right photosensitive area is 

more sensitive), then right handed, c, then symmetrical, d and e, 

then right-handed again, f, and finally symmetrical, g. 

Walter (’07, p. 59) suggested that the asymmetry of response 

to light that he observed in planarians was due to internal 

irregularities. Undoubtedly asymmetry of response depends in 

many cases on anatomical differences in the opposite sides of 

an animal. In such cases the asymmetry probably does not 

change markedly in repeated reactions. But in cases like the 

one cited, where the stronger response is first on one side and 

then on the other, the balance which is disturbed must be a 

physiological one. We may assume that the processes of metab- 

olism, or the previous reactions, or ia short any of the factors which 

Jennings regards as effective in altering the ‘physiological states,’ 

have produced a change in the relative abundance or instability 

of the photosensitive chemicals of the receptive areas. Such an 
assumption is not unreasonable in view of the well known ex- 

periments of Loeb on the modifiability of light reactions by the 

use of chemicals; and the inducing by similar means of a light 
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response in an animal which was normally indifferent to light, as 

recorded by Moore (’138). 

The cases of natural and artificial asymmetry of suscepti- 

bility to light are not the only indications that the light recep- 

tive system operates on the musculature bilaterally. The 

deflection of symmetrically responding larvae toward the weaker 

light is in every way comparable with the deflection of asym- 

metrical larvae toward their less sensitive side when the illumi- 

nation of both sides is equal. In one case the unbalanced factor 

of the response is external and in the other case it is internal. 

Moreover, it is possible to balance the internal asymmetry of the 

photosensitive areas by subjecting them to a corresponding in- 

equality of illumination from without. For example, suppose, 

when a larva is subjected to equal lights from opposite sides, it 

deflects 5° toward the left. By referring to the curve of figure 15, 

it will be seen that, with asymmetry balanced out, a deflection 

of 5° is produced by a difference of 15 per cent between the 

opposed lights. With the left-hand light 15 per cent stronger 

than the right, the same larva crawls straight down between the 

lights like a symmetrically responsive larva crawling under the 

influence of equal lights. 
The physiological asymmetry has been corrected by a difference 

of 15 per cent in the bilateral stimulus. Thus we can not only 

demonstrate that certain individuals do not have a perfect bi- 

lateral balance of sensitiveness but we can measure the amount of 

the asymmetry and correct it by applying bilateral light stimuli 

of a corresponding difference in intensity. 
The evidence that symmetrically located sensitive areas 

operate bilaterally on the musculature may be summarized as 

follows: (1) When the lights acting on the opposite sides of the 

larva are equal, the larva orients so that its median plane is 

at right angles to the line connecting the sources of light. (2) 

When the opposing lights are unequal, a deflection toward the 

weaker light appears. (3) Certain larvae are asymmetrical 

in their response, deflecting toward the less sensitive side when 
subjected to equal bilateral illumination. (4) The blackening of 

one side of the sensitive region produces a deflection toward 
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the side artificially made less sensitive. (5) Asymmetry of sen- 

sitiveness may be balanced by a corresponding inequality of the 

stimuli acting on opposite sides of the animal. 

There seems to be no explanation for the response of the 

blowfly larva to opposed lights other than the assumption that 

symmetrical sensitive areas operate on the musculature of the 

two sides of the animal in proportion to the stimulation received. 

We do not know precisely what mechanism is concerned in the re- 

action, nor even what it is that is ‘balanced’ in the receptors. 

There are, however, certain general lines on which such a mechan- 

ism must be based. If the angle of orientation under opposed 

beams of light is such that the stimulation of the opposite sides is 

equalized, the receptive mechanism must be of such a nature that 

varying the axial position of the animal produces changes in the 
relative amount of stimulation received on opposite sensitive 

areas. Otherwise there would be no cause for the animal to as- 

sume a definite angle of orientation for each intensity differ- 

ence between opposed beams of light. This equalization cannot 

be accomplished by a median sensitive area unless we assume that 

the area operates differentially on opposite sides of the median line, 

an assumption which throws us back again to bilaterality. Nor 

can 1t be accomplished by bilaterally located sensitive areas that are 
parallel to each other, nor by fixed eyes so placed that the 

tangents to the eyes at the optical axes are parallel. This can be 

made clear by a diagram such as figure 21. The heavy black lines 
represent light-sensitive areas of, let us say, 1 sq. cm. of surface. 

In figure 21, a, the sensitive surfaces, being perpendicular to the 
rays of light, intercept 1 sq. em. of the light as represented by their 

projection on a plane at right angles to the rays of light (double 

lines of fig. 21, a). In figure 21, 6, the planes have been rotated 
through an angle of about 45 degrees. This cuts down the amount 
of light falling on each sensitive surface. But since the surfaces 

are parallel, their projection on a plane at right angles to the 

rays of light will be the same, and the amount of light falling on 

the two sensitive surfaces will still.be equal. The case illustrated 
by the diagram, figure 21, c, is essentially like that of figure 21, b. 

The retinas will receive light proportional to that which falls 
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Fig. 21 A diagram showing that changes in the axial position of an organism 

with parallel sensory areas, or eyes with tangents at the optical axes parallel, 
do not change the relative amount of light intercepted by the sensory areas. In 
this figure, the lights, indicated by arrows, are assumed to be equal in intensity 

and opposite in direction. 

on a plane paratangential to their optical axes at the focal dis- 

tance of the dioptric’ apparatus. If these paratangents are 
parallel, rotation of the axes of the system will not change the 

relative amount of light intercepted by these planes. If, how- 
ever, we assume that the sensitive surfaces are inclined at an 

angle to each other, the case is different. Figure 22 is a diagram 

constructed to show the conditions set up by rotation when the 
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Fig. 22 A diagram showing that changes in the axial position of an organism 

with non-parallel sensory areas, or eyes with tangents at the optical axes non- 

parallel, change the relative amount of light intercepted by the sensory areas 

of opposite sides. Lights same as in figure 21. 

sensitive surfaces are not parallel. In figure 22, a, the opposite 

surfaces intercept equal amounts of light because their angles of 

inclination are equal. In figure 22, b, the left area lies nearly at 
right angles to the rays of light and its projection is equal to its 

entire area, while the right side is inclined so that its projection 

is much less than its area. Consequently the amount of lght 

acting on the bilateral photosensitive areas is different. In 
figure 22, c, the case is similar to that of 22, 6. The amount of 

light received on the retina may not be exactly that operating 

on the paratangential plane at the focal distance of the eye, but 

it will be proportional to it. 
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Fig. 23 Geometrical construction so show that when the sensitive surfaces 

are inclined to each other, a change in the axial position of the animal may equalize 

the light energy operating on them, although the intensity in the opposite sides 

of the field is unequal. The arrows indicate the direction, the numbers, the 

intensity of the lights; for construction and proof, see text. 

We may assume, therefore, that the power to balance unequal 

bilateral stimulation, by a change in the position of the axis of 

the body depends on the inelination to each other of the photo- 

sensitive surfaces. The mechanism is simple and effective, and 

the explanation given fits the facts so far as they are known. 

If this assumption be true, it should be possible to compute the 

angle of sensitive surfaces for an animal when we know its angle of 

orientation under varying inequalities of illumination. ‘This 

angle has been computed for the blowfly larva, using the ‘angular 



266 BRADLEY M. PATTEN 

deflections’ already ascertained. The magnitude of the angle 
may bear no direct relation to the actual angle at which the sen- 
sitive areas are located in the body of the animal, because of the 

many factors which may modify the direction of the rays before 

they fall on the sensitive surfaces. The significant test of the 

hypothesis would be the constancy of the angle when computed 
from experimental data obtained under varying conditions. 

The method of constructing such an angle is shown in figure 23, 

in which the opposing lights are assumed to be of a two-to-one 

ratio of intensity. The line AB is drawn perpendicular to the 

direction of the rays of light. On the line AB, construct angle 

BOC equal to the actual average angular deflection of the larvae 

at a two-to-one ratio of lights (p. 245). The problem now re- 

solves itself into the construction of an angle about OC as a 

bisector, which shall be of such a magnitude that equal distances 

on its opposite sides shall have projections on the line AB of the 
ratio of two to one. 

Construction: From a point D on the line OC draw Dh perpen- 

dicular to AB. Lay off on AB distances hx and hy, such that 

hy =2hxz. From x and y erect lines perpendicular to AB, they 

will intersect OC at f and e respectively. Bisect the line éf, 

and at its middle point, g, construct a line kl perpendicular to 

OC. From the point of intersection of kl and yy’ (M), draw a — 

line to D. From the intersection of kl and xv’ (N), draw a line 

to D. 

The angle MDN is the desired angle 

Proof: eg =gf (construction) 

Angle egM = angle fgN (construction) 

Angle Meg = angle Nfg (alternate int. angles of parallel 

lines, yy’ and xx’ being parallel by construction) ~* 

Therefore triangle Meg = triangle. Ngf (side and two adjacent 
angles being equal) 

Ng = gM (similar sides of equal triangles) 
gD = gD (identical). 

Therefore triangle NgD = triangle Mgd (rt. triangles, altitude 

and base equal) 
Therefore angle gDM = angle gDN and side DM = side DN. 
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Now by construction hz is the projection of DN on AB and /y 

the projection of MD on AB, and by construction hy = 2hx 

This fulfils all the conditions of construction 

_ The equal lines MD and DN represent equal bilateral sensitive 

areas inclined to each other at such an angle, MDN, that the 

surface represented by MD intercepts an area of light twice as 

great as the surface represented by DN, its projection on the 

perpendicular to the ight rays being twice as great (hy = 2hz). 

But the light falling on DN is of twice the intensity of the light 

falling on DM, so that the total amount of light received by each 
of the equal areas is the same. 

By this method of construction, the average angle of sensitive- 

ness was computed for four intensity differences, using as a basis the 

angular deflection of the larvae asdetermined by experiment. The 
angles are shown in figure 24. The magnitude of the angles is 

almost identical in all four cases. This angle, I would emphasize 

again, probably does not represent the actual position of the sen- 

sitive surfaces in the larva.? There are too many modifying 

factors intervening between the direction of the rays of light in the 

field and the angle of incidence of the light on the sensitive areas 
to permit of basing any conclusions directly on the magnitude of 

the computed angle, for the structural peculiarities of the dioptric 

apparatus, or of the tissue overlying the sensitive area would 

change its value to a large extent. However, the computed angle 

would be constant in a given animal, and the angle of the sensi- 

tive surfaces would be equal to K times the computed angle 

where K may be defined as the ‘structural constant’ of the animal. 

An interesting problem in connection with theories of orienta- 

tion is whether light operates as ‘‘a constant directive stimulus’”’ 
or whether changes in the intensity are the main cause of stimu- 

lation. Without entering into a detailed discussion, some ex- 

perimental evidence bearing on this question may be presented. 

9 The organs concerned with light reception in the blowfly larva have not as 

yet been identified. Pouchet (’72) concluded that the two pairs of cones on the 

maxillal segment were not the light sensitive organs, and suggests that the imag- 

inal discs of the adult eyes may function in the larva. Certain unpublished ex- 

periments of my own confirm his exclusion of the anterior cones. I have not 

been able, however, to obtain any positive evidence as to the organs concerned. 
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Recently Ewald (13) has described experiments which prove 

that the Bunsen-Roscoe law holds for the response to light in 

the eye of Daphina, as Loeb has maintained it should hold in 

animal light reactions (Ewald 713, p. 236): 

This law states that in a light reaction the effect is proportional to 
the simple product of intensity and time. It was first proved to be 
true for the formation of hydrochloric acid from chlorine and hydrogen 
and for the blackening of silver chloride under the influence of light. 
Later it was found to apply to the phototropic curvature (Fréschel, 
Blaauw) of plants, as well as the human eye, though within rather nar- 
row limits (Bloch, Charpentier). 

If the law holds for the light reactions of photosensitive ani- 
mals, intensity must of course operate as a constant stimulus. 

Ewald found that the eye of Daphnia assumes ‘‘a definite 

normal position with regard to light’’ and that if while the animal 

remains fixed, the eye is subjected to lights from two sources, it 

takes up a definite axial position depending on the relative in- 

tensity of the lights. “In order to test the energy law, it is 

necessary to combine different light intensities with different 

times of exposure. If the product of time and intensity . . 

is the same, the eye will always give the same reaction” (p. 236). 

This was proven experimentally by observing the position of the 

eye when subjected to one constant light and one light that could 

be varied at will. The variable light could be taken either from 

a constant low intensity source or through the apertures of a rotat- 
ing sector wheel. An instantaneous shift from a slow, steady light 

to an intense intermittent light, delivering the same amount of 

light energy per second, caused no change in the position of the 

eye. If a sector wheel is used, giving too long or too short 

exposures to equalize the light, a change in the axial position of 

the eye appeared when the difference was greater than 10 per 

cent.!° “These observations prove that for the eye movements of 

Daphnia the energy law holds within the limits of accuracy 

characteristic of the reaction” (Ewald ’13, p. 237). 

10 In these experiments, the speed of the sector wheel was about 30 revolutions 

per second. With the reduction of the speed to 10 revolutions per second, a re- 

action was in some cases obtained when the change was made from steady to 

intermittent light. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, NO. 2 
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Before the appearance of this paper, I had made a somewhat 

similar experiment on the blowfly larva, with the same results that 

Ewald obtained for Daphnia. Using the apparatus described on 

page 220, one of the beams of light was cut down by a diaphragm 

and the other by an episcotister, so that the light coming from one 

side was a steady beam of low intensity, and that from the oppo- 

site side an intermittent beam in which bright flashes alternated 

with darkness. The apertures in the sector wheel were adjusted 

so that the amount of light from each source was equal for a unit 
time. It has already been established that when the larvae are 

subjected to equal steady beams of light from opposite directions, 

the aggregate response is almost precisely at right angles to the 

line connecting the sources of light. The average angular de- 

flection of 200 trails at equality (p. 240) was only 0.09°, when the 
degrees represented a distance of but 1.5 mm. If the Bunsen- 

Roscoe law holds for the phototactic response of the larvae, 

they should orient perpendicularly to the rays of light when 

subjected to the action of steady and intermittent lights of equal 

energy per second. The experimental results based on 136 
trails made under these conditions show an average angular 

deflection of but 0.07° from the perpendicular.!! These results 
seem to show that in the blowfly larva the phototactic reaction 

follows the Bunsen-Roscoe energy law. 

Mast (’11, p. 234) says: 

There is no conclusive evidence, except perhaps in animals with 
image forming eyes, showing that light acts continuously as a directive 
stimulus, that symmetrically located sides are continuously stimulated. 

(p-235). Light no doubt acts on o-ganisms without a change 
of intensity much as constant temperature does, making them more or 
less active and inducing changes in the sense of orientation; but there is 
no conclusive evidence showing that light acting thus ever "functions in 
the process of orientation. ' 

Abrupt changes of intensity no doubt cause stimulation and 

are very effective in orientation under certain conditions” but 

they are not, as Mast maintains, the only ways in which light 

Tn these experiments the number of light impulses was 115 per second. 

12 See orientation of ‘blowfly larva to single light, pp. 252 to 272. 
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operates to produce orientation, for our experiments on the blow- 

fly, to test the Bunsen-Roscoe law, clearly show that light of a 

constant intensity both stimulates and plays an important part 

in orientation. 

Holmes and McGraw (13) in experiments on insects have 

come to the same conclusion in regard to the effect of constant 

intensity (713, p. 373): 

It is not possible we believe to construe phototaxis entire'y in terms 
of differential sensibility. Responses to the shock of transition, whether 
in the direction of an increase or a decrease of stimulation, may play a 
part in the orientation of many forms but the continuous stimulating 
influence of light appears to be in several cases at least the factor of 
major importance. 

Bancroft’s (13) work, in which he showed not only that there 

was a distinct reaction to constant intensity present in Euglena 

but that it was largely the reaction to constant intensity which 

determined its orientation, shows the untenability of Mast’s 

sweeping statement in one of the forms on which Mast himself 

worked. 

The facts established concerning orientation in the larva of the 

blowfly may be summarized as follows: 

1. When a larva is subjected to a single light, the changes of 

position, as it swings its head from side to side in the manner char- 
acteristic of locomotion and orientation, produce changes in the 

intensity of the light acting on the sensitive anterior end of the 

animal, due in a large measure to the shadow cast by its own 

body. 
2. An abrupt change in the intensity of the light acting on the 

sensitive surfaces produces a reflex toward a “physiologically 

definite side’’—the side on which the muscles are passively 

stretched. 

3. Repetition of this reflex automatically checks motion toward 

the light. 

4. In orientation to lights from two sources, the side to side 

swinging of the head does not produce changes in the effective 

intensity of the light on the anterior end as a whole. 
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5. Orientation to light from two sources depends on the relative 

amount of stimulation received by symmetrically located sensitive 

areas. This isshown by: perpendicular orientation to equal lights; 

deflection toward the weaker of two unequal lights; circus move- 

ments when one side of the sensitive areas is blackened; the 
presence of a natural asymmetry of response which may be coun- 

terbalanced by a corresponding inequality in bilateral stimulation. 

6. An arrangement of bilateral sensitive areas may be postu- 
lated whereby stimulation on opposite sides of the animal may be 

equalized by a change of axial position. This arrangement ac- — 

cords with the facts so far as they are known. 

7. The phototactic response of the blowfly larva depends to a 

large extent on the stimulating effect of constant intensity. 

The reaction to light of constant intensity follows the Bunsen- 

Roscoe law. 

c. Analysis of factors involved in phototaxis. In the preliminary 

discussion of the relation of directive to non-directive light re- 

actions, the interpretation was advanced that phototaxis had 

been evolved from photokinesis by the development, in connec- 
tion with the latter, of certain factors which modify the action 

of the light on the organism, or indirectly distribute its effects. 

In the following section, an attempt has been made to analyze 

more closely certain of the factors involved in photokinesis and 

phototaxis, and to ascertain, as far as possible, their relative 

effectiveness. | 
The distribution of the stimulus in the field and on the sensitive 

surfaces of the animal, to a large extent determines the nature 
of the response. In a field uniformly illuminated from above 
there is, so far as we know, but one type of reaction, undirected 

activity which is maintained till muscular fatigue ensues or ‘ac- 

climatization’ results. But if the field is not of uniform intensity 

and there are regions in it where stimulation does not take place, 
the organisms will sooner or later gather in those regions simply 

because they are not stimulated enough to move away from 

them. Under either mode of illumination, the reaction of the 

animal is of the photokinetic type; the condition which deter- 

mines whether or not the aggregation takes place, lies not in the 
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reacting animal but in the distribution of the stimulus in the 
field. The term ‘trial and error,’ or better ‘method of trial’ 

may, I believe, be more appropriately applied to the method of 

aggregation by the kinetic reaction than to a method of orien- 

tation. The ‘varied movements’ of the locomotion of forms like 

Stentor or the blowfly larva take place whether or not the animals 
are stimulated by light. Though they undoubtedly play a part 

in orientation under some circumstances, it is by no means 

certain that they are essential to the attainment of orientation. 

In cases like that of a blowfly larva subjected to opposed beams 

of light, they probably play a very insignificant part in orienting 

the animal. It does not seem logical, therefore, to characterize 

the orientation of such forms as orientation by the method of 

trial, for even though there are some aspects of orientation 

that might be ‘explained’ on this basis, there are others which 

certainly cannot be so explained. An interpretation of orienta- 

tion, to be acceptable, must accord not only with the details 

of a special case, but with all the varying details appearing 

under all the different manifestations of the phenomenon. 

In the case of aggregation by the kinetic reaction, light causes 

the undirected locomotion which carries the animal into various 

environmental conditions. The movements initiated by light 

persist until ‘selection’ is accomplished with the cessation of 

stimulation, in other words, until the animal ‘happens’ to move 

into a non-photokinetic area. Such a reaction may be termed 

‘automatic distribution.’ 

A significant fact in connection with the operation of a uni- 

formly distributed stimulus is that animals, such as the blowfly 

larva, which respond phototactically to horizontal light show a 
simple kinetic response when subjected to uniform illumination 

from above. The reason for this is the fact that under such 

conditions changes of axial position do not produce any differ- 

ence in the relative amount of stimulation received by the sen- 
sitive areas. There is no basis for orientation. This establishes, 

as one of the critical factors in a directive response, a distribution 

of the stimulus such that a change in axial position-on the part 

of the animal involves a change in the distribution or intensity 
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of the stimulus on the sensitive surfaces. For brevity, we may 
call a stimulus which fulfils these conditions a directive stimulus 

and one which does not, a non-directive stimulus. 

Not all animals that are sensitive to light respond by orien- 

tation when they are subjected to the action of directive light. 

There must, therefore, be a second critical factor, a factor inherent 

in the responding organism. In the case of the blowfly larva, 

it was pointed out that orientation might be explained as a re- 

sult of differential stimulation of bilateral sensitive surfaces 

inclined: to each other at an angle, and the proportional trans- 

mission of that stimulation to the bilateral musculature. The 

explanation in this form will not apply to the case of an animal, 

like Stentor, which has but a single sensitive area. The two 

organisms, however, have in common a factor which I believe is a 

fundamental one in all directive reactions, a definite response 

to stimulation which is proportional to the intensity of the 

stimulus. In the blowfly larva there are bilateral sensitive 

areas, the stimulation of which produces a reaction bilaterally 

proportional to the amount of stimulation. In Stentor the spiral 

path of locomotion makes the single sensitive area perform the 

functions of two. There is a definite response to stimulation in 

the form of a swerving toward the aboral pole, and the amount of 
swerving is proportional to the stimulus. The operation of the 

response first on one side and then on the other brings about the 

orientation of the animal. Each animal has a method of react- 

ing which is dependent on its structural peculiarities, but the 

animals respond in a definite and consistent way to stimulation 

by light, and both give a reaction proportional to the intensity 

of the stimulus. 

When an animal does not respond to a directive light by 

orientation but merely by undirected activity, it is because the 
second critical factor of phototaxis is not present, the animal 

has no mechanism for producing a definitely directed response 

proportional to the intensity of the stimulus. We may assume 
that even in forms which do not respond directly, stimulation is 

proportional, to the intensity of the stimulus, since the experi- 

mental evidence clearly indicates that stimulation, in its final 
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analysis is a chemical phenomenon and would follow the laws 

governing chemical reactions. The failure to respond directly 

is probably due, therefore, either to the presence of receptors of 

such a nature that changes of axial position do not affect the 

relative amount of stimulation received on opposite sides of the 

animal (fig. 21), or to the indefinite transmission of the stimulus 

from the end organs to the locomotor apparatus. 

There are then two factors which must be present to produce 

phototaxis, one of these is resident in the stimulating agent, 

the other is resident in the organism. A directive stimulant 

may be ineffectual in producing orientation because of the ab- 
sence in the reacting organism of a mechanism capable of direc- 

tive response; similarly an animal with a perfectly developed 
directive mechanism may fail to orient because of the absence of 

directive distribution of the stimulating agent. The matter 

may be summarized thus: 

Non-directive stimulant + indefinite response = photokinesis 
Non-directive stimulant + definite response 

proportional to the intensity of the stimulant = photokinesis 

Directive stimulant + indefinite response = photokinesis 
Directive stimulant + definite response pro- 

portional to stimulus = phototaxis 

The idea of a constantly acting stimulus which produces a 

reaction proportional to its intensity was one of the fundamental 

conceptions on which Loeb based his tropism theory. The fact 
that the theory as he advanced it postulated bilaterality in the 

responding organism has led to its abandonment by many authors 

who have studied the asymmetrically sensitive Protozoa. There 

is no doubt that in its original form the tropism theory does not 

apply to the orientation of asymmetrical organisms. The pro- 
portionality of the reaction to the intensity of the stimulant, 

within the range of normal physiological response, is however in 

my opinion the essential basis of any reaction involving definite 
orientation. Its method of expression varies in accordance with 

the structural peculiarities of the reacting animal, but the under- 

lying phenomena are nevertheless in all cases essentially the same. 

If we include under phototaxis any reaction which involves a 



276 BRADLEY M. PATTEN 

definite axial orientation with reference to light, the tropism may 
be regarded as a special case of phototaxis in which the response 
depends on bilaterally placed sensitive areas. 

The analysis of the factors involved in orientation as it has 
been presented here has been stripped of many details and limi- 

tations because I believe it has more value when stated broadly 

enough to allow details to be added as our knowledge of the sub- 
ject increases. 

I wish to express my indebtedness to Prof. G. H. Parker, 

under whose supervision this work was done, for his interest and 

helpful criticism, and to Dr. E. L. Mark for the facilities of the 

Zoological Laboratory and for the many courtesies shown me 

during my work there. I also wish to express the deepest grati- 

tude to my father, who first aroused my interest in biology and 

whose criticism and encouragement have been a constant help. 

SUMMARY AND CONCLUSIONS 

1. The wide range of individual variability in the response of 
the blowfly larva to light renders a study based on untested ani- 

mals of little value as a basis for comparing the effects of different 

experimental conditions. 

2. To obtain reliable data for a comparative study of light re- 

actions, it is necessary to establish a ‘standardization test’ and to 

make use of those individuals only, that show a uniform degree of 
sensitiveness. . 

3. To measure accurately the reaction to light in terms of 

definite physical units, the larvae have been subjected to the 

simultaneous action of opposed horizontal beams of light of 
known intensity, and the response measured, in degrees, on the 

resulting angular deflection of the trail. 

4. When the opposing lights were of equal intensity, the aver- 

age trail of the standardized larvae was within 0.09° of the per- 

pendicular to the line connecting the sources of light. 

5. When the opposing lights were unequal, the ‘average trail’ 

showed a deflection toward the weaker light. The amount of the 
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deflection was definite and constant, within the limits of experi- 
mental error, for a given intensity difference between the lights. 

6. Using the average deflections obtained under each one of a 

graded series of intensity differences, a curve of the response 

to differential bilateral stimulations may be constructed. The 

deflection increases regularly with the increase of intensity 

differences. 

7. The curve of response may be applied as a means of measure- 

ment to other experimental data obtained under similar con- 

ditions. 

8. In orientation to a single horizontal light: 

a. The changes of position due to the side to side swinging 

of the head characteristic of locomotion produce changes in the 

intensity of the light acting on the sensitive anterior end of the 

larva, due in a large measure to the shadow cast by the animal’s 

own body. 
b. An abrupt change in the intensity of the light acting on 

the sensitive surfaces produces a reflex toward a ‘physiologically 

‘definite side,’ the side on which the muscles are passively 

stretched. ; 

c. Repetition of this reflex automatically checks motion 

toward the light. 
9. In orientation to horizontal beams of light from two 

sources: 
a. The side-to-side swinging of the head does not produce 

changes in the effective intensity of the light on the anterior 

end as a whole. 

b. The attainment of orientation depends on the relative 

amount of stimulation received by symmetrically located sensory 

areas. | 
c. An arrangement of bilateral sensitive areas may be postu- 

lated whereby bilateral stimulation may be equalized by a 

change of axial position. This arrangement accords with the 

facts, so far as they are known. 

10. The phototactic response of the blowfly larva depends, to 

a large extent, on the stimulating effect of constant light in- 
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tensity. The reaction to light of constant mtensity follows the 
Bunsen-Roscoe Law. 

11. The evolution of phototaxis is the result of the develop- 

ment, in connection with photokinesis, of certain factors which 

modify the action of light on the organism, or indirectly dis- 
tribute its effects. 

12. The critical factors of phototaxis are: 

a. A distribution of the stimulant in the field such that a 

change in axial position on the-part of the animal involves a 

change in the distribution, or intensity, of the stimulant acting 

on the animal or on its sensitive surfaces. 

b. The presence, within the organism of a mechanism adapted 

to the reception of differential stimulation and a transmitting 

and motor apparatus that produces definite locomotor movements 

proportional to the intensity of the stimulation. 

13. The ‘response factor’ may be present in the form of a bilat- 

eral mechanism, or in the form of a unilateral mechanism that 

reacts to both sides of the environment because of a rotational 

method of locomotion. 
14. If we include under phototaxis any reaction which involves 

a definite axial orientation with reference to light, the tropism 

may be regarded as a special form of phototaxis, in which the 

response depends on the bilateral structure of the mechanism 

of response. 
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SEVEN FIGURES (ONE PLATE) 

In a previous paper! I have described the formation of strands 

and sheets ectodermic epithelium from pieces of amphibian 

larvae which were cultivated outside the body in lymph or 

plasma. It was shown that these extensions of epithelium were 

due to an amoeboid activity on the part of the cells at the edge 

of the extending mass of tissue. This year when opportunity 

for working on amphibian embryos and larvae was again pre- 

sented, further observations and experiments on the behavior 

of the epithelial cells led to the discovery of several additional 

facts, as well as to the confirmation of the conclusions already 

drawn. Where not otherwise stated the observations here 

described were made on the larvae of Diemyctylus torosus. The 

behavior of the epidermis from tadpoles of Rana and Hyla 

proved to be essentially the same as in the species mentioned. 

Studies were also made on the epithelial outgrowths from tissues 
of the adult frog. : 

Pieces of embryos were cultivated as before in lymph or plasma 

from the adult. It is very difficult to employ plasma on account 

of the rapid coagulation of the blood. Lymph has the practical 

drawback that in most amphibians a very small quantity is 

available while in the frog it varies so greatly that no uniform 

results could be obtained with it. Lymph tends to become too 
watery for use a short time after the frog is dead, and only a 

few drops of a usable quality can be obtained from any one 

animal. Epithelial cells do not wander out to any considerable 

‘Holmes, S. J. Behavior of ectodermic epithelium of tadpoles when culti- 

vated in plasma. Univ. of Calif. Pubs. in Zool., vol. 11, 155, 1913. 
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extent unless they are in a medium of more or less firm consist- 

ency. When the lymph does not form a coagulation about the 
tissue no outgrowth occurs, although the cells may remain 

alive and the cilia upon them keep beating for weeks. In 

Ringer’s solution epithelium from both embryos and adults will 

remain alive for a long time, but no outgrowth as a rule takes 

place. As so many cultures put up in frog’s lymph proved un- 

successful the attempt was made to find a substitute for coagu- 
lum of blood and lymph which would elicit the same sort of 

thigmotactic reaction from the epithelial cells. After several 

experiments which proved to be failures, it was found that a 

mixture of Griibler’s nutrient gelatin and blood serum afforded 

a culture medium that was very suitable for the purpose in hand. 

The proportions of the substances finally decided upon were 

about equal parts of serum and a two per cent solution of the 
gelatin. The gelatin solution was made and sterilized by boil- 

ing. In obtaining the serum, blood was drawn from the heart 

into a small glass tube and the clot removed. Then the gelatin 
warmed sufficiently to become fluid was mixed with an equal 

quantity of serum and centrifuged to remove the blood cor- 
puscles, and the clear liquid was then transferred to another 

receptacle. The mixture thus formed becomes quite fluid when 

but slightly warmed and remains fluid for an hour or more at 
ordinary temperatures. One can work with it therefore with- 

out undue haste, and should the supply become solidified in the 

course of making preparations of the tissues it can be made 

fluid again by a slight degree of warmth. The same fluid may 

be preserved for several days if kept free from infection. I have 
found tissue to thrive in it after it had been prepared for several 

days as well as in mixtures freshly made. The ease with which 

this medium can be made and used greatly facilitates making 
preparation of tissues, and the results obtained by its use are 

also more uniform than those obtained by the use of plasma or 

lymph. 

The ectoderm from pieces of young tadpoles grows out in this 

medium with great rapidity. In twenty-four hours the new 
growth may exceed the area of the introduced tissue and in 
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forty-eight hours it may be five or six times as great. Usually 
the ectoderm extends in the form of broad sheets, but some- 

times narrow strands are seen which often branch, and occa- 

sionally some of the branches may meet and fuse with those of 

other strands. In many cases most of the epithelium had 
migrated away from the implanted piece, but the latter was in 

all cases covered by a thin layer of this tissue. It is common 

for outgrowths to appear both in contact with the cover slip 

- and with the lower surface of the hanging drop, and they are 

about as frequent in the one situation as in the other (figs. 1 and 
2). During the period of active extension the advancing epi- 

thelium is always furnished with an amoeboid border of very 
clear protoplasm as has been described by Harrison.? This 

border varies much in width and is often so exceedingly thin and 
transparent that it is very difficult to follow its course. The 

very fine processes that are sent forth are mostly in close contact 

with the substratum, and a number of observations make it 

evident that they possess considerable adhesiveness. The con- 

clusion reached in my previous paper that the epithelial exten- 

sions are due to the amoeboid activity of their hyaline margin 
is confirmed by the discovery of several additional facts. 

It was found that the epithelial membranes possess a re- 

markable degree of contractility. With the application of a 

stimulus a large epithelial extension may shrivel up to about 

one-tenth its original area. Often a very broad extension sev- 

eral times the area of the tissue from which it came may con- 

tract to a very narrow fringe, giving one the impression that 

to a large extent it went back to its original situation. The 
contraction starting at any one point may be seen to spread to 

surrounding areas until finally the whole mass may be involved. 

At other times only a small part of the sheet of ectoderm may 

draw back. In either case the margin of the retracted ectoderm 
becomes much thicker and rounded, the amoeboid processes 

disappearing. If the amoeboid margin is watched carefully in 

an epithelial extension that is just beginning to contract the 

? Harrison, R. G. The outgrowth of nerve fiber as a mode of protoplasmic 

movement. Jour. Exp. Zool., vol. 9, 787-848, 1910. 



284 S. J. HOLMES . 

amoeboid processes may be seen to give way suddenly as if they 

could no longer resist the tension of the cells behind. The free 

margin then becomes thickened and rounded, and the cells take 
on a quite different form. When one part of the hyaline border 

gives way the adjacent parts follow; the retraction, however, may 

soon stop, or it may spread widely according to various cireum- 

stances. At the beginning of the contraction the pseudopods 

may be stretched out considerably, as the cells behind tend to 

draw away, before they become loosened from their attachment. 

A characteristic of these epithelial outgrowths quite as striking 

as their extreme contractility is their extraordinary sensitive- 

ness to slight stimulations. Bringing the slides from a cool 

place to the stage of the microscope where the temperature is a 

few degrees higher usually causes a retraction of some part of 

the margin of an epithelial outgrowth. The process of con- 

traction was observed a great many times, and in fact it usually 

happens to a certain extent whenever slides are brought from a 

cool place for examination. It is probably the transition to a 

warmer environment rather than the higher temperature per se 

that causes the contraction, because preparations kept at room 

temperature form equally great extensions of epithelium, and in 

many cases the sheets of ectoderm which become contracted 

when exposed to a higher temperature subsequently extended 

again while the higher temperature remained unchanged. Con- 

traction of any part of the sheet of ectoderm may be iniated 

by placing the point of a warm needle above the region in question. 

That the cells are responsive to a mechanical stimulus was 

shown by touching the margin of the extension with a fine glass 

rod. Local contractions uniformly followed. Whenever a prepa- 

ration was washed in Ringer’s solution preparatory to furnishing 

it with a new supply of nutrient gelatine, the epithelial extension 

shrivelled up to a small fraction of its previous dimensions. By 

placing a drop of Ringer’s solution upon the preparation the 

epithelium is caused to contract as soon as the solution diffuses 

into contact with it. Whether the contraction is due to a slight 

osmotic effect of the Ringer’s solution, or to the stimulating 

influences of the salts is uncertain. 
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In several cases a part of the epithelial outgrowth of a piece of 

tissue was cut off and transferred to another drop of the culture 

medium. The act of cutting causes a violent contraction of the 

epithelial outgrowths, and the operation usually has to be done 

quickly to be successful. A broad and very thin sheet of cells 
may shrivel up, after it is cut off, into a small rounded mass 

that has very little resemblance to its previous condition. Sub- 

sequently these isolated pieces may spread out as widely as before. 
The application of an unfavorable degree of heat causes a 

contraction of the epithelium quite aside from any stimulating 

influence of a change of temperature. Often the areas of epi- 

thelium may be broken up in this way into isolated masses of 

cells or even into individual cells. The influence of heat on 

epithelium is very similar therefore to its effect on the blasto- 

meres of a dividing egg. The cells or cell masses tend to become 

rounded up and inert. Light has very little effect on the epithe- 

lial cells. If the heat rays are filtered out, epithelium may be 

exposed for hours to the most intense light without manifesting 
any evident reaction. 

In general one may say that epithelial cells, like so many free 

organisms, respond to various unfavorable influences by con- 

traction. When kept for several days in the same culture medium 

the epithelial cells show a tendency toward rounding up. This 

often results in the rupture of strands of cells, or the breaking 

up of sheets of cells into isolated masses. Under favorable 

conditions epithelial cells rarely isolate themselves from the 

general mass. It is probably the accumulation of products of 

excretion that causes the contraction of cell masses which are 

kept too long in the same medium. The breaking up occurs 

much more quickly in cultures kept at room temperature than 

in those kept in a cooler place, owing probably to the more rapid 

metabolism and the greater accumulation of toxic products. 

That it is not the injurious influence of room temperature alone 

that causes the contraction of the cells is shown by the fact that 

by washing the contracted masses in Ringer’s solution and giving 

them a fresh supply of the culture medium, the epithelial cells 

may again form extensions at ordinary room temperature. 
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Cultures may be kept alive for a long time at room temperature, 

but they require more frequent washing and change of medium. 

Extensions of cells occur more rapidly at room temperature than 
when the cultures are kept in an ice box. 

While it is clear that extensions of ectoderm are mainly 

due to the outwandering of cells, a certain amount of cell di- 

vision is also found to occur. Division figures were not infre- 

quently observed several days after the preparations were made. 
In two cases a division figure first seen in the prophases was 

watched continuously through the entire process of mitosis. 

The individual chromosomes could be distinctly seen and as 

many as fifteen could be readily counted, although the actual 

number is greater. The arrangement of the chromosomes in 

the equatorial plate, their pulling asunder, and the formation 

of the two daughter nuclei could be easily followed. The 

chromosomes appeared as V-shaped rods, and during the ana- 

phase the open end of the V’s were directed towards the middle 
of the division figure. Cleavage of the cytoplasm was completed 

soon after the telophase of the nuclear division. The whole 

process of mitosis was completed in less than three hours. 
Mitoses become rarer the longer the tissue is kept in a given 

supply of culture medium. In one preparation from the larva 

of Diemyctylus mitotic figures were common four days after the 

tissue was isolated, and some were found on the seventh day, but 

none later. Changing the tissue to a fresh supply of culture 

medium, however, may cause cell division to be resumed. One 

preparation which had been subcultured several times showed 

numerous division figures fifty days after it had been removed 

from the body of the animal. Two days after its last transfer 

into fresh culture medium it showed over twenty-five mitotic 

figures. One of these was watched through into the telophase 

when the cell body could be distinctly seen to constrict into two 

separate cells. I have never seen mitotic figures so abundant 

as in this piece of epithelium which had been kept for fifty days 
in an artificial medium. The washing in Ringer’s solution 

and its transfer to a fresh supply of fluid had apparently given 

the tissue a new lease of life. 
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As stated in my previous paper, extensions of epithelium often 

give strong evidence of amitotic nuclear division. Further 

observation not only furnished additional evidence of the same 

phenomenon, but revealed some of the conditions by which ami- 

totic division is induced. Newly extended sheets of ectoderm 

present little or no indication of amitotic division. The nuclei 

of the cells are round or oval and rarely present any indenta- 

tion of their outline. With epithelial outgrowths which have 

been kept for a week or more in the same culture medium indi- 

cations of amitosis are more frequent. Instances of two, three 

or four nuclei in a cell are common (fig. 3), and in some cases 

as many as eight nuclei were seen in a single cell. No clear 

indications of cell division following the division of the nucleus 

were observed. In many cases the amount of nuclear material 

in relation to the cytoplasm was obviously increased to a very 

considerable extent. In all cases where numerous nuclei were 

seen in a cell there was a considerable amount of yolk present, 

although cells with very little yolk remaining in them frequently 

had two nuclei, but rarely more. 

While evidence of amitotic nuclear division occurred abundantly 

in many preparations kept without a change of medium, other 

preparations made of the same material but changed every few 

days to a fresh medium showed no indication of amitosis, al- 

though they were kept much longer than the preparations in 

which the medium was unchanged. The appearance of indica- 

tions of amitosis very frequently goes along with signs of dimin- 

ished activity, such as the rounding up of cells, the disintegration 

of certain cells in the culture, and the general inactivity of the 

epithelial tissue. It is a commonly received doctrine that ami- 

tosis occurs most frequently in cells of declining vitality. Its 

association in cultures of epithelium with life under unfavorable 

conditions lends a certain support to this view. 

Most of the epithelial outgrowths observed showed cells of 
somewhat different types. The ordinary cells of pavement 

epithelium (fig. C), as soon as most of the yolk disappears, con- 

sist mainly of a clear, rather homogeneous protoplasm, more or 

less granular in the vicinity of the nucleus. A small amount of 
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yolk in the form of tiny spherules may persist until a late larval 

stage, even in the ectoderm of the tail and dorsal side of the body, 

while it is fairly abundant in the cells of the ventral side of the 

abdomen. As the cells become older and the yolk is gradually 

used up they tend to become relatively broad and thin, and to 

increase in transparency. Certain cells in early larval develop- 

ment become distinctly alveolar in structure (fig. 5). Such cells 

occur either singly or in small groups scattered about among 

the cells with homogeneous protoplasm. The alveoli are of 

various sizes in the same cell. These cells resemble and prob- 
ably correspond to the Leydig’s cells which have been described 

from the epidermis of several amphibians. I have observed 

the same type of cells scattered about in the epidermis of the 

young larvae of Diemyctylus in much the same way as they 

commonly appear in epithelial extensions in vitro. In the 

young larvae of Triton, Salamandra and Siredon, Maurer’ de- 
scribes the Leydig’s cells as scattered about singly among other 

cells of the deeper epidermis. On account of their vacuolated 

protoplasm these cells are considered as glandular in function, 

but they take no part in the formation of the cutaneous glands 

of later development. It is the appearance of the alveolar con- 

tents of the Leydig’s cells that has given rise to the common 

opinion that they are mucous glands, but the cells have no direct 

connection with the exterior, and are usually covered with one or 

more layers of ordinary epithelium. In the preparations of 

epithelium in vitro various intergradations were found between 
ordinary epithelial cells and cells of the vacuolated type. 

Occasionally also cells with granular contents occur in the 

epithelial outgrowths (fig. 4). The material forming the granules 
has a different appearance from the yolk, and probably repre- 

sents the accumulated product of some sort of secretion. 

As we have mentioned before, preparations may be kept alive 

for a considerable period if they are changed to a fresh culture 
medium. No especial attempt was made to find how long tissues 

could be maintained alive, but some of my preparations of epi- 

thelium were living over three months after implantation. One 

3 Maurer, F. Die Epidermis und ihre Abkémmlinge. 
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cross section taken from the tail of a young Diemyctylus larva 

before it hatched from the jelly was put up in the middle of 

January. In a few days the epithelium showed extensive out- 

growths along the cover slip and lower surface of the hanging 

drop. On January 27 after it had begun to show signs of de- 

terioration it was washed and transferred to fresh gelatin and 

serum. Growth was resumed, and the cells showed a healthy 

appearance. The piece was transferred to fresh medium on 

February 2, and again on February 18. On February 24 it was 

divided into two parts. Both pieces, although their epithelial 

extensions became much shrivelled up after the transfer into 

fresh culture medium, soon put out extensive sheets of epithelium. 

Both pieces were transferred on March 3, when the same con- 

traction and subsequent extension were again observed. One 

piece was transferred once more on March 10, and lived about 

a month longer. It is represented in figure 10. The second 

piece which showed signs of diminished vitality in the rounding 

up and separation of many cells and cell masses was re-transferred 

on April 1, after which it became active and sent out extensive 
sheets of epithelial cells. 

The histories of many other preparations were essentially the 

same as the foregoing. In all cases the tissue was washed in 

Ringer’s solution for a half hour or more, and the old gelatin 

mass around it removed before being put into a new supply of 

nutrient medium. <A few preparations were left in Ringer’s 

solution for a day without any apparent harmful results. 

Epithelium remained epithelium throughout the experiments. 

The changes occurring in it were comparable to those taking 

place in the epithelium on the body of the larva. There was a 

progressive loss of yolk spherules, which in the epithelium from 

the dorsal side of the larva resulted in the total disappearance 

of yolk from most of the cells. As the yolk disappeared the cells 

became thinner and more expanded. From cells originally alike 

in appearance there came to be differentiation into cells of the 

vacuolated type, granular cells, although the latter were com- 

paratively rare, ciliated cells, and cells of typical pavement epi- 

thelium. Whether the cells had received a start toward differ- 
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entiation into these different types before their implantation or 

whether their differentiation was entirely iniated after their 

transfer is uncertain. 
A few experiments were tried with pieces of skin from the adult 

frog. Many of these pieces failed to show any epithelial out- 

growth, although they were kept apparently in a healthy condi- 

tion for weeks. In some instances large extensions of epidermis 

were observed. The cells at the margin of the outgrowths showed 

the same thin hyaline border with its minute changing pseudo- 

pods, as is found in the preparations of amphibian larvae. The 

general character of the epithelial outgrowth, the method of its 

formation and its behavior in relation to solid surfaces and to 

various stimuli are practically the same as in the extensions of 

larval epithelium. 
Since my previously cited paper on the movements of epithe- 

lium in tadpoles was published, two papers have appeared 

which deal with the same subject. One of these is an article 

by Oppel! which is devoted entirely to the epithelium of the 

tadpoles of Rana; the other, written by Osowski,® includes a 

study of the movements of epithelial cells in tadpoles and in 

the embryos of fishes and of birds. The methods employed by 
both authors in their work on tadpoles are much the same. Tails 

of young tadpoles were cut off near the base, placed in diluted 

Ringer’s solution for different periods, and then fixed and studied 

in serial sections so as to follow the way in which the cut surface 

came to be covered with epithelium. The covering of the cut 

surface was also followed by Osowski by making observations 

from time to time on the living tissue. No evidence of mitotic 

division was observed by Osowski in the epithelial cells that were 

extending over the cut surface. Both authors conclude that the 

movements of epithelial cells are responsible for covering the 

wound and that the movements in question are not the result of 

pressure or tension to which the cells may be subjected, but a con- 

4 Oppel, A. Demonstration der Epithelbewegung im Explantat von Frosch- 

larven. Anat. Anz. Bd. 45, 173-185, 1918. 

5 Osowski, H. E. Ueber aktive Zellenbewegung im Explantat von Wirbel- 

tierembryonen. Arch. f. Entw.-mech., Bd. 38, 547-583, 1914. 
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sequence of the activity of the cells themselves. Osowski, how- 

ever, does not look upon the movements of the cells as amoeboid. 

The general conclusion to which he comes in regard to the move- 

ments of epithelium in the forms which he studied is: 

Die Bewegung, die in den Explantaten zu Wundiiberkleidung fithrte, 
gehort also zu der Rubrik der Selbstbewegung, und zwar zu den aktiven 
Massenbewegungen des Epithels, weil sie sich an einer zusammen- 
hiingenden Masse von Epithelzellen gemeinsam abspielt. 

Vergegenwiirtigen wir uns das im experimentellen Teil iiber den 
Vorgang der Wundbedeckung Gesagte und beachten wir die beigegeben 
Figuren, so wird man in der Bewegung alle Charakteristika der von 
Oppel so genannten “Hpithelbewegung” wiederfinden: Sie vollzieht 
sich ohne Pseudopodienbildungen, die Zellen bewegen sich hinter— 
und nebeneinander sowie parallel zu der zu tiberkleidenden Oberfliche. 

Osowski’s failure to find pseudopodia is, I think, due to his 

study of preparations by means of serial sections, and to the 

fact that his studies of living material were made by observing 

the epithelium in contact with other parts of the implanted tissue. 

The pseudopods of epithelial cells of amphibian larvae are so 

short and so fine that it would scarcely be possible to detect 

them when they were extending upon other parts. Only when 

these epithelial cells become freed so that one can observe their 

free margin with high powers of the microscope is it possible 

to ascertain the real method of their movement. Apparently 

neither Osowski nor Oppel observed epithelium extending away 

from the implanted tissue. This was due doubtless to the em- 

ployment of Ringer’s solution, which does not evoke a thig- 

motatic reaction from the cells. 

I am compelled therefore to dissent from the view that the 

movement of epithelium in amphibian larvae takes place dc- 

cording to the conception of ‘“Massenbewegung”’ as described by 

Oppel® and adopted by his co-worker Osowski. Study of epi- 

thelial cells under the favorable conditions of isolation where 

they are spread out on the under surface of a cover slip clearly 

shows the essentially amoeboid character of their movements. 

§ Oppel, A. Causal-morphologische Zellenstudien. V Die aktive Epithel- 

bewegung, ein Faktor beim Gestaltungs- und Erhaltungsgeschehen. Arch. f. 
Entw-mech. Bd. 35, 371, 1912. 
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The behavior of epidermal epithelium in vitro serves to throw 

light on several features of the activities and functions of epi- 

dermis in its normal situation on the body. It is well known that 

abraded or cut surfaces are quickly covered by an epithelial 

layer. The chief factor in this process, as Oppel and Osowski 

have contended, is epithelial migration and not the growth or 

the mere passive movement of epithelial cells. Surfaces may 

be covered with little or no cell multiplication, but simply by 

the wandering of epithelium. The cells of the epidermis have an 

inordinate tendency to lateral spreading. They have a strong 

tendency to cling to their own kind of cells, and under normal 

conditions seldom become isolated from their neighbors. The 

adhesiveness of the newly formed hyaline pseudopods serves 

to give a point of attachment, and as the hyaline border advances 

the epidermal cells are pulled out more and more. Various 

observations have shown that the epithelial membranes formed 

were drawn out despite a certain contractility of their substance. 

The fact that as soon as the attachment of the pseudopods is 

broken the membrane draws back and begins to shrivel up indi- 

cates that the real seat of activity responsible for pulling out the 

sheets or strands of cells is the amoeboid movement of the ad- 

vancing margin. The extending of this margin often causes 

the cells to become exceedingly thinned out. The membrane 

tends to creep out until the advancing margin comes into contact 

with other epithelial cells, thereby forming a continuous covering 

of the exposed surface. 

The strong tendency of the epidermal cells to lateral spread- 

ing insures the formation of a continuous membrane; this is an 

important property in relation to several functions, and especially 

those related to osmosis. Studies made on the peritoneal cells of 

amphibians showed that the behavior of these cells has much in 

common with the behavior of the cells of the epidermis. There 

can be little doubt that the peculiarities of arrangement of the 

cells lining the body cavity, the endothelial cells of the blood 

vessels, and the cells lining various ducts and other passages 

depend upon certain features of cell behavior. It is quite 

feasible to study the characteristic features of the behavior of 

these cells by keeping them isolated in vitro. Considerable light 
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may be thrown on various morphogenetic processes in this way, 

but it is perhaps premature to attempt to speculate as to the 

value or promise of this method of analysis. 

SUMMARY 

The epidermis of amphibian larvae grows well in a mixture of 

equal parts of a two per cent gelatin solution and blood serum 

from the adult animal. Epidermis shows a marked thigmotaxis, 

and in hanging drop cultures extends away from the implanted 

tissue along the lower side of the cover slip and the lower surface 

of the drop of culture medium. 

The extending mass of epithelium usually takes the form of a 

broad, thin sheet whose outer border is formed of very thin, 

clear protoplasm furnished with fine pseudopodia. 

Sheets of extending epidermis are sensitive to slight stimula- 

tions, and show a remarkable degree of contractility, often draw- 

ing in to a small fraction of their previous superficial area. 

Strong contractions of epidermis are evoked by thermal, 

chemical, osmotic or contact stimuli, but strong light has no 

appreciable influence on the epithelial cells. After contraction 
the epithelial mass may spread out as widely as before. 

Epidermis from amphibian larvae may be kept alive for sev- 

eral months if it is transferred occasionally into fresh culture 
medium. 

Mitotic cell divisions were observed in the living cells fifty 
days after implantation into the culture medium. 

Amitotic nuclear divisions were found, especially in prepara- 

tions that were kept for several weeks without a fresh supply of 

nutrient fluid. 

Epidermal cells from embryos of Diemyctylus were seen to 

undergo differentiation in vitro into the different types of cells 

found in the epidermis of late larval stages. 

Pieces of epidermis from the adult frog form extensions much 

like those from the larva, but growth is less rapid. 

The extensions of the epidermis in both larval and adult 

forms are due to the amoeboid activity of the hyaline protoplasm 

along the margin of the extending mass. 



PLATE 1 

EXPLANATION OF FIGURES 

1 Epithelial extensions from a piece of the tail of a Diemyctylus larva a week 

after implantation. The darker sheet of ectoderm represents the part extending 

in contact with the cover slip of the hanging drop culture; the lighter lower ex- 

tension was in contact with the lower side of the drop. 1* represents the original 

piece which was taken from a young larva before it had hatched from the jelly; 

it was quite opaque and showed no chromatophores which had become clearly 

differentiated a week later. 

2 Epithelial extensions from a piece of tissue which had been cultivated 

for over two months, subdivided once, and subcultured several times. The dark 

central part represents the piece from which two large sheets of epidermis, an 

upper and a lower, have extended. 

3 A multinucleated cell of epidermis. 

4 Granular cell of the epidermis. 

5 Two alveolar cells of the epidermis which differentiated in vitro. 

6 Ordinary epidermal cell. 

7 Epidermal cells from the edge of an advancing sheet of epidermis in con- 

tact with the cover slip. The thin hyaline border shows numerous fine pseudo- 

pods in contact with the glass. 
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EFFECT OF THYROID ON DIVISION RATE OF 
PARAMAECIUM 

WALDO SHUMWAY 

From the Zoblogical Laboratory, Columbia University 

THREE FIGURES 

INTRODUCTION 

The remarkable results recently described (Gudernatsch 

12, ’13) of a thyroid diet upon the development of the tad- 

pole suggests interesting problems as to the effect of this sub- 

stance upon the individual cell. In the following paper is given 

an account of the effects observed on the life history of Para- 

maecium aurelia when particles of thyroid were added to its diet. 

The experiments here described were carried on in the Zodlogical 

Laboratory at Columbia University and in the Marine Biological 

Laboratory at Woods Hole, under the direction of Prof. Gary N. 

Calkins, to whom the writer’s thanks are due for encouragement 

and advice. 
In studying the effects of chemicals on Paramaecium, many 

different indices have been employed by previous writers, espe- 

cially chemotaxis, size, division-rate, and the phenomena ex- 

hibited by the gastric vacuoles. The rate of division has been 

chosen in these experiments as an index of the effects produced 

by the thyroid, as the investigations of Calkins, Woodruff and 

others have shown that it is very greatly affected by slight 

changes in the environment. Very recently Woodruff and Un- 

derhill have used this method in their series of investigations 

on “Protozoan Protoplasm as an Indicator of Pathological 

Changes” (13-14). 

297 
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METHODS 

All the experiments described in this paper were carried on 

upon a race of Paramaecium aurelia descended from an individual 
isolated March 12, 1913 from a mass culture which had been main- 

tained in the laboratory for several months. This race was 

hereafter maintained in four files! by daily isolations following the 

method described by Calkins (’02). The principal deviation 

was in the use of solid shallow watch glasses instead of depres- 

sion slides. A daily record was kept of all the divisions which 

occurred in the history of the race, and these were averaged at the 

end of every five days to give the average division rate per day of 

the race for that period. 

At the beginning of the experiments, two or three sister cells 

were isolated from each file, of which one was used to continue 

the control file while the others were used to start experimental 

files. In this way two or more lines of four files each were ob- 

tained of approximately the same protoplasm. Diagram 1 

illustrates this method graphically. While one of the lines thus 

obtained was continued as the control line, the others were 

treated with thyroid or other substances as hereafter described. 

At the end of every five-day period, the division rates of the 

experimental lines were ascertained and compared with that of the 
control line for the same period. 

The accompanying graph (diagram 2) shows the history of the 

control line (A) by five-day periods from the beginning of the 

experiment until December 20, 1913, when the line died out. 

The history of several of the experimental lines is indicated by 
dots and dashes. 

The medium upon which the control line was kept was equiva- 

lent to one-half ‘‘standard hay infusion”? (Jennings 710). It was 

prepared by boiling one gram of hay in one hundred cubic centi- 

metres of tap water for ten minutes, filtermg and allowing it to 

stand exposed to the air for twenty-four hours, when it was mixed 

1The term ‘‘file’’? is used to designate a single genetic series of Paramaecia 

derived from an original individual by the process of daily isolating one of the 

cells produced by the divisions of the preceding isolated cell. 
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Diagram 1 To show ideal relations of sister lines of Paramaecia for comparing 

difference in division rate produced by changes in environment. 

= Control line ... . . = Sub-line for experiment 

with an equal quantity of boiled tap water. The quantity used 

for each individual was four drops. 

The experimental lines were treated with the regular control 

medium to which a small quantity of thyroid or thymus was 

added. Whenever possible, glands from the same animal were 

used. At first emulsions from fresh glands were employed, 

later Armour’s dried preparations. No attempt was made to 

render the emulsions absolutely bacteria-free. In the following 

accounts of the experiments, the emulsions used will be referred 

to by the numbers under which they are here described. 

I. Thyroid Emulsion I and Thymus Emulsion I, were prepared from the 

glands of ten rabbits killed and dissected April 6, kept in physiological salt solu- 

tion twenty-four hours, macerated and mixed one part to two parts boiled tap 

water. These emulsions were kept in a refrigerator at about 10°C. and were 

used during period 7, in the proportion two drops to two drops 1-2 Standard Hay 

Infusion. 

II. Thyroid Emulsion II and Thymus Emulsion II were prepared from the 

glands of twenty rats killed and dissected April 13, kept in Ringer’s Salt Solu- 

tion twelve hours, macerated, ground, and mixed one part to two parts boiled tap 

water. These emulsions were kept in the refrigerator, and used during period 8 

in the proportion two drops to two drops 1-28.H.I., and during periods 9 to 12, in 

the proportion 1-4 drop to four drops 1-2 8.H.1. 
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III. Thyroid Emulsion III and Thymus Emulsion III were prepared from the 

glands of nine rabbits killed and dissected April 25, kept in physiological salt 

solution five hours, macerated, ground, and mixed one part to two parts boiled 

tap water. These emulsions were kept in the refrigerator, and used in Experi- 

ment 1, periods 13 to 15, and in Experiment 2, in the proportion 1-4 drop to four 

drops 1-2 8.H.I. 

IV. Thyroid Emulsion IV and Thymus Emulsion IV were prepared from cow 

thyroids furnished me by the kindness of Dr. Gudernatsch. On June 28 these 

were macerated, ground and mixed one part to two parts boiled tap water and 

used in Experiments 3 and 4, during periods 23 and 24, in the proportion 1-4 drop 

to four drops 1-2 §.H.I. 

V. This symbol will be used for preparations made daily from Armour’s Thy- 

roids U.S.P. (desiccated) and Armour’s Thymus (desiccated) by shaking up 1.5 

mg. in 2 ce. boiled tap water and adding 2 cc. 1-2 8.H.I. Four drops of these 

mixtures were used at each isolation. 

EXPERIMENTS 

Experiment I. April 9 to May 23, 1913. 

Average Division Rate 

A D E F 
RENO (CONTROL) (THYROID) (THYMUS) (THY ROID-CONTROL) DIN 

7 1.50 2.70 0.55 

8 1205 1.95 1etO 

9 1.00 2.90 1.10 

10 1.5955 3.60 1.90 

11 1.45 2.80 1.40 

1 2.20 335.15) 2.20 

13 0.95 Pap M5) 

14 Ws 0) 2.60 

15 1.00 2.40 

For this experiment two lines of four files each were derived 

from the control line (A), one of these (D) was kept in 1-2 S. H. 

I. to which a small quantity of thyroid (Thyroid I, II, III, see 

above) was added, the other (EK), not shown on diagram 2, was 

Diagram 2. Chart showing life history of line A, together with the differences 

produced in sub-lines treated with thyroid, some of which were thereafter re- 

turned to control conditions. 

———— = Control line 

. = Lines treated with thyroid 

----- = Lines returned to control conditions after thyroid treatment 
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treated in the same way except that thymus was substituted 

for thyroid. The table above shows the average division rate 
for each line during the periods in which the experiment was 

continued. As is seen, the average for D is always greater 

than for A, while E does not show this increase. The F line, 
started from the D line after fifteen days of thyroid treatment 

and kept thereafter in control medium, shows a return to the 

average rate of A. 

Experiment II. April 24 to May 8, 1913. 

: | H | J A D | 
PRED (CONTROL) | (THYROID) | (THYMUS) | (CONTROL) (THYROID) ELST 

10 | 2.15 | 31 115 | 1.00 1255 3.60 

11) Pgh” “Sica sO 1.45 2.80 
Lee 50 | 

This experiment was commenced during Experiment I to 

discover whether the effects observed in the thyroid treated 

individuals would be produced in other individuals of the same 

race. An individual was selected from the A line, and allowed 

to divide until there were twelve cells of the same generation. 

Four of these were allowed to continue in the control medium, 

forming line G, four were treated with Thyroid III (H), and four 

with Thymus III (J). The table shows the division rate for the 

three ensuing periods. For purposes of comparison, I have added 

the averages given by the control and thyroid lines of the pre- 

ceding experiment for the same periods. This experiment con- 

firms the results of Experiment I. 

Experiment III. June 28 to July 2, 1913. 

Average Division Rate 
Poe: oe eat 2 ees ‘ies 

| M N 
PE 

LOD (CONTROL) | (THYROID) (THYMUS) 
| LINE 

3.20 23 | 2.65 2G iran 

This experiment was performed at Woods Hole. After the 

trip from New York and the change to Woods Hole tap water 



EFFECT OF THYROID ON DIVISION OF. PARAMAECIUM 303 

the division rate as a rule averaged much higher than it had in the 

city. As my supply of Thymus and Thyroid IV was limited, and 

owing to the difficulty of keeping fresh tissue, this experiment 

was continued for one period only. It is sufficient however to 

show the typical thyroid increase. Compare the following ex- 

periment. 

Experiment IV. June 28 to July 7, 1913. 

nUer ons Division Rate 

D’ | fe) 
PERIOD (conTROL) fa (THYROID) — | LIN 

©) | tee z | Pes Ys 

23 | 1.70 | 2.90 
24 2.10 3.50 

This experiment was carried on at the same time as Experiment 

Ill. The control in this case was the D line (now known as D’) 

which had been treated with thyroid for 9 periods and then 

maintained on a control medium since the close of Experiment I. 

While in this medium it had approximately given the same 

averages as A, as may be seen from diagram 2. The O line was 

derived from this and treated with Thyroid IV for two periods, 

during which, as may be seen from the table, it maintained a_ 

much higher rate of division. 

Experiment V. August 7 to 21, 1913. 

Average Division Rate 

: | A LZ 
EEELOD (CONTROL) | (THYROID) (rurnor~ -CONTROL) i (THYMUS) | UNE 

ey | etd OO ES UBeTO cmd 6 a e185 | | 
32 TOs. | 1.80 1.80 
33 2.25 | 2.50 2.00 

At the time of this experiment the life-cycle shows an apparent 

depression period (diagram 2) and the race was reduced to two 

individuals. One of these was kept in the control medium to 

continue the A line, the other was treated with Armour’s desic- 

cated sheep thyroids (Thyroid V) to start the X line. After 
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one days thyroid treatment individuals were taken from the X 

line, returned to the control medium to initiate the Y line. 

The table shows the great increase produced by the thyroid in 

the D line and the subsequent return to normal in the Y line. 

The Z line derived from the Y line and treated with thymus, 

shows nothing significant. 

Experiment VI. August 12 to 21, 1913. 

Average Division Rate 

A 
PERIOD (CONTROL) eno Doe 

32 1.70 1.85 
33 2.25 3.70 

As the control line began to emerge from the depression period, 

another race (a) was derived from it and treated with Thyroid V 

as above. After one period in which no significant increase ap- 
peared, the thyroid treated line presented a high division rate, 

comparable with that shown in Experiment V. 

Experiment VII. August 22 to September 5, 1913. 

Average Division Rate 

; i a’ d’ 
LOD | (CONTROL) (THYROID) (THYMUS) MINE 

34 | 2.50 3.10 2.50 
35 2.30 3.20 2.00 

36 | 2.40 3.25 5 
\ 

This experiment is rendered more significant by the fact that 

instead of four files, eight files were maintained for each line. 

The table shows the significant increase in division rate exhibited 

by the thyroid treated line. Note also that in this as in other 

experiments where Thymus V was employed, that the dried 

thymus does not produce the decrease in division rate observed 

when the fresh glands were used. It may be said in passing that 

this decrease was due to the large number of deaths which ap- 
peared in those lines. 
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Experiment VIII. October 21 to 25, 1913. 

Average Division Rate 

A | c ae PERIOD (CONTROL) | (THYROID) | (THYMUS) gels 

46 | 1.50 | 2.65 | 1.30 

This experiment was performed after returning to New York 

from Woods Hole and an interval at which observations were 

made at irregular intervals (one to four days), periods 38-41 in- 

clusive. At this time the Thyroid (V) still produced an increase 
in division rate. 

Experiment IX. November 30 to December 19, 1913. 

Average Division Rate 

A if ti 
FIO (CONTROL) Geman) (THYMUS) TINE 

54 0.65 | Tooele * "0; 80 
55 0.70 | 1.40 1.15 

56 O95 )5 0 OFA0! eo 1.05 
57 0.40 | 0.20 0.15 

This experiment was carried on during the final depression 

period which carried off the race. The individual cells at this 
time gave evidence of their condition not only in lowered di- 

vision rate but also in distortion, decreased size, more sluggish 

movements and the appearance of monstrosities. Attempts 

were made to save the race by changing the culture medium to beef 

extract, increasing the amount of medium per individual, treat- 
ing with K.HPO,, etc., but in spite of these efforts the last indi- 

vidual died on December 20. At this period the thyroid (V) 

did not produce any effect after the first two periods; in fact 

the thyroid treated individuals suecumbed more rapidly than the 

control. The thymus treated individuals showed no significant 
differences. 
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DISCUSSION 

In the experiments described above, we have -seen that in 

every case, disregarding for the moment Experiment IX, the 

thyroid treated line has divided more rapidly than the control 

line from which it was descended. Thymus treated lines on the 

contrary, while apparently showing a decreased rate of division, 

have in reality given only negative results, for the lower rate of 

division was caused by a greater number of deaths. Lines 

returned to the control medium after several periods of thyroid 
treatment have then given the same average division rate as the 

control, while their sister lines under continuous thyroid treat- 
ment have continued at the higher rate of division. 

The source of the glands used bears no relation to the effects 

produced. A typical thyroid increase was produced by prepa- 

rations from fresh glands of rats, rabbits and cattle, and from 

dried glands of sheep. The stability of the agent is shown by the 

fact that emulsiors have continued active for twenty-five days 
during which time putrefactive decomposition had commenced. 

The accompanying graph (diagram 3) shows the effect of two 

emulsions (Thyroid II and III) the one from rats, the other 

from rabbits, for five successive periods. It will be seen that the 

two curves are similar, although at this time I have not sufficient 

data to discuss the nature of the curve. 

I was however unable to secure any positive results with fil- 

tered extracts, either from fresh or dried material. This is the 

reverse of the results of Nowikoff (’08) who has published the 

only other experiments on this question I have been able to dis- 
cover in the literature. It might be well then to discuss this 

paper in some detail. 
While studying the chemotaxis. of Paramaecium to thyroid 

extract, Nowikoff observed that the individuals treated with 

thyroid seemed to divide more rapidly than those kept in hay 

infusion. He devised some experiments intended to dem- 

onstrate this increase in division rate: from these he concluded 
that the thyroid extract ‘“‘exerts an intensive influence.” Nowi- 

koff used Merck’s Glandula Thyroidea sicc. pulv. dissolved in 
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File Al 

Line A 

Diagram 3 Chart showing comparative effects by five day periods of Thy- 

roid II and Thyroid III. The ordinates represent the increase of the thyroid 

average over the control average per period, the abscissae the periods covered. 

== hyrord Ie Ss) ge ae eee A = Thyroid III 

distilled water, shaken and filtered two or three times through 

paper, in a one or two per cent solution. A number of individuals 

(one to three) were placed in a few drops of this extract on a 
slide; other individuals were placed in a similar quantity of hay 
infusion or ther media. The preparations were covered with a 

cover slip and set aside in a moist chamber. Daily observations 

were made and showed larger numbers of individuals in the 
thyroid media than in the others. 

This method of Nowikoff’s does not seem, however, adapted 

to answer the question at issue. Woodruff’s experiments (11) 

upon the toxicity of the material excreted by Paramaecia have 

shown that the division rate of individuals kept in the same 

medium for a number of days grows slower owing to the harm- 
ful effects of this excreted material. It is significant that in 

Nowikoff’s experiments the Paramaecia kept in hay infusion 

under these conditions died out in a few days, as we should 

expect. Then too the thyroid extract, kept in a moist and fairly 

warm chamber for periods up to a month, must have undergone 

appreciable chemical change. It is evident that the experiment 

is complicated by the introduction of a toxic, if not lethal, 

factor and by the lack of a uniform thyroid preparation. 
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Another source of error in these experiments lies in the ab- 

sence of an attempt to secure closely related Paramaecia for the 

experiment, the necessity for which is shown by the great varia- 

bility in reaction and viability possessed by different races and 
individuals of this form. 

I have endeavored to calculate from Nowikoff’s daily counts of 

individuals the number of divisions which took place, although 

as I have pointed out this is made difficult by our ignorance 

of the number of deaths which occurred. This calculation is 

shown below, and indicates that using the rate of division 

as an index, his results are inconclusive. 

Calculated division rate for Nowikoff’s Paramaecia treated with Thyroid, Hay 

Infusion, and Muscle 

MEDIUM a * | TOTAL 

Eerecre See g tale ssn 

Hay etusions. © ele Satoh srt }0| 0/0] 0| 0 
Thyroid. | OS) 21-3450 Oy! 6 
Ay TONG ee eR Ie a (0) FS not ed a 6 

NetsGles toe ce otis eee ets eee (OF 2:) 1) 0210: "000 yr | Oi aere 
Hanalniusionts)- 0.7 eho ieee Jo}0/3/1/0/0/0\1! 0/0) 5 
higmoidi vcs cts. sa5 eves Asse Deke sal By 8a Le OHLON Ol ONSOs COp enema 
Tip Oli 5. 0p riae ke eecyereael 2p), Tal eOR ees SON AGs Ina Os 0.) an 

Gudernatsch, in his second study of feeding experiments on 

tadpoles (’13), describes an experiment in which small pieces of 

thyroid gland were placed “‘in a small glass vial closed with gauze 

and allowed to stand upright, the open end being under the sur- 

face of the water.’ The typical rapid macroscopic differen- 

tiation normally produced by thyroid feeding was observed, and 

Gudernatsch concludes that “the product of the thyroid which 
caused the rapid differentiation must be soluble in water.” The 
conditions of the experiment do not however preclude the possi- 

bility of minute particles of the thyroid escaping through the 

gauze and becoming food for the tadpoles. A definite conclusion 

can only be drawn from experiments conducted with carefully 

filtered preparations. 
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In order to secure a conclusive answer to the question whether 

Paramaecia actually ingested particles of thyroid, the writer 

performed the following experiment, suggested by the methods 

employed by Métalnikow (’12). Having stained some particles 

of Armour’s desiccated thyroids with an alcoholic solution of 

Congo Red, and washed out the free color in distilled water, 

they were placed in a watch-glass of boiled tap water with sev- 

eral individuals of Paramaecium caudatum. It was possible to 
watch the formation in the Paramaecia of gastric vacuoles con- 

taining these prepared thyroid particles, and, following the cyclo- 

sis, to observe the change from acid to alkaline reaction shown 

by the Congo Red as described by Métalnikow. I have perma- 

nent preparations fixed with osmic acid vapor that show these 

thyroid filled vacuoles very clearly. 

If then the Paramaecia can and do ingest these thyroid par- 

ticles and if after ingestion the chemical reactions which are 

commonly accepted as indicating digestion are observed, does it 

not follow that the effects produced by the thyroid result only 

after ingestion and presumably digestion? Certainly this is in 
accord with Gudernatsch’s results. 

The individuals treated with thyroid were as a rule more active, 

and slightly smaller than the control individuals, and _ their 

protoplasm was more transparent. This would be the case if the 

process of metabolism were accelerated by the thyroid. The 
thymus treated individuals on the other hand were more slug- 

gish, larger and darker than the control forms, these appearances 

apparently being due to large quantities of undigested food gran- 

ules. The conclusion seems obvious that the effect of the thy- 

roid is directly upon the metabolic activities of the cell. 
With the effects of the thyroid upon growth and differentiation 

this investigation is obviously not concerned. 

Returning now to Experiment IX we find the data presented 

more difficult to analyze. Here the thyroid does not increase the 

division rate at a time when the control line is losing the power 

of division and evidently dying out. Compare this with Ex- 

periment V, when the control line was also at a very low state of 
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vitality, but the thyroid treatment resulted in the oa in- 

crease in division rate observed at any time. 

The explanation, I believe, lies in the fact that in these two 

Experiments the Paramaecia were at very different stages in their 

life history and that their protoplasmic make-ups were not com- 

parable. I believe that in Experiment V a typical depression 

period (Calkins) or rhythm (Woodruff) was occurring, from which 

the race was able to recover without stimulation, while the 

thyroid was able to produce its usual effect. In Experiment IX 

however I suggest that we have a period of depression leading to 

‘‘germinal death’ such as carried off Calkins’ race of Para- 
maecium caudatum. Under this hypothesis we can understand 

how the thyroid was without effect in the final depression 

period, for if some element of the protoplasm necessary for 

digestion were lacking, the thyroid agent could not be released 

or act. While this is advanced only as an hypothesis, it is a 

significant fact that at the time when the race was nearing the 

end of its life cycle, the thyroid which had previously produced a 

significant increase in the rate of division with such absolute 

uniformity, presented no perceptible effect. Attention is also 

called to the fact that this race of aurelia died out in four hun- 

dred and twenty generations, while Woodruftf’s race of the same 

species has been maintained for more than four thousand gen- 

erations, one more example of the great differences in vitality 

manifested by different races of Paramaecia. 

SUMMARY 

Experiments have been carried on to demonstrate the effect 

of thyroid and thymus added to the diet of a pedigreed line of 

Paramaecium aurelia during a life history of four hundred and 

twenty generations. These experiments have shown that the 

effect of the thyroid is to increase greatly the rate of division, 

except at the time when the line was nearing the close of its cycle; 
and further that the effect is not permanent after feeding with 

thyroid is stopped. Similar treatment with thymus gave nega- 

tive results. It has been shown further that the Paramaecia 

actually ingest and probably digest particles of thyroid. 
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From these experiments it has been suggested that the effect 

of the thyroid is primarily upon the metabolic activities of the 

cell, and further, that at the close of the life cycle some element 

of the protoplasm necessary to digestion is lacking, thus inhibit- 

ing the effect of the thyroid. 
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APPENDIX 

Daily records of divisions 

Here are given the number of divisions per day for each file 

of every line described in Experiment 1 of this report (the other 

experiments are only summarized in the preceding pages). At 

the end of every five days the total number of divisions for each 

file for that period is given. The averages cited in the text are 

obtained by adding the totals of the files of each line and divid- 

ing by 20 (or the exact number of opportunities for division). 

A letter and number enclosed in brackets are used to designate 

from what file an individual has been replaced after its loss from 

death or accident, e.g. (A2). The symbol ° is used to indicate 

that an individual died but was replaced by a sister individual 

from the last preceding division of the same file. In this case the 

number of divisions of the sister individual are credited to the 

file, so 1°. The symbol — indicates a death without replacement. 

Experiment I 
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Experiment I (continued) 
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A THIRD SEX-LINKED LETHAL FACTOR IN 
DROSOPHILA 

T. H. MORGAN 

Department of Zoédlogy, Columbia University 

THREE FIGURES 

In an experiment (reported in the Jour. Exp. Zodl., page 390, 

(enue 1911) in which three sex-linked charaetars were in- 
Sern Ea ee = 

ERRATUM 

For figure 20 read figure 19, and for figure 19 read figure 20, page 260, volume 

OGY. 
17. number 2, August, 1914, THe JoURNAL OF EXPERIMENTAL ZooLo 

Var vilin Vadis, LLLE FESUITS OI the previous experiment in terms of 

cross-overs would be as follows: 
Total Per cent 

Non-cross-overs (vermilion and ver. pink males) 333 74.7 

Single cross-overs between white and vermilion 

(min. and min. pink males).. Boy: : 81 18.2 

Single cross-overs between S ranlaon ace min. 

(verm. min. and ver. min. pink males)....... 2.4 

Double cross-overs (wild type and pink males)... 2A 4.7 

Instead of giving fewer double cross-overs than singles, accord- 
ing to expectation, the number of doubles was twice that of singles, 

and for numbers as large as these this difference cannot be due to 

1 In the analysis on page 392 the large C in ‘sperm no X’ should be smallc. This 

change adds eight classes to the white males and eliminates the same number from 

the colored classes. The expected numbers in the male classes at the top of page 

393 should read downwards: 3-3-1-—1-—8-—3-3-1-1-8. 
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Experiment I (continued) 
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A THIRD SEX-LINKED LETHAL FACTOR IN 
DROSOPHILA 

T. H. MORGAN 

Department of Zoédlogy, Columbia University 

THREE FIGURES 

In an experiment (reported in the Jour. Exp. Zodél., page 390, 

November, 1911) in which three sex-linked characters were in- 

volved, namely, white eyes, vermilion eyes and miniature wings, 

certain results were obtained involving double crossing-over. 
The more recent results indicate that double crossing-over was 

excessive in this experiment.! A white miniature male had been 

mated to a vermilion pink (‘orange’) female. The daughters were 

wild type (red, long) and the sons vermilion (long). The two sex- 

chromosomes of these daughters contain respectively the genes 

for white (w), red (V), and miniature (m); and for red (W), and 

vermilion (v), and long (M). All later work has shown the order 

of the genes here involved is white, vermilion, miniature, as shown 
in diagram 1. 

On this basis, the results of the previous experiment in terms of 

cross-overs would be as follows: 
Total Per cent 

Non-cross-overs (vermilion and ver. pink males) 333 74.7 

Single cross-overs between white and vermilion 

(min. and min. pink males).. tes we) : 81 18.2 

Single cross-overs between qemnilion aad min. 

(verm. min. and ver. min. pink males)....... 2 

Double cross-overs (wild type and pink males)... 21 4. 

Instead of giving fewer double cross-overs than singles, accord- 
ing to expectation, the number of doubles was twice that of singles, 

and for numbers as large as these this difference cannot be due to 

1 In the analysis on page 392 the large C in ‘sperm no X’ should be smalle. This 

change adds eight classes to the white males and eliminates the same number from 

the colored classes. The expected numbers in the male classes at the top of page 

393 should read downwards: 3-3-1-—1-8-—3-3-1-1-8. 
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Diagram 1 

chance. This experiment has been repeated, therefore, in small 

mass cultures and has given, in F,, the totals shown in table 1. 

TABLE 1 

Females 

WILD TYPE VERMILION | PINK | VERM. PINK 

ake er ls | Ph ae 
1428 1465 469 | 548 

Males 

} VERM. 
“= VERM. | = MIN. VERM. | WILD fe |WHITE 

VERMIOLON PINK | BENE PINK MIN. tse | TYPE | UERUSS | VWinenie MIN. 
PINK | | 

501 161 | bil) “84. [4 S35 ene ae Nelo 314 1166 

The females conform to expectation. The males show many 

irregularities that will be discussed in another connection. Classi- 

fied as in the original experiment, the males give: 

Totals Per cent 

INON=CEOSS=OVETSarta es oe Gee icone ee ene 662 63.8 

Single cross-overs between white and vermilion. . 335 31.8 

Single cross-overs between verm. and minia- 

(UUM A ae ae ee PRE al a he ctysg ne yee ea 49 4.7 

Double cross-OVversa nck eo shc oc.cnkis (Oc ree i Oni 

The totals of these new results for the males approach very 

closely to expectation both for the amount of double crossing-over 

and also for the distances apart of the genes, despite other inequali- 

ties that appear in the results. 

In the experiment as actually carried out a non-sex-linked gene, 

namely, the gene for pink eyes, is involved. The additional 

classes that are thus introduced are ignored in the preceding calcu- 
lations in which pink and not-pink classes are combined. If we 

take pink into consideration the following relations will be found. 

The gene for pink lies in another chromosome, and since the F, 
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female is heterozygous for pink every egg after the polar bodies 

are extruded will contain either the pink factor or its normal 
allelomorph. The male has two classes of sperm, viz., one with 

and the other without the pink factor. In all cases except white 

(which remains white in external appearance in either case) 

the combination gives two classes in the ratio of 3:1. The 

relation of pink to not-pink are everywhere normal except in the 

following case. The single cross-overs between vermilion and 

miniature are vermilion miniature (14) and vermilion miniature 

pink (35). Instead of the expected 3:1 ratio the relation is almost 
reversed. I can offer no explanation of the relative deficiency in 

the vermilion miniature class or the relative excess of the vermilion 

miniature pink. 

We may assume that the double cross-over class included in 

white miniature is very small and negligible; if so, then the non- 

cross-over class white miniature should equa! the sum of the ver- 

milion and vermilion pink, which is 662. In fact, it is nearly 

double (1166) that number. This disturbance, as will now be 

shown, is due to a lethal factor present in the stock. 

THE LOCATION OF LETHAL III 

In the experiment, made as explained above to test double 

crossing-over, only about half as many males as females appeared 

in some of the cultures. This kind of result we have come to 

associate with a lethal factor,and further tests made with some of 

the F, females show, in fact, the presence of a new lethal. Table 

2 gives individually the ten original mass cultures (p. 318). 

Since the cultures were made in mass they can not be used to 

study lethal factors, for, the offspring may have arisen from both 

lethal-bearing and non-lethal-bearing females. The high sex- 

ratio was not noticed until the experiment was nearly finished, and 

then it was possible to obtain only a few females.? In three cases 

2 We have known that non-disjunction occurs in several of our stocks, notably 

in the white. It occurred in the mother in the experiment just described, for when 

vermilion pink females were mated to white miniature males there were produced: 

Verm. 2 Red 2 Verm.# White o 
2 92 46 2 

The two vermilion females and the two white males must have arisen through 
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TABLE 2 

Females 

WILD TYPE | VERMILION PINK | eats 252) 

Toda ae A ony Daan art [iia ease 1 etal Oh os 51 
Leet BAe anon ahi NEY 15st || 154 | 37 58 
TR Ai 5 eae oO AR On| 173) 169° | 61 | 76 
Ye dei se ahi. us potas pete 86 so 37 | 36 
ee ee tea ae he ha | 250 231 51 | 81 

VES Peer, eh pee ue tN Cae | sa] 41 | 44 
ADRES Ee hPa ee Atk 90 | 93 Boi | a Bes 
WAR lee 20 sible Gig at Oy) | 96 28 | 31 
Ca ae A RE RE ST | 189 | 228 68 | 58 
RASC Rants yee eet 184. 7 188° 7" 75 | 80 

a = = eS =| |- = awe] = 

14 fy cL, Oa iy BILD ait ime 548 

Males 

Ne. | E , | verm. | 

verae | Wome | 8 | Re | ue | 2K | tee | | wan) 
—~ | =| a — la — ml -- " = = 

meek SMa eelery utod EG sak i) | 83i leo 
Le. OPAL et ML ine OR) ML ws 2 | | i 36 “| 142 
TAM 8 8s S|, Oe Ne Boia a0 1 regia 29" 1hetas 
A eters 26 Bie ald Pace | 2 | 16 37 
V 103 MSO! | 4G leit z alee 54 | 198 

1] Green nae ae cee roe: Uy Ee Ban ANN Wed ja Seail ouaub | 16 78 
NAc Exon st oui ve 5.0) te 5 | 13 66 

VIII sara Aslan tas) 1 6 ake 74 
OS Gah) OA aes 10 2 Ta 45 173 
Re Hane 26) aa 10 2 4 1 55° | 150 

| 501 | 161 (oat | sete ie da 35 7 314 | 1166 

at least, viz., 1V, VIII and X, the sex-ratios were again obtained 

from F, females. Further tests were made of the stock derived 

from the F; lethal females in order to locate the lethal or lethals 

present. 

non-disjunction. One of the vermilion females was tested by breeding to a pink 

male. She gave: 

Red 9 Pink 2 Verm. Verm. pink Redo 
56 61 43 19 2 

The two red males are again due to non-disjunction. 
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Vermilion females were out-crossed to club males. From those 
sets that gave a sex-ratio, daughters (red eyed) were mated singly 

to their vermilion-eyed brothers. About half of the females gave 
no sex-ratios, as follows: 

All females Clubs | Verm.< Club verm.<o* Wild typed 

687 219 314 58 64 

The cultures that gave sex-ratios follow (table 3) : 

TABLE 3 

ALL FEMALES | CLUB ol WILD TYPE o& | CLUB VERM. o VERM. ©’ 

146 53 | 3 1 
176 59 7 3 

145 34 10 2 1 

121 36 8 5 

588 182 28 | 11 1 

The smallest class of males is vermilion, which we assume there- 

fore to be the double cross-over class. Since the lethal went in 

with the vermilion female one of the chromosomes of her daughter 

will contain the genes for lethal and for vermilion; and the homol- 

ogous sex chromosome will contain the gene for club. The rela- 

tion of the two chromosomes with the normal allelomorphs of 

these genes are shown in diagram 2. 

| Lk We 

x ES 
Cy | L v 

Diagram 2 

In order that vermilion become the double cross-over class the 

lethal must be between club and vermilion, as in the diagram. 

The chromosome distances calculated from the results are as 

follows: 

Giuibgleulia lal ieee eee eee ee rome ue, fe. L's Che Bape te ee eee 13.0 

ethalalllGvermiliomaun cis wer wee ae eet ee ene Rie ee ee ee 5.4 

Clio oh sehen oul ovals. yee, Peek ae pe sot Oe Tae Rete SO cen POSEY eR ae In ny B 18.0 
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Other vermilion females were out-crossed to eosin miniature 

From the cultures that showed sex-ratios females were 

The back-cross 

males. 

back-crossed singly to eosin miniature males. 

cultures that gave sex-ratios are seen in table 4. 

The results of the experiment confirm the location of the genes 

in diagram 1, as the following chromosomal distances show: 

‘Hosm lethal Wi ees ee SAL aR Wie ke te Bea ge ae ee 20.2 

MOSM VETHOAU TOMES. creams Meet etne tes aes So eae ene 27.0 

LORI MITT GUE Se eeu! ky ae AS arom een be ee et ae 29.0 

Bethal MULT wermiulion: 773 cess eRe toe A eee HAV 

Lethal il smminmaia' tamect. 4 Woes eae rete oe ce me eA ee ee 9.3 

Viermilioneminia ture vein sachin sas aoe ee ee DB 

TABLE 4 

Females 

EOSIN MIN. WILD TYPE | EOSIN | MINIATURE 

78 | 104 33 24 

90 | 89 36 33 

Spr | 84 37 45 

101 ie 31 30 

105 97 31 43 

127 86 35 33 

y 62 62 | 29 13 

60 53 | 36 | 38 

58 51 | 24 | 30 

763 703 292 289 

Males 

EOSIN MIN. | MINIATURE EOSIN VERM. | EOSIN | VERM. WILD TYPE 

84 ts 8 4 | 
101 20 6 | 2 | 
96 ghee ae 11 | 1 1 
95 | Pah | 3 | 3 

103 1 eatin 2) ate. a 3 
128 | 16 | 13 | yy 

52 | 17 | 2 | 2 1 
76 ly Teen ea lH 3 
39 23 7 2 | 1 
68 | 26 | 8 4 | 
52 19 G04 Weaniel 
44 24 6 | | 

eee | | Z 1 

—— 
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The small numbers in the first experiment gave a distance 
between lethal III and vermilion of 5.4; the second gave 7. The 
data of both experiments gave 6.8. 

In a third case vermilion females (lethal-bearing) were crossed 

singly to vermilion miniature males and gave: 

VERMILION 2 VERM. MIN. 2 | VERM. MIN. VERMILION 

pe ee Se ee I oe 

113 | 78 75 7 
77 | 99 | 79 i 

= = ——— — | = 

190 177 | 154 | 14 

These results gave a distance of 9 units between the lethal 
involved and miniature and the lethal may lie either to the right 

or to the left of miniature. If to the left, the locus corresponds to 
lethal III and may be so taken. 

A HIGH SEX-RATIO 

A vermilion female (IX X*) second generation from F, was bred 

to a vermilion male. Two of her vermilion daughters were bred 

(in the same culture)* to two white vermilion brothers and gave a 
ratio of: 

Vermilion 2 Vermilion 

Zl 3 

A remarkable high sex ratio is here met with. Many of the 

vermilion daughters were bred separately. A partial report of the 

results, namely, most of the cases in which the females were bred 

to eosin miniature males, is included in table 5. 

Certain other daughters (of the 71) were bred to their (three) 

vermilion brothers and gave the results shown in table 6. 

Still other daughters (of the 71) bred to eosin miniature males 

gave the results seen in table 7; where, in addition to the regular 
classes of females, there are some irregular classes that cannot be 

explained. These exceptional individuals appeared only in the 

3 It is possible that the offspring came from only one of these females. 
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TABLE 5 

WILD TYPE 2 eo WHITE o VERMILION | pais ee 

59 43 | 37 7 | 16 
35 44 38 6 | 14 

70 ‘ 81 50 15 | 23 

48 38 31 13 | 30 

71 63 = 62 17 22 

48 57 53 16 | 23 

68 65 71 16 | 18 

87 95 68 27 | 28 

59 34 38 9 | 19 
61 60 45 8 | 15 
86 66 52 15 | 22 
61 | 59 63 16 | 20 
23 35 14 0 

70 62 60 1] 15 

43 60 | 50 10 17 
40 | 53 30 10 25 

51 49 | 33 9 21 

52 51 23 4 15 

53 51 40 4 11 

1085 ‘1066 858 213 

TABLE 6 

VERMILION 2 WHITE o | VERMILION o seagate 

184* ; 78 19 19 

62 35 5 12, 

79 28 4 13 

25 8 3 27 

83 20 4 17 

56 21 5 19 
—§ | —- 

489 190 40 

*Mass culture which is not included in curve on page 323. 

TABLE 7 pe: 

IRREGULAR @ 9 Buea 22 | 
| _| PER CENT 

Waite | Verm. Red eompound Migee Yous lion choses 

ee 32 26 36 10 22 
1 NG 51 41 53 10 16 
Tey aes 38 15 eet 2 9 

IB bynes 14 38 27 9 25 



A THIRD SEX-LINKED LETHAL 323 

early hatches of the cultures.‘ On the other hand, the proportion 

of males is the same as in the other cultures. 

In the last columns of the three preceding tables the percentages 

of cross-overs between white and the lethal are given. If these 

are tabulated they show bimodal curves (diagram 3). 

B 
Diagram3 Bimodal curves from the grouping of the linkage values from tables. 

A, grouped 9 + 10, 11 + 12, ete. B, grouped 8 + 9, 10 + 11, ete. 

All the data taken together suggest the following interpretation. 

If an original female that gave rise to the 71:3 ratio had two lethal 
genes that are not allelomorphs, one in each of her sex chromo- 
somes, all of her sons should perish except those few which resulted 
from crossing-over. The three males would be these cross-overs 

and indicate the amount of crossing-over that had taken place 

(provided their number is doubled, for the other equal class of 

cross-over males perished). Using the 71 females as the number 
of all the expected males and dividing this into 6 would give the 

percent of cross-overs, namely, 8 per cent. 

In the second place, all the 71 daughters should be lethal- 
bearing, except 8 per cent corresponding to the males that sur- 

vive. In fact, all of 34 females tested were lethal. 

‘If the first-hatched daughter had been fertilized by the father before they 

were removed (as virgins!) this result can be explained. In the next generation 

no repetition of the occurrences was seen. 
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In the third place, the linkage values of these daughters should 

fall into two classes corresponding to the two lethals, and since the 

two lethals are only 8 units apart the curve representing the values 
should have two modes about 8 units apart. This result also 

seems to be realized, as shown in diagram 3. 

June, 1914 



A GENE FOR THE FOURTH CHROMOSOME OF 
DROSOPHILA 

HERMANN J. MULLER 

From the Zoélogical Department of Columbia University 

Drosophila ampelophila contains two pairs of long ‘autosomes’ 
(chromosomes other than sex-chromosomes) and one pair of 

minute ‘autosomes’; there are, in addition, a pair of long sex-chro- 

mosomes alike in the female (‘X’s) but unlike in the male (‘X’ and 

‘Y’).1. Correspondingly, breeding tests of the numerous mu- 

tants of Drosophila have revealed a great group of genes (contain- 

ing over thirty members) which are sex-linked in such a way that 

they are distributed, in the reduction division, to exactly the same 

cells as is the X-chromosome, and two other great groups (with 

about twenty members each) which are not sex-linked and so 

have been considered to follow in their distribution two of the 

pairs of autosomes (presumably the long ones). The genes in 

these three groups are therefore said to lie in Chromosomes I, II 

and III, respectively. The members of any group of genes are 

linked with one another; in the female the linkage is partial and is 

of the linear type to be expected on the basis of the chiasmatype 

theory of Janssens and Morgan; in the male thelinkageis complete 
(no crossing-over). All the members of one group assort inde- 

pendently of the members of either of the other groups, in both 

sexes, as would be expected on the generally accepted postulate of 

the random assortment of non-homologous chromosomes in the 

reduction division. 

1 Two lines of recent cytological investigation, the one followed by Mr. C. W. 

Metz, the other by Mr. C. B. Bridges, have given evidence (not yet fully published) 

which goes far towards refuting the view suggested by Stevens that the so-called 

‘X’ chromosome of Drosophila actually consists of a short autosome with the real 

X-chromosome joined to it and that the ‘Y’ chromosome represents this short auto- 

some without any ‘X’ attached. 

325 
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It will be seen that the above grouping of genes leaves one pair 

of autosomes (presumably the small ones) and the Y-chromosome 

without any genes to correspond. As regards the Y, it seems at 

first sight surprising that no mutations have been found involving 
genes which follow it in their distribution (i.e., genes which are 
always transmitted from father to son), for it is of about the same 

length as the X, in which over thirty genes are known. This fact 

would force us to one of three conclusions: (1) Either the 

genes connected with the Y-chromosome for some reason do not 
mutate; or (2) these mutations are all recessive todominant normal 

allelomorphs present in X (in spite of the fact that mutations in X 

are not dominated, conversely, by allelomorphs in Y); or (3), as 

Mr. C. W. Metz first suggested, genes are degenerate or entirely 

absent in the Y-chromosome. The first conclusion is a priori 

unlikely; the third may now be supported by a number of consid- 

erations, which it will be of interest to discuss briefly in this con- 

nection, before proceeding to our account of the fourth chromo- 

some. 
In the first place, the Y-chromosome is known to vary greatly 

in size and number in closely related species of animals. Secondly, 

as Mr.C.B. Bridges has recently shown, a female occasionally, ow- 

ing to an abnormal reduction division (‘non-disjunction’), receives 

a Y-chromosome in addition to the two X’s, yet such a female is in- 

distinguishable from the ordinary form, which containsno Y. The 

Y-chromosome therefore either contains no genes or else only genes 

which are allelomorphic to thosein X, butnever dominant to them. 

This is proved also by the fact that mosaic fliessometimes develop, 

of which a part of the bodyisfemale but another part ismale, owing 

to the accidental loss of one of the X-chromosomes in an embry- 

onic cell-division. ‘These male parts must have an X, but no Y, 

and yet they are indistinguishable from corresponding parts on 

real males which containa Y. Furthermore, Mr.C.B. Bridges has 

obtained (again by ‘non-disjunction’) males which must have two 

Y’s, yet these also show no peculiarities. It is therefore certain 

that Y either contains no genes at all which have an effect upon 

the individual or it contains genes allelomorphic to those in X. 

It can be proved, however, that if it contains allelomorphs to the 
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genes in X, these are not normal allelomorphs (i.e., the same kind 

as those present in the X of the wild fly) for they are recessive to 

mutant genes in X to which the normal genes in X are dominant, 
i.e., a male always manifests all the genes, mutant or normal, 

recessive or dominant, that are present in its single X-chromosome. 

In other words, if there be genes in Y allelomorphic to those in X, 

they are abnormal allelomorphs of those in X, and are always 

recessive to all genes in X. It is difficult to conceive why genes 

in Y should be recessive, on the one hand, to normal genes in X, in 

those cases where the mutant genes in X are dominant to the 

normal, and, on. the other hand, to mutant genes in X, in those 

more frequent cases where the normal genes in X are dominant to 

the mutant, unless the genes in Y are mere ‘absences’ or nearly so.” 

There is an a priori explanation for this lack of genes, or lack of 

dominant genes, in the Y-chromosome, an explanation in the 

development of which Dr. A. H. Sturtevant has coéperated with 

me. Owing to the fact that crossing-over never occurs in the 
male Drosophila, any mutation which originally occurred in Y 

remained in that chromosome and was never exchanged for a 

normal gene from X. Furthermore, these mutations in Y which 

were recessive would not have been subject to the action of natural 

selection for, since the normal gene in the X-chromosome will 

dominate over them, individuals containing them will not be 

abnormal. In the course of time, therefore, recessive changes in the 
Y-chromosome will tend to accumulate. If, now, we assume that 

mutations sometimes consist in losses? of genes, a degeneration of 

the Y-chromosome (so far as its genes are concerned) would result. 

2 This might be otherwise explained on the very improbable hypothesis that all 

of the mutations which occurred in X were in a restricted part (the end?) of the 

chromosome, and that the Y lacked only this part of the chromosome and so ap- 

peared to contain genes recessive to all those in X which underwent mutation, 

although it actually contained normal genes in the other part of the chromosome, 

which never mutated. This is not quite equivalent, although nearly so, to the 

idea that X is attached to an autosome (see footnote 1). 

3 By losses of genes are meant not necessarily their total bodily disappearance 

(losses of loci from the chromatin) but also any changes in them whereby they are 

rendered permanently inactive and incapable, under any circumstances, of exert- 

ing an influence on the organism. 
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This is because most losses of genes, if they occurred, would be 

recessive (i.e., one ‘dose’ of a factor usually has the same effect as 
two), as indicated by the fact that the one-X part of a mosaic is 

like the XX part in respect to all characters affected by X except 

the sex characters (provided the two X’s of the XX part are alike). 

Now, if, as seems likely, recessive losses are more apt to occur 

than recessive additions of genes (since one ‘dose’ usually has the 

same effect as two) the Y-chromosome will gradually become 
functionless. On a priori grounds, we should expect such a fate, in 

any species, for the sex-chromosome peculiar to the heterozygous 

sex, if crossing-over never occurs between it and its homologue.‘ 

These considerations will also explain the size difference which 

often exists between X and Y, the apparent unimportance of super- 

numerary Y-chromosomes in development, when these occur, and 

other irregularities of the Y-chromosome. Hitherto it has been a 

mystery why the difference merely in the sex factor or factors con- 

tained in the sex chromosomes should often be correlated with such 
a large difference between the two chromosomes, whereas differ- 

ences in respect to other factors did not involve any visible size 
differences in the chromosomes concerned, which presumably 

contain hundreds of genes. 
There is, therefore, all things considered, no cause for surprise in 

the fact that no mutations have occurred involving a group of genes 

transmitted only from father to son, and thus following in their 

distribution the Y-chromosome. The chief gap, if 1t may be so 

termed, then remaining in the parallelism between the configura- 

tion of the chromosomes and the distribution of genes in Droso- 
phila has been due to the fact that no genes were found in a fourth 

independent group (a third independent non-sex-linked group) 
to correspond with the fact that there are three pairs of autosomes. 

.* Conversely, where this chromosome appears degenerate or different genetic- 

ally from its homologue (in addition to the difference in the sex factors) we should 

expect to find no crossing-over between the two sex-chromosomes in the heterozy- 

gous sex, i.e., complete, not partial, sex-linkage. This argument applies to an 

known cases of sex-linkage, for in all these cases a recessive mutant factor call 

manifest itself in the heterozygous sex, proving that the sex-chromosome peculiar 

to the heterozygous sex is different from the other sex-chromosomes in that it 

contains no dominant normal allelomorph of the mutant factor. 
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Supposing, however, that mutations are equally likely to occur at 

any locus in the chromatin, it could be explained as a result of 
pure chance that no mutations had as yet happened to lie in the 
restricted space of the small autosome. It wasexpected, neverthe- 
less, that mutations in a fourth group would eventually be found, 

and such a mutation has now in fact arisen. 
The new character is a recessive wing and leg abnormality, the 

wings being held out from the body but bent backwards near the 
base, and the metatarsal joint of the legs being frequently greatly 
shortened and thickened. The wing is also apt to be curved, with 
the dorsal surface convex, and shortened. The character varies 

somewhat, but there is very rarely any difficulty in distinguishing 
it from the normal form, unless the flies have been raised in very 

dry bottles. Drought therefore hinders the manifestation of this 

character, as it may also, and to a greater degree, in some way 

hinder the development of the character ‘abnormal abdomen,’ 

a case reported by Morgan. 
I found the mutation ‘bent wing’ in a race with bifid wings and 

vermilion barred eyes, all three of these characters being in Chro- 
mosome I (sex-linked). A cross of bifid vermilion barred bent 

male by a pink-eyed female (pink is in Chromosome III) gave in 

F, all the males normal, and the females also normal except in 

respect to barred, which is dominant; in the next generation, Fs, 

all combinations of the factors concerned appeared. If bent had 
been in Chromosome III, no crossing-over would have occurred 

between bent and pink in the F, male, consequently, no pink bent 
spermatozoa could have been formed, and thus (since pink and 
bent are both recessive) no pink bent F, individuals could have 

been produced. Since these were produced, bent did not lie 
in the third chromosome. Similarly, if bent had been in the first 
(X) chromosome or in the Y, no crossing-over between it and the 

sex-factor would have taken place in the P; or F, male, and conse- 
quently no bent females could have been produced in F;. As bent 

females were produced, bent did not lie in the first (X) chromo- 

some, or in the Y. 

A bent barred eyed F. male was then crossed to a female con- 

taining three mutant genes in the second chromosome, namely, 
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the genes for black body color, purple eyes, and curved wings. 

Here, too, some flies were obtained in F; which showed the charac- 

ters of both grandparents at once (i.e., were both bent, and 

black, purple, and curved, and sometimes also barred). This ~ 

proved that bent did not lie in Chromosome II. The details of 
the count are shown in table 1. 

TABLE 1 

Not bent 
a y ie fs 

BLACK | | | | PURPLE BLACK WILD TYPE | PURPLE | BLACK CURVED | bs Caer ie | CURVED ge | PURPLE 
pr Babs a, mee” = __- st Sy : el io 

84 30 1 3 | 6 5 

Bent 

| [ pa ;, | 
43 9 | 1 1 

The number of barred and non-barred, also of males and females, 

in each class of moderately large size, were approximately equal. 

The linkage manifested between black, purple, and curved corre- 

sponds as closely with expectation based on the previous linkage 
results of Bridges, as could be demanded for the small numbers 
involved. The determination of curved was at times uncertain, 

owing to the tendency of bent tocurve too, and the determination 

of purple in eyes which were barred was also sometimes uncertain. 

But as far as the results go, they show that bent is independent of 

black, purple, curved, barred, and sex. 

As no counts had been made in the cross with pink, and few were 

obtained in the’cross with black purple curved, it was still con- 

ceivable that although bent was not absolutely linked, in the male, 

with the members of one of the three previously known groups, as 

has always been found to be the case with other genes, still it 

might perhaps be partially linked, in either or both sexes. New 

crosses were therefore made with the object of securing accurate 

counts. Some bent males descended from F, of the cross with 

pink were mated to black pink females. These males were found © 

to be heterozygous for pink, as half of the F; flies were pink (al- 

though none were black or bent). The red-eyed F flies were 
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mated together, to show the distribution of bent with respect to all 

three previously known chromosomes. The pinks were also mated 

together. The latter cross should show the distribution of bent 

with respect to Chromosomes I and II only, as all the flies were 

homozygous for pink, the mutant gene in Chromosome III. 

The composition of the pink flies used as parents, with the 

paternal and maternal genes which they contained, was as follows: 

F, male Paternal genes — Gray Pink Bent 

Maternal genes sex Black Pink Straight 

¥, female Paternal genes sex Gray Pink Bent 

Maternal genes sex Black Pink Straight 

The count of offspring of this cross of pink flies resulted as 

shown in table 2. 

TABLE 2 

All individuals pink 

WILD TYPE BLACK BENT BLACK BENT 

re (females. . 83 30 a 8 
|males.... a 24 31 9 

numbers observed ) 

otal... 160 54 55 17 

Total numbers expected on | 162 5A 5d 18 

independence | 

Numbers of females expected = numbers of males expected. 

The results conform with the theoretical expectation on the 

assumption of independent segregation between black, sex and 

bent. 

~ The composition of the parents in the cross of red flies was as 

follows: 

F, male* Gray Red _ Bent 

sex Black Pink Straight 

F, female sex Gray Red _ Bent 

sex Black Pink Straight 

* The paternally derived allelomorphs are on the upper line, the maternal on the 

lower. 
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The offspring were as seen in table 3. 

TABLE 3 

| BLACK WILD z | BLACK | BLACK) PINK | 
BLA PIN NT | 

| TYPE ce INES BEN PINK | BENT | BENT | */NK 

(females. sl tes | 40) 36 17 5 6 i 3 

F2 NEN oie | Ash || Bre oN 88) 29 We 

numbers observed |——— | Sel —= | 

(Total....) 185 | 67 | 75 

— i=) — So eS) 

Total numbers expected on | 185 62 62 | 62 sone cose iso Bll Mme 

independence if | 

Numbers of females expected = numbers of males expected. 

A considerable differential viability came into play in these 

bottles, as is proved by that fact that certain ‘contrary’ or oppo- 
site classes which were necessarily produced in equal numbers 

at fertilization (no matter whether linkage was involved or not), 

gave rather different counts of adult flies (e.g., 206 females; 233 

males; 97 pink straight, 62 red bent; which were the worst discrep- 

ancies). On allowing for these differences obviously due to 

viability, we find that there are no discrepancies due to linkage of 

bent with black or pink, for the average between black straights 

and gray bents (pink plus red), is to the black bents as 3:1, and the 

average between pink straights and red bents (gray plus black) is 

to the pink bents as 3:1, as expected on independence. These 

results therefore confirm those previously obtained in regard to 

the independence of black (Chromosome IT) and bent; they show 
in addition, however, that bent 1s independent of pink (Chromo- 

some III). 

The distribution of bent with regard to black and pink was next 

determined separately for each sex, by means of back-crosses. 

A normal male was mated to black pink bent females. The F, 

males, which were heterozygous for all three factors, as well as for 

sex, were then mated to triply recessive black pink bent females. 

If the factors were independent, all classes in the next generation 

should be equal in number. The actual result was as shown in 

table 4. . 
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TABLE 4 ee 
| BLACK CLASSES Mane | Btace | awn.) BEACE) orwx | BLACK | FINE | ‘uve 

females suki 1b teh am sate BOW ie 285 |, 23) |, 30 tI 16,7 hon ie 
THALES eisai eeRe a) 22.) 22 | ir | 120 Ie eemicee ede 

Sota <aieiad ce fie es mies) 50m |. 45: | 47” |p 80% ame Weeds 

Here practically the only irregularity not due to chance is obvi- 

ously caused by a deficiency (low viability) of pink flies of all 

classes, and by a lower viability of males than of females. ‘The 
independent assortment of bent with respect to the other factors, 
and of the other factors with respect to each other, is best brought 
out (especially in a case involving differential viability) by a tabu- 

lation of the percent of cases inwhich any two pairs of factors, con- 

sidered by themselves, underwent recombination in the formation 

of the germ cells of the heterozygous parent. Thus, in the case of sex 

and bent, the factors for sex and for bent in the heterozygous male 

parent were both derived from the mother, the Y-chromosome and 

the normal allelomorph of bent (‘straight’) both coming from the 

father. Yet in the segregation division by which the sperm were 

_ formed, a recombination occurred as frequently as a persistence 

of the old combination, so that as many eggs were fertilized by 

sperm bearing the sex factor and straight, or the Y-chromosome 
and bent, as were fertilized by sperm with sex and bent or Y and 

straight. As a result, straight females and bent males formed 50 
per cent of the total number, as we should expect on the basis 

that the factors were in non-homologous chromosomes which were 

assorted independently. The other per cents of recombination 

were as follows: 
per cent 

Sere olevolich POT, ees Soh Ore On Cie Ae cae Uae ERD PAIS RE Con meet Seaamenemt 0) 

SDSS STN ERT RNS is 228g bs REE SE CONE TN eR Oo Ce 55.0 

|olknvoleepovtinliga) Ab aeaanh ae DENI ee aes ia ee 218 a eae Ae ania es En, ©. ear an 50.5 

[OUI EW GS! CLES Rinasss temesnces vege Sve Reece ees CRE CEE UE UG al Oe gees ee ramet 50.5 

Poylialic=| oYstay Rahn Be; LAER ANNA by Ret ne INS Oe Ot me mA Or IE Ue Lac EGP eee Bete 49.0 

In a reciprocal cross some of the triply heterozygous F, females 

were back-crossed to triply recessive males. Here, too, we should 
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expect all classes equal, barring differential viability, on the basis 

of independent assortment, and approximately 50 per cent of 

recombination between any two factors. The result was similar 

to that obtained in the back-cross of the males (table 5). 

TABLE 5 

WILD 4 b- BLACK a | BLACK | PINK | AOS 
CLASSES mype | SLACK | BENT | ow | PINE | circ anne SNe 

eee eye J eee — ue = 

femulesr tre) eee ato 2°) 4} 16 | 92 |) te) tt fa ao 
TNS A ee en a ea ee 22 23 17 fone et 227 1 ee Qo es 

otal See mae Sree as eee 45 Sf) 33 44 34 23 24 | 18 

The per cents of recombinations were as follows: 
per cent 

Bia ck pike sccce nie hin Raat cee oN ee eS EO eee 54.0 

oi ke Ula 2) 11 her ee Mee oe Peni Lh See OMe POMEL Rar Oe) 2-2 MENT mC 45.5 

pink=bemnit-teee odo eee ois Bis ctoi cd ero RIOT Bae oie Beer eRe 52.0 

Here we cannot obtain the per cents of recombinations between 

sex and the other factors, since the parent which was heterozygous © 

for the other factors was not the one which was heterozygous for 

sex. 

CONCLUSIONS 

The foregoing experiments prove that the gene for bent wings 

segregates independently of the sex-linked group of genes and of 

the two hitherto known non-sex-linked groups; accordingly, the 

genes of Drosophila now fall into four divisions, one sex-linked, 

corresponding to the X-chromosome, and three non-sex-linked, 

corresponding to the three pairs of autosomes. Thus thechief gap 

yet remaining in the series of genetic phenomena that form a par- 

allel to the known cytological facts in Drosophila ampelophila has 

now been filled. It may therefore be predicted that no genes 

undergoing independent assortment of those at present known 

can hereafter be discovered in individuals of Drosophila ampe- 

lophila that show the chromosome configuration normal to the 

species, and it also seems probable that when other mutations are 

discovered in the fourth group, the genes in which they occur will 

be found to be linked strongly to the gene for bent wings, since 
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the fourth chromosome is probably the small one, and so any 

genes in it must lie near together. The close parallel existing 

between the number and relative sizes of the groups of genes and of 

the chromosomes leaves little doubt that it must be the pair of small 
chromosomes with which the factor for bent wings is connected, 
and that mutations occur more frequently in larger groups of 

genes, which are connected with larger chromosomes, than in 

smaller groups; mutation therefore would happen pretty much at 

random, in that it would usually take place about as often in one 

group as in another of equal size.’ This, too, makes it probable that 
the mutations in the larger chromosomes have occurred at various 

points scattered throughout their whole length, and are not con- 

fined, as a group, to a particular region or regions. The excep- 

tional case of no mutations having been observed in the Y-chro- 

mosome, as we have seen, does not really form an argument against 

this view, which other facts support. That more mutations have 

been found in the X-chromosome than in either of the two long 
autosomes, which arenevertheless about thesamesizeas X, isalso to 

be expected, because a larger proportion of the mutations occur- 

ring in X would be noticed, since the male flies manifest all genes 

present in their single X, whereas in the case of other chromo- 

somes, any mutant gene that is recessive to normal cannot mani- 

fest itself unless it be present in duplex. Granting, then, the cor- 

respondence between size and number of chromosomes and of 

groups of genes, it is difficult to see why larger groups of genes 

should follow the distribution of the larger chromosomes unless we 
conceive the connection between the genes and the chromosomes 

to be that the genes are material particles actually lying in and 

forming a part of the chromosomes with which they go. In any 

case, we must admit that the occurrence of a mutation in a 

fourth independent group of genes in Drosophila forms a further 

argument, if any more still be needed, in favor of the chromosome 

theory of heredity. 

Columbia University. 

> This should not be taken to mean that any particular gene mutates as often 

as any other; it is defiinitely known that, both in Drosophila and in other forms 

(corn, Marabilis, ete.), some genes are more likely to mutate than others. 
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THE EFFECTS OF CENTRIFUGING THE SPERMATO- 
CYTE CELLS OF NOTONECTA, WITH SPECIAL 

REFERENCE TO THE MITOCHONDRIA 

ETHEL NICHOLSON BROWNE 

SIX FIGURES 

The spermatocyte cells of Notonecta show a very definite 

distribution of substances, including the mitochondria, when sub- 

jected to a centrifugal force. The method of procedure was to 

dissect out the testes from the insects, put them together with 

a little Ringer’s solution in small glass tubes and centrifuge them 

for two or three hours with a water centrifuge. The testes were 

then either teased out on a slide and the cells stained with an 

intra-vitam stain, Janus green, and examined, or were fixed in 

Flemming’s fluid, sectioned and stained with iron hemotoxylin. 

The normal resting spermatocyte cells of Notonecta have been 

described in a former paper (Browne 713). The cytoplasm con- 

tains scattered mitochondria of two sorts, fibers and spheres, 

and the nucleus contains a deeply staining karyosphere in which 

the chromatin material is collected (fig. 1). When a cell of this 

sort is centrifuged, the mitochondria are driven to the distal! 

pole, where they appear as a deeply staining mass in which 

individual bodies cannot be distinguished except along the edge 

(fig. 2). The mitochondria are therefore the heaviest material 

in the cell. The rest of the cell is filled with clear cytoplasm. 

The nucleus goes to the centripetal! pole, showing that it is of 

less specific gravity than the cytoplasm. The karyosphere is 

always driven to the distal end of the nucleus, and in some cases 

in fact, is driven through the nuclear membrane. 

1 The term ‘distal’ is used in this paper to denote the pole away from the axis 

of the centrifuge, the term ‘centripetal’ to denote the pole nearest the axis of 

the centrifuge. 

307 
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In younger spermatocyte cells, as I have described, there is 
besides the scattered mitochondria, a flat plate of mitochondrial 

material lying just outside the nuclear membrane, and a mass 
of ‘mitochondria projecting from it into the cytoplasm. When 

cells of this type are contrifuged, this plate and mass of mito- 

chondria remain in position, the rest of the mitochondria are 
driven to the distal pole (fig. 3). In these young cells, there is 

an aggregation of oil drops at the extreme centripetal pole; these 

can be distinguished only in the living material, probably being 

dissolved in the process of fixing and staining. The nature of 

these drops has been determined by means of Soudan III. The 

oil drops are not present in the older spermatocyte cells, having 

apparently been used up during the growth of the cells. 

In the dividing cells, the mitochondria are likewise thrown to 

the distal pole by the centrifuge. The spindles and asters are, 

in many cases at least, perfectly normal and are not interfered 

with by the shifting of mitochondria, but lie in approximately 

the normal position in the clear protoplasm. Since it has not 

been determined how long one of these cells normally takes to 

divide, it is not possible to say whether the chromosomes actu- 

ally pass to the poles while the cells are im the centrifuge, but 

various anaphase stages have been found in the centrifuged cells 

showing that the chromosomes are undergoing normal division. 

The spindle axis may lie in any direction with reference to the 

mitochondrial mass. In figure 4, the spindle axis is approxi- 

mately parallel to the mitochondrial mass; in figure 5, approxi- 

mately perpendicular. Figure 6 shows a spindle in polar view 

and its relation to the mass of mitochondria. In some cases, 

a few of the mitochondria apparently get caught by the spindle 

or asters and thus appear on the centripetal side of the division 

figure (figs. 5 and 6). 

When the cells are centrifuged and then left in Ringer’s solu- . 

tion for several hours or even overnight, the materials do not 

become redistributed over the cell, but they remain in the posi- 
tion induced by the centrifuge. 

It is of interest to compare the centrifuged spermatocyte cells 

with centrifuged egg cells. In a number of marine eggs, it has 
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been found by Lyon (’07), Morgan (’10) and Lillie (’08) that 
there are at least three layers of materials segregated out by the 

centrifuge. There is at the centripetal pole a gray cap, then a 

layer of clear protoplasm, and at the distal pole a mass of yolk 

and pigment. This is true in the eggs of Arbacia, Asterias, 

Nereis, Chaetopterus, Phascolosoma, Cerebratulus and Cumingia. 

The gray cap, in some cases at least (Nereis, Chaetopterus, 

Cumingia) is formed of oil drops and corresponds therefore, in 
nature and in position to the cap of oil drops in the centrifuged 

spermatocyte cells. The middle layer of clear protoplasm is 

practically the same in the two cases. The heaviest material in 

the egg cells is the yolk and pigment, and this therefore corre- 

sponds with the mitochondria in the spermatocyte cells, but 

whether any of the mitochondria have the same function as the 

yolk spheres of the marine egg is questionable. In a very recent 
paper, Beckwith (14) has shown that there are also three layers 

in the centrifuged eggs of Hydractinia, and she has been able to 

distinguish between yolk and mitochondria, which are mingled 

together at the distal pole. This is the first attempt, so far as 

I know, to segregate the mitochondria from the protoplasm by 

experimental methods, and it is interesting to find that her 

results for the egg tally with my own for the spermatocyte cells. 

In comparing the unfertilised marine egg and the resting sper- 

matocyte cell of Notonecta the resemblance is very striking. The 

normal cells in the two cases show a close similarity in appearance, 

and react in the same way to the centrifuge. In the case of the 

egg, the germinal vesicle is forced toward the centripetal pole by 

the centrifuge, and the nucleolus to the distal end of the nucleus. 

The nucleus and the karyosphere in the spermatocyte cells take 

the same relative positions. In the dividing cells of the marine 

eggs, it has been found in general that the mitotic figure remains 

intact when the cells are centrifuged, just as it does in the divid- 

ing spermatocyte cells. The whole figure may be shifted in the 

eggs so as to lie in the clear protoplasm. This does not occur 

to any considerable extent in the spermatocyte cells, though there 
might be a very slight shifting in some cases. 



340 ETHEL NICHOLSON BROWNE 

The main conclusions that can be drawn from these experi- 

ments are: (1) Three layers of materials can be segregated in the 

spermatocyte cells of Notonecta by means of the centrifuge, a 

cap of oil drops, a clear protoplasmic layer and a layer of mito- 

chondria. (2) The mitochondria are definite bodies which can — 

be separated from the protoplasm proper, and they are the 

heaviest material in the cells. (3) Normal division figures occur 

in spite of the redistribution of materials. 

Marine Biological Laboratory, 

Woods Hole, Mass. 

July 7, 1914. 
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PLATE 1 

EXFLANATION OF FIGURES 

1 Normal resting spermatocyte cell, showing distribution of mitochondria. 

2 Older resting spermatocyte cell, centrifuged. The gray mass consists of 

mitochondria. 

3 Younger resting spermatocyte cell, centrifuged, showing oil drops, and mass 

of mitochondria against nuclear membrane. 

4 Dividing cell, centrifuged; late anaphase. 

5 Dividing cell, centrifuged; early anaphase. 

6 Dividing cell, centrifuged; polar view of metaphase. 
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INTRODUCTION 

This paper, which is the third of the series on ‘‘Fertility and 

Sterility in Drosophila ampelophila,’’’ considers the evidence that 

bears on the effects of crossing on fertility when: (1) Stocks from 

the same source (descended from the same grandparents) sepa- 

rately inbred are crossed; (2) Stocks from different sources sepa- 

rately inbred are crossed; (8)-When the mutations, having pink 

eyes and white eyes are crossed with each other and with a wild 

stock which has been inbred (brothers and sisters) for 26 gener- 
ations. 

The evidence so far presented goes to show that some of these 
stocks have, up to the time the present experiments were carried 

out, lost in fertility on inbreeding. ‘The evidence, however, does 

not show conclusively that the loss is due to the process of inbreed- 

ingassuch. The fact remains, that the different strains did up to 
this time lose in fertility on continuous inbreeding, and it will now 

be shown what effect out-crossing has on these reducedstrains. It 

is to be recalled that ‘fertility’ is here used in the sense of eggs 
that reach maturity. 

There are some experimental data that bear out the belief that 

the crossing of different races or strains is beneficial to the fertility 

of the stock itself. This relation has been demonstrated beyond 

any doubt in the second part of this paper in so far as it applies to 
the truncate mutant for the fertility of the female was more than 

doubled when mated to a wild stock, while the fertilizing powers of 

the truncate male were more than three times as great with a wild 

female as compared to his own mate. 
I wish now to consider the evidence that bears on the question 

as to whether or not a rise in fertility will result when one strain of 

Drosophila is crossed with any other strain. The evidence deals 

> especially with the fertility of two mutations and two wild stocks 

that originally came from two different sources. It will facilitate 

treatment of this subject to give a brief résumé of the history of 

these stocks. 
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HISTORY OF THE STOCKS USED IN CROSSING 

1. The Woods Hole stock 

This is a wild stock that originally came from Woods Hole, 

Massachusetts. How long it had been in captivity I do not know, 

but when I took charge of the stock it showed a fertility of 77.3 

per cent. The stock was tested at various times throughout the 

year 1912-1913. The behavior of the fertility of this stock is 
given in table 1. The stock was cultured en masse. 

TABLE 1 

Showing the fertility of the Woods Hole stock 

roe nese eases | he ee eee 
September 11 to September —, 1912................| 1402 | 1084 | 77.3 
September 16 to October —, 1912.................. | 1622 122 eae O 

January 20 to February 14, 1913................... He2085 | 1420s anOK 
esto July tne tsi en Ce eg B81 | 63.4 
Smile totaly 28 e1OUsee ge ee et 531 317 59.7 
Ancusti7. to Ausust/24, 1913s. 0). oe) 2c. canes te | 601 | AUP La 

AUTustleconmeptemben 41 Oloaaas 5 serie: 856 715 | 83.6 

October 2) tom November ih Ose sso eao eel 467 341 1320 
| | 

2. The inbred stock 

This stock originally came from Falmouth, Massachusetts. 

During the course of the experiments brothers and sisters have 
been selected and paired for over 26 generations. Its produc- 

tivity was at the beginning of the experiments relatively high as 

shown by the large number of offspring produced. On inbreed- 
ing the stock gradually dropped in productivity as shown in 

table 2. 
TABLE 2 

Showing the productivity of the inbred stock in successive generations of close 

inbreeding 

GENERATION | 1 2 12 | 13 14 3 4 sill 7 slo lil 1 

No. offspring | | | | 
produced.... | 368 | 209 190 184 65| 119 (este aa) _ 159 
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This evidence taken by itself does not prove conclusively that 

the loss in productivity was due to a decrease in the fertilizing 

power of the gametes. That this is a very probable interpre- 

tation however is shown by the fact that in the Fi, generation 
when the productivity dropped to 159 per pair their fertility was 

only 32 per cent. And yet the flies of the Fi, generation were 
producing twice as many fertile sperm and twice as many fertile 

eggs as shown by outcrossing into the truncate stock (Part I, 

diagram E). 

3. I, and Is stocks 

In the fifth generation of the inbred stock, when they were 

producing 184 offspring to the fertile pair, I set aside two dif- 

ferent bottles besides a number of pairs that were kept to con- 

tinue the inbred stock. All of these flies had descended from 

the same grandparents, a single pair of the third generation. In 

one bottle there were three females and four males. This I shall 

designate as I,. In the other bottle there were ten males and 

twenty-two females. This I shall refer to as J];. These flies were 

set apart April 2, 1912, and received no attention except that the 

flies were transferred to clean bottles about every three weeks and 

fresh food added from time to time. It is important to bear in 

mind that we have three stocks descended from the same germ- 

plasm. 

4. The white-eyed stock 

This stock arose as a mutation from the inbred stock early in 

the history of the strain. This stock received the same treatment 

as I, and Is. 

5. The pink-eyed stock 

This is an eye mutation that arose in one of Morgan’s cultures.’ 

It had been bred for some three years. I received my stock from 

Mr. Liff, a graduate student in the department, who has made a 

study of their productivity. This stock was bred in mass culture 

for about four months when the present experiments were carried 

out. 

2 Science, vol. 33. 
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We have then six different strains, two from different localities 

and some that had the same germ plasm. I now propose to exam- 
ine the fertility of the different stocks and their behavior on cross- 

ing. The combinations were made up as shown in diagram A. 

METHODS 

In order to get an exact measure of fertility the eggs were iso- 

lated as described in Part II. From the stock bottle in each case 

15 virgin females and 30 young males were selected. The flies 

that hatched from June 19 to June 26 were separated every 
twelve hours from the stock bottles. There can be no question as 

to the virginity of the females. The males and females were kept 

in separate bottles and the different combinations made up on June 

26. An epidemic of mating took place in all the bottles a short 

time after the flies came out from under the influence of the ether.* 

I commenced to isolate the eggs two days later. This process was 

carried out in the same way as in previous experiments with one 

exception. ‘The weather was very warm and the larvae emerged 

from the egg in less than twenty-four hours. In order to exclude 
this source of error I added another bit of food after isolating the 

eggs. This served as food for the parents. After six or eight hours 
this food was removed and a new bit added from which the eggs 

were later isolated. Tables 3a, 3b, and 3c give the number of eggs 
isolated each day and the corresponding number that hatched. 

DISCUSSION 

“A study of diagram A brings out the essential relations that 
concern the questions propounded at the beginning of this paper. 

1. What is the effect on fertility when germ plasm originally from 

the same source separately inbred for several generations is recom- 

bined by crossing? It will be recalled that I, I, and I; represent in 

this case the stocks under study. It is to be noted that the three 
stocks although originally brothers and sisters and descended from 

3 Mr. A. H. Sturtevant has shown that the mating habit in this species is largely 

associated with the sense of smell and this fact probably accounts for the phe- 
nomenon here observed. 
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Fink & 

41.6 X 

Fnk 9 

Diagram A Based on the foregoing data, showing different combinations and 

the fertility in each case. 

the same grandparents, show different degrees of fertility. The 

inbred stock in which brothers and sisters had been continually 
selected had lost most in fertility. In the crosses it will be 

observed that there is no sudden rise in fertility as one might 

expect but, on the other hand, a peculiar relation exists in that the 

stock in each case having the highest fertility is able-on crossing 
to bring the fertility of the lower stock up to its level and this is 

true whether through the male or through the female. 
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The second question under consideration is; What is the effect 

on fertility when stocks from different sources separately inbred 

are crossed? The relations expressed by the right hand side of 

diagram A throw some light upon this question. In two of the 

combinations high fertility brought the low fertility up to its level 

while in four of the combinations there is an appreciable rise in 

fertility beyond that shown by the parents, although by no means 

as high as one might expect from the history of the crosses made 
with the truncatesin Part II. But since the rise in fertility occurs 

here in the combinations expressed by the right side of the diagram 

and not those on the left it looks as if the rise in fertility in this 

case is significant. It must be admitted, however, that the rise in. 

fertility in these crosses is not great enough to base a final conclu- 

sion upon, in regard to a point as far-reaching as this. It is to be 

remembered that Woods Hole, Massachusetts, is only four miles 

distant from Falmouth and it is altogether probable that the two 

strains had not been separated by many generations when taken 

into captivity. Consequently, this material would present after 

all a picture very much like the first case. If the environment can 

influence the different strains in respect to the ‘factors’ that bring 

about fertility the influence in this case has been slight, and, after 

all, from stocks so closely related this is probably what we should 

expect to find. In any case it is certain that the high-producing 

stocks can bring the fertility of the low-producing stocks to their 

level whether descended from the same or from different germ 

plasms. It might seem from this (although I am far from con- 

tending at present that such is necessarily the case) that there is 

a set of factors of some sort for fertility and that when a loss in 

fertility occurs in a stock (other than that which occurs in the case 

of mutations) it is the same set of factors that is lost or is changed 

and this accounts for the fact that there is no rise in fertility on 

crossing. The stock that has the highest fertility (the largest 

number of factors) acts as a dominant character and brings the 

lower set of factors up to its level. In the case of a sudden rise in 

fertility on crossing such as occurs in the case of some of the muta- 
tions it is probable that the stocks have lost different factors for 
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fertility, and that crossing gives the proper constellation of factors 

for a marked rise in fertility. 

It must be frankly admitted that this explanation at best is only 

tentative and that the door must be left open for further investi- 

gation. The possibility of transmissible lethal factors is not to 
be overlooked. 

The third question under consideration relates to the effect on 

fertility of crossing certain mutations, namely, pink-eye and white- 

eye and the effect on fertility when these are crossed into the 

inbred stock. ‘The triangular portion of diagram A shows that 

there is a rise in fertility in all cases. In four of the six cases the 

rise in fertility is very high. This is analogous to what happens in 

the case.of the truncates when crossed into other stocks. 

I wish here to add the data from an experiment that has some 

_ bearing on the foregoing considerations and also some bearing on 

the question of inbreeding. The object of this experiment is to 
serve as a check upon the controls used in the foregoing experi- 

ments, namely, Woods Hole, white-eye, I., I; and the inbred 
stocks. This experiment was carried out in the same manner as 

the foregoing. The egg counts began the same day that the 
former experiment closed, July 15, 1913. The number of eggs 
isolated, together with the corresponding number that hatched, is 

given in table 4. 

I have placed the percentage of fertility of these stocks in dia- 

gram A and enclosed the numbers in circles. It will be noted that 

the Woods Hole and white-eyed stocks remain practically the 
same as in the previous experiment. There is a marked rise in 

fertility, however, in case of the three stocks originally from the 

same germ plasm. Later (Aug. 7 to 24, table 1) the Woods Hole 
stock was tested. Its fertility had risen from 59.7 to 71.7. The 

Woods Hole stock was again tested August 17 to September 4. 

This stock now gave a fertility of 83.6. The fact is that all my 

stocks at this time showed a marked rise in fertility, as is evi- 

denced by the experiments to be dealt with in the next paper. 

Even the truncate stock which had been tested many times through 

the year and had varied from 20 to 26 per cent now gave a fertility 
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of 31 per cent. Table 1 shows that in the case of the Woods Hole 
stock the fertility gradually fell throughout the year. I fully 

expected to find that the fertility would be continually reduced on 
inbreeding, and yet the fertility of the stock rose in August and 

September until it was actually higher than it was during the 
September of the previous year by 6.3 per cent. The meaning of 

this is obscure. It will be recalled that Castle found seasonal 

fluctuations in productivity in his flies. The period, however, in 

which low productiveness prevailed in his stocks corresponds in a 
general way with the period of high fertility in my stocks. 

In the light of this evidence it would seem that inbreeding as 

such cannot be the vera causa of the low fertility that usually 
accompanies the process. It would seem from this evidence and 

the evidence presented by Moenkhaus that the fertility of a stock 

could be maintained, and the closest,inbreeding practiced, provided 

TABLE 4 

Showing the fertility of the Woods Hole, white-eyed, inbred, Iz andI3 stocks. 1A = 

' Woods Hole stock; 2A = white-eyed stock; 3A = 13 stock; 4A = I, stock; 5A = 

inbred stock, Fos generation 

la 2a BA | 4a 5A 

DATE iz { 

1913 Eggs |Adults| Eggs | Adults} Eggs | Adults) Eggs | Adults} Eggs | Adults 

July 15 95.) 9650. |- 995, A Sis) B7ON | 2582 1 Soke yl eae 
16 BOW aes. 4) 5 0se A AT SG Wee, Tote SG ee ae 
17 450 30°.) S50 7h Se AGS Sac 1 ee ee con 14 
18 AA) Styl" 20 So Bie) 420 60 eat ea ae ales 
19 29 14° | .51. | 20" |) 45) B41 50) 26. | S50 a6 
20 30 10 | 50 11 | 66 | 40 | 45 | 22 | 30 11 
21 31 15 | 31 2 AG HSB it 1.35 16 
22 41 24 | 25 3 Sant) -a0nah 3h 14. | 12 6 
23 Ob i On! 231 4.) 2519640" )| 22.) 920 6 
24 20 | "21 26 Sel alia 136) 40: | 426) a6 9 
25 25 12 | 25 Stl ae Go) 22 | VS |) 22a 
26 50 | 29°| 25 Bo | ea ier | oe 1) Rg a al 
27 25 13) aa Pes ees a) is ames ae ea ae 10 
28 15 Sas 5 | 30 18 | 25 12, (25. |. 76 

Totals eee 531 | 317 | 498 | 106 | 544 | 412 | 527 | 302 | 467 12 

Percents... 59.7 20.9 | 75.7 | 57.3 45.4 
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the proper combinations were made. It seems probable in the 

case of fertility, as in many other characters, that inbreeding gives 

a chance for defects to be brought to the surface; and that low 
fertility is likely to accompany close inbreeding provided it is not 

guarded by rigorous selection. When a stock has reached a low 

degree of fertility it seems strange that that same stock should be 

able to rise again in fertility. Yet thisis exactly what may happen. 
Take for example the truncate fly which has been selected for 75 

generations and has its fertility reduced to about 20 per cent; and 

yet that fly can throw a form, the long wings, the fertility of which 

is more than twice as great as its truncate brothers and sisters. 

The fact that different individuals, brothers and sisters of the 

same stock, should differ in such a marked degree (so that one is 

actually able to separate the more fertile ones from the less fertile 
flies by inspection) is submitted as evidence to show how selection 

may operate in controlling the fertility in these strains. 
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AMPELOPHILA 

IV. EFFECTS ON FERTILITY OF CROSSING WITHIN AND 

WITHOUT AN INCONSTANT STOCK OF DROSOPHILA 

ROSCOE R. HYDE 

Department of Zodlogy, Columbia University 

ELEVEN DIAGRAMS 

INTRODUCTION 

In Part IJ of these studies it was shown that although the mu- 

tant stock truncate, produced a large number of fertile sperm and 

fertile eggs, yet when the truncate female was mated to the trun- 

cate male only 20 per cent of the eggs hatched. It was also shown 

that the truncates were not a homogeneous stock, for the flies 

with truncate wings give rise to offspring some of which have 

long wings like those of the wild flies.. This has held true through 

many generations of continuous selection. These long winged 

flies in turn are also not homogeneous because they throw some 

truncates, and this has held despite some twenty (estimated) 

generations of selection.!. A peculiar phenomenon shown by the 

long wings is that their fertility when tested together is about twice 

as great as that shown by their truncate brothers and sisters when 

tested together. 

I wish here to present in detail the evidence that bears on the 

result of crossing within this inconstant stock; and the effects on 

fertility when both forms are crossed into a wild stock—the Woods 

1 Since both forms are under study in this paper it is convenient to refer to this 

stock as an ‘‘inconstant stock.”’ F 
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Hole stock. I shall also consider the behavior of the fertility of 

the extracted truncates (extracted after crossing out to a wild 

stock) when tested together and when back-crossed into their low- 
producing and high-producing grandparents. 

FERTILITY OF THE EXTRACTED TRUNCATES 

I wish to deal first with the evidence that bears on the question 

raised in Part II, as to whether or not the fertility of the truncate 

stock can be raised by outcrossing. In other words is low fertility 

_ In this case a concomitant of the truncate wing condition, orcan 
high fertility be transferred to the truncate stock by crossing it 

out to a wild stock and extracting? 

To answer this question a truncate female was crossed to a 

Woods Hole male. This cross I shall refer to as A. The recipro- 
cal cross in which the truncate male was mated to the Woods 

Hole female I shall refer toas B. There were five bottles of the 

P; made up in each case. A large number of the F; were mated in 
pairs and the truncates selected from their offspring. 

The fertility of the extracted truncates was then tested by means 

of the following combinations: . 

1. A truncate female (F, extracted from the truncate grand- 

mother) was mated with four of her truncate brothers. 

2. A truncate female (F, extracted from the truncate grand- 

father) was mated with four of her truncate brothers. 

3. Control: The fertility of the original truncates was tested by 

placing a number of males with a single female in each case. 

The results of this test are recorded in tables 1, 2 and 3. 

The fertility of the extracted truncates when tested together is 

almost 50 per cent, while the fertility of the truncates used for 

control is only 22.6 per cent. In other words, from a source of fer- 

tility of 63.4 per cent (Woods Hole stock; Part III, table 3b, no. 8) 

there has been transferred to the truncate winged forms (orig- 

inally with a fertility of about 20 per cent) about 25 per cent 

of additional fertility. The increase in fertility is the same in 
this case whether the truncate male or female is used as the 

grandparent. 
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TABLE 1 

Showing the result of testing the fertility of the AQ X Aco (F2 truncates extracted 
from truncate grandmother) 

PER CENT 

AGE OF 2 AVERAGE OF EGGS 

NO TOTAL NO. NO. EGGS NO. FLIES WHEN LIFE OF ie) NO. WHICH 

4 EGGS LAID! ISOLATED EMERGED COUNT IN DAYS EGGS LAID COMPLETE 

BEGAN PER DAY DEVELOP- 

MENT 

11 861 353 128 5 AT 25.0 33.4 
12 211 184 80 5 30 8.5 43.4 
13 yeah! Mehr 2 5 18 138 
15 513 328 180 5 31 19.8 54.8 
16 575 370 13>. 5 35 19.2 49.2 
17 403 250 118 5 33 14.4 47.2 
24 356 292 134 4 7 27.4 45.8 
25 610 392 210 4 32 21.8 53.5 
26 445 310 176 4 25 i a 56.7 
27 552 370 | 198 4 29 Trl 53.6 
28 Seite Ar S468 4 24 20.7} 5088 
29 791 441 210 4 Al 21.4 |. 47.6 

ARO Galen ee 3638 1786 | 

TABLE 2 

Showing the result of testing the fertility of the B2 X BS (Fe truncates extracted 

from truncate grandfather) 

if | 3 | PER CENT 

TOTAL NO. NO. EGGS NO. FLIES See LIFE OF | ST eee eee 

EGGS LAID ISOLATED EMERGED COUNT ad DAY COMPLETE 

BEGAN DEVELOP- 

MENT 

581 370 183 53 ees 19.4 49.2 
1 1 5 25 

I) Mog7n \ veasi 78 5 27 13.5 3377 
| 352 279 158 5 25 17.6 56.6 

67 42 13 5 22 4.0 31.0 
657 463 242 4 29 26.3 52.3 
266 266 116 agen «3 \ Seat 43.6 

1652 | 790 | | 

Per cent of eggs which complete development 47.8. 

*Laid eggs which went to pieces. 
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TABLE 3 

Control: Showing the result of testing the grandparental stock, truncate by truncate 

| PER CENT 

= | TOTAL NO. NO. EGGS NO. FLIES pete = LIFE OF | LINEN pean 

Ae | EGGSLAID | ISOLATED | EMERGED COUNT fe) | ple ae COMPLETE 
| BEGAN | DEV ELOP- 

MENT 

1 154 26 4 728 iver tse 
3 62 62 16 7 163.18 WO 25.8 
4 | 287 265 fe. He 26 al) isat 27.5 
5 [97 227 43 7 35 8 ie ie along 
ic F 27°36 36 10 6 14 5 AG T8 
8 iy 258i) hk 7 BBR 54 Grea 27 ll eeloee 227, 

10 226 126 22 Gratin eal 6.4 17.5 

Mijgpal td a. | 980 292 | | 

Per cent of eggs which complete development 22.6. 

It is true that the extracted truncates vary somewhat in the 

length of wing. Moreover, they appear in about the ratio of 1 

truncate wing to 14 of the long wings. In all cases I selected the 

most typically truncate forms, and if low fertility is an accom- 

paniment of the truncate wing as such, I should have discovered 
the fact in this experiment. This does not exclude the possibility, 

however, that some of the low fertility here may be concomi- 

tant to the truncate wing, for a comparison of the fertility of their 

long winged brothers and sisters shows that the fertility of the 

extracted longs is higher (see table 7). 
In Part II it has been demonstrated by numerous experiments 

that the truncate stock is deficient in egg production. A compari- 
son of the egg production-of the extracted truncates together with 

that of the truncates used in control and also with that of the 
truncates given in Part I] makes it absolutely certain that these 

extracted truncates have been benefited also in regard to egg 

productivity as a result of crossing and extracting from a wild 
stock. The evidence is conclusive that fertility can be trans- 

ferred to the truncates. 

PP) a 
THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No.3 
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PRODUCTIVITY OF THE EXTRACTED TRUNCATES 

If it be true that the fertility of the extracted truncates is more 

than twice as great as the original truncates and if it be true 
that the egg production of the extracted truncates is increased, it 

follows that if the extracted truncates be bred together in pairs 

their productivity should be greatly increased. To judge from 

the previous history of the truncates in regard to productivity 

(Part II; table 1) and the attendant low fertility we should expect 

that by doubling the fertility of the gametes of the truncates that 

they would produce between 100 and 125 offspring on an average 

to the fertile pair instead of 50 as formerly. The number of off- 
spring produced above 125 would, in a rough way, give a measure 

of the increased egg production. This does not take into con- 

sideration, any difference that may exist in the length of life 

between the truncates and extracted truncates. It would seem 

from the tables that the extracted truncates had been benefited 
to some slight degree in respect to the length of life asa result of 

extracting from a wild stock. 

In order to throw some light on the question just raised, I bred 

together a number of these extracted truncates in pairs. These 

flies were from the same source as those used in the previous experi- 

ments. The pairs were made up August 9 and 10 and discon- 
tinued on September 1. The final count was made September 11; 

consequently the total number of children produced is not repre- 
sented. The results are given in tables 4a and 4b. Ten pairs of 

truncates were used to control this experiment but it was evident 

from inspection that their productivity was practically the same 

as in former experiments and consequently the offspring were not 

counted. <A study of the table makes it certain that it is possible 
not only to put fertility into the truncate stock but also increased 

egg production. Consequently the productivity of the truncates 

has been raised from 50 to about 300 as a result of crossing out 

and extracting. Since the fertility of the extracted truncates is 

twice as great and the productivity six times as great it follows 

that egg -production has been increased three fold—from 200 to 
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about 600. A comparison of tables 1 and 2 where the egg pro- 

duction of the extracted truncates is given with table 3 and the 

many tables in Part II where the total output of eggs of the 

original truncates is represented will show that the above con- 

clusion is warranted. 

TABLE 4a TABLE 4b 

Showing the result of breeding together BQ X Bo (Fe truncates extracted 

the extracted truncates. AQ X Ao from truncate grandfather) 

(F, truncates extracted from truncate 

grandmother) 

NO. TOTAL NO. OFFSPRING NO. | TOTAL NO. OFFSPRING 

1 336 5 203 

Aris 295 9 196 

EA 408 10 390 
4 | 330 11 162 

Gren 364 2 363 

ie .| no offspring 13 127 
8 299 19 no offspring 

14 250 ZO 123 

15 271 , 

16 265 

17 211 

18 228 

FERTILITY OF THE EXTRACTED TRUNCATES BACK-CROSSED 

TO THEIR GRANDPARENTS, THE ORIGINAL TRUNCATE 

STOCK AND THE WOODS HOLE STOCK 

The foregoing pages have demonstrated the marked difference 

in fertility that exists between truncates and extracted truncates. 

I wish here to consider the effects on fertility when the extracted 

truncates are back-crossed to their low-producing grandparents 

(truncates) and their high-producing grandparents (Woods Hole). 

I shall consider first the evidence that bears on the effect on. fer- 

tility of back-crossing extracted truncates with truncates. This 

experiment was carried out at the same time as experiment I in 

this paper. The facts are recorded in table 5. 
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T? x J" B 
226 t a ae 
28.9 4l-6 

S47 

G29 A 47-1 

T? x TS As x g 
226 471 
28.9 52.6 

B 
4 6 Ad. 

Diagram A Expresses the effect on fertility of crossing the extracted truncates 

B (in which the Truncate male was used as the gr andtather) with the original 

truncates, T. 

Diagram B_ Expresses the effect on fertility of crossing the extracted truncates 

A (in which the truncate female was used as the grandmother) with the original 

truncates, T. 

The flies of table 5 were mated July 21 and the egg count began 

July 25. The sexes were kept separate for about four days before 

mating. The results of these crosses are brought together for 

comparison in diagrams A and B. 

TABLE 5 

Showing the effect on fertility of back-crossing the extracted truncates with the original 

truncate stock. T = truncate, all from family No. 178. A = truncate extracted 

from truncate grandmother. B = truncate extracted from truncate grandfather 

alee elie 
< A 3 iS) 
PS a Nae a tat n 

2 COMBINATION | B 5 2a | ao ad é 
g & | fe ga ay Oe 5 a 
g 

| oOo; 0 2 oS ie z 'o 

5 616] 64 | oA my Fe = A 
% | Beth Ae ‘ is z | Z | Uae Neser Sore Aeane a 

$3\ 8 O.>¢ st No. 178. .0-4 eee chs (10,20 938 | 442 | 47.0 | 102 lea 
SAMO SOP et NG, P78 se. Woke. ake 8s) 20/ 811| 365| 44.9 | 149] 88 
95) Bor KE ON. W784. Dante dee | 10) 28) 613) 201 | 32.9 | 4i }72 
Bal Aca GN io! 781d (a aay eae 11] 21] 247) 86) 34.8 | 21) 15 
B7| Controle) x Bol nu. eben 7/15 687 265) 41.6 | G4 105 
Bl Control Aon Aci. 2.0). en 7/181 754] 396] 52.6 | 148| 147 
39] Control T 2 No.178 X To No.178 15| 34, 668} 194| 28.9 | 
46) Control B96 Ba..w ese 12) 21/ 981] 510| 54.7 | 80] 120 
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In table 5 I have added as a matter of record the number of 

long-wings and short-wings that appeared in a number of bottles 

from which complete counts were made. No definite ratios can 

be given for comparison with the study of wing ratios made in 

Part II, where it was shown that the truncates threw 1 long to 

7+ truncates, the longs in turn threw 1 truncate to 7 + longs. 

The ratio of the longs to the truncates in the crosses made here is 
near equality. 

The foregoing experiments bear on the effects on fertility when 

the extracted truncates are back-crossed with their low-producing 
grandparents. I wish next to consider the effects on fertility 

when the extracted truncates are back-crossed with their high- 

producing grandparents—the Woods Hole stock. The experiment 

was carried out in the usual way. The results are given in table 6. 

The relations brought out in this experiment are expressed in 

diagrams C, D, and E. 

Diagrams A and B show the result on fertility of back-crossing 

the extracted truncates with the low-producing grandparental 

truncates. It is to be noted first of all that the controls show the 

fertility of the extracted truncates to be practically twice that of 

the original truncates. Moreover, the fertility of the extracted 

truncates is the same whether the truncate male or female is used 

as the grandparent. On crossing, there is no great rise in fertility 

beyond that shown by the parents, as has been demonstrated in the 

case of the truncates crossed to wild races. The extracted trun- 

cate female is able to bring the fertility of the truncate male up to 

its level but not beyond. The extracted truncate male, on the 

other hand, does not bring the fertility of the truncate female up 

to its level by about 15 percent. Itis to be noted that the fertility 

shown in diagram A is practically the same as in diagram B, indi- 

cating that here the effect is the same on the truncate grandchil- 

dren, whether descended from the truncate male or truncate- 
female. 

In contrast with the conditions found in these crosses, we find, 

that when the extracted truncates are back-crossed to the high- 

producing parents there is a sudden and distinct rise in fertility; 

beyond that of either parent stock (diagrams C and D). The 
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BF x Bd wre ~x  wse8 
47.8 7.7 

81.7 Cc ¥0.! 

Af x AG wHs HF 
49.1 ees 7.7 

75.7 D B73 

AZ x Ad Bd 8 
AGA A poe 

v0.6 E 64.9 

Diagram C Showing the effect on fertility of crossing the extracted truncates 

B (F2 truncates descended from the truncateo’) with the high-producing grand- 
parental stock. 

Diagram D Showing the effect on fertility of crossing the extracted truncates 

A (F. truneates descended from the truncate @ ) with the high-producing grand- 
parental stock. ¥ 

Diagram E Showing the effects on fertility of crossing the extracted truncates A 

(F, truncates descended from the truncate 2 ) with the extracted truncates B (F: 

truncates descended from truncate ™). 

behavior of the fertility of the extracted truncates toward the 

Woods Hole stock is practically the same whether the truncate 
flies descended from the truncate grandmother or truncate grand- 
father. 

It is to be emphasized that the fertility of the truncates has been 

practically doubled (as determined by testing brother and sister) 

as a result of crossing out and extracting; and yet a marked degree 
of incompatibility exists between the gametes of the extracted 

truncates. For example, diagram C shows that the extracted 

male B produced 85.1 good sperm and the extracted female B 

produced 81.7 good eggs and yet the fertility as shown by testing 
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Extracted Truncates Original Truncates 

gi? Bo/ 80 TT 
et x ad= 478 TS » e— 22.6 

471 F 32.9 

Extracted Truncates Original Truncates 

Pom] &73 80 SS 
Ag x Ad= #71 TH x TP= 226 

a) G 34.8 

Diagram F Showing incompatibility that exists between truncates and 

extracted truncates (extracted from truncate <). 

Diagram G Showing incompatibility that exists between truncates and ex- 

tracted truncates (extracted from truncate <). 

together was only 47.8." Diagram D shows practically the same 
condition. 

As just stated the extracted truncates produce 81.7 good eggs and 

85.1 good sperm (diagram C). Weknow from many former experi- 

ments that the truncates produce about 80 per cent of good sperm 

and 55 per cent of good eggs. Yet when these gametes are brought 

together, as shown in diagrams A and B there is amarked degree of 

incompatibility. Diagrams F and G based on this and former 

experiments, will show at a glance the facts that relate to incom- 
patibility in this case. | 

It remains to be pointed out that there is a rise in fertility beyond 

that shown by either parent when the truncates extracted from the 
truncate grandfather B are crossed with the truncates extracted 

from the truncate grandmother A (diagram E). It seems strange 

that there should result a rise in fertility in this cross and also when 
the extracted truncates are back-crossed into their high-producing 

grandparental stock (diagrams C and D); and yet there results 

no rise in fertility when the extracted truncate female is back- 



FERTILITY AND STERILITY IN DROSOPHILA 367 

AF x Ad ast x 8F 

H 746 
Tid 

Diagram H Showing the fertility of the extracted longs when mated together 
and when crossed with each other. 

crossed to the truncate male; and that in the reciprocal cross 
there is shown not only no rise in fertility but an actual in- 

compatibility (diagrams A and B). 

It has been shown that the fertility of the truncates is raised 

from about 25 per cent to 50 per cent by crossing out to a wild 

stock and extracting. It must be remembered, that the fertility 

of the wild stock from which the truncates were extracted was far 

below 100 per cent. It seems altogether probable that had a more 

fertile stock been used the fertility of the extracted truncates 

would have been still higher. 

FERTILITY OF THE LONG-WINGED BROTHERS AND SISTERS 
OF THE EXTRACTED TRUNCATES 

The question still remains as to how the long-winged brothers 

and sisters of the extracted truncates behave in respect to fertility 

when tested together. The data recorded shown in table 7 gives 

an answer to the question. 

The results of this experiment as expressed in diagram H show 

that the long-winged brothers and sisters of the extracted trun- 

cates are more fertile than the extracted truncates (in this case 

by over 25 per cent). It would seem from this that while it is 
possible to put a certain amount of fertility into the gametes of 

the truncates, yet a certain degree of incompatibility remains 

~ with the truncate wing as evidenced by the fact that their long- 

winged brothers and sisters give a higher degree of fertility. It 

is to be noticed in this case that there is no rise in fertility on 

crossing. The fertility in the crosses is practically the same as in 

the controls. 



368 ROSCOE R. HYDE 

EFFECT ON FERTILITY OF CROSSING THE TRUNCATES WITH 
THEIR LONG-WINGED BROTHERS AND SISTERS AND THE EFFECT 
ON FERTILITY WHEN BOTH OF THESE FORMS ARE CROSSED INTO 

THE WOODS HOLE STOCK 

I wish to return to a consideration of the low fertility of the 

truncate stock and consider more especially the difference in 

fertility between the truncates and their long winged brothers 

and sisters. I shall also consider the behavior of fertility when 

the truncates are crossed to their long winged brothers and 
sisters, and also the behavior of fertility when both forms of the 

inconstant stock are out crossed to the Woods Hole stock. 

Table 8 shows the combinations made up, the number of eggs 

TABLE 7 

Showing the fertility of the long-winged brothers and sisters of the extracted truncates 

when tested together and when crossed with each other. A = Fz long-wing extracted 

from truncate grandmother. B = F:2 long-wing extracted from truncate grand- 

father 

AGXace BQXBO AQXEBO BQXag 

DATE | ate ia a ——|— ane ei, = 

1913 Eggs | Adults) Eggs | Adults | Eggs |Adults| Eggs | Adults 

August 15 )) 30 | Sf jie40 26" 165 5) Sat) s0meas 
16 BU: | 28308 21° 45 BB) SOP ees 
17 50 | 35. } 38)°)) 19 || 40: 2a) aos es 
18 30) bed? WRG. 530) 12 hl eS ees 
19 20. cl 32) Bar) 38 | 26 aise 20s 
20 23/18" | DOA > TS = esOwy Aan) ea Omelemeee 
21 113 71400 | $33 Oh) ae a2OrgIN IS, teal 
22 ) 40°) 2860) SB We Bea O a ae Eh as et 
23 405) 87) 70. BSN eS a8 570) see 
24 80.) 60. | 7d | 5S G05) 955. "|. 60" Wade 
25 50.) 37. + 63) Oe s0 ".89": | “AU ie 
26 50\)| 35: | 8B 173. 70" 1) “BO, soa 
27 40°) | 38.) 520) Bbe55. | Sa) abana 
28 50 | 34 | 60 |} 539 4) 30 -| “37 "1 9h0 = pas 
29 AQ> |) B24. 40 7) Oe) 50° 9 250) a ae 
30 p 47. 40") es eas 40. |) aes oie 

Tatas steerer. Cate 643 483° 739 | 566 | 729 | 515 | 697 | 520 

Per cent of fertility ....... 15.8 | 76.6 Lok 74.6 
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isolated day by day and the corresponding number of eggs that 
hatched. 

The truncates in this experiment gave a fertility of 31.3 which is 

from 5 to 10 per cent higher than in any of the previous experi- 

ments. The Woods Hole stock shows a fertility of 83.6 which is 

much higher than that of previous experiments. The fact is that 

all the stocks at this time showed a rise in fertility. Whatever 

the meaning of this may be, the former relations hold as to the 

effect on fertility when crossed, as is evidenced by the fact that 

there is a marked rise in fertility when the truncate is crossed into 

the Woods Hole stock; compare diagram J with diagram C, 

Part. 1. 

Diagram I brings out the effect of crossing within the truncate 

stock. The fertility of the truncates when tested tagether is 31.3 

while that of their long-winged brothers and sisters when tested 

together is 51.9. When the longs are crossed to the truncates as 
the diagram shows, the high fertility of the longs is able to bring 
the fertility of the truncates up to its level and it would seem that 

in the case of the cross between the truncate female and the long 
male that there was a marked rise in fertility. The fact is that in 

this experiment this cross is higher by 10 per cent than in the case 

where the truncate female is tested with a wild male. I have made 

many crosses between the truncatefemaleand the Woods Holemale 
with the result that the fertility of the combination stands almost 
invariably at 55 per cent. It would seem from this experiment 

and the evidence from former ones that the rise in fertility of this 
particular combination is significant. 

A study of the diagrams will show a marked degree of incompat- 

ibility to exist between the flies with the long wings for while 51.9 

of their eggs hatch when mated together yet no less than 90.7: 

of the sperm and 73.8 of the eggs are capable of entering into a 

combination that results in development, as is shown by crossing 

into the Woods Hole stock (diagram K). 

The greatest degree of incompatibility however exists between 

the flies with the truncate wings for in this experiment they pro- 

duced no less than 54 per cent of good eggs and 88.5 per cent of 
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jie Rte TS EG. x uz@ 
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33 fd 336 

54 J 88.9 

ee x Le wht x wHt 
51.9 836 

73.8 K 90.7 

Diagrams I, J and K Showing the effects on fertility of crossing within and 

without the inconstant truncate stock. T= truncate. L = long-wing thrown 

by truneates. WH = Woods Hole. 

Diagram I Crosses between truncates and their long-winged brothers and 

sisters. 

Diagram J Crosses between truncates and the Woods Hole stock. 

Diagram K Crosses between the long-winged flies thrown by the truncates and 

the Woods Hole stock. 

good sperm and yet only 31.3 of the eggs from the truncate females 

hatched when mated to the truncate males (diagram J). 

It remains to be pointed out that a certain degree of incompati- 

bility exists in the cross made between the truncate male and his 

long-winged sister. For their fertility when tested together is 

47.1 and yet he is producing 88.5 fertile sperm and she is producing 

73.8 fertile eggs as shown by outbreeding into the Woods Hoie 

stock. In the cross between the truncate female and the long- 

winged male the incompatibility seems to be removed. For while 

the long-winged male is producing 90.7 fertile sperm the female is 

producing only 54 per cent of fertile eggs. Here, as I have 
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pointed out, the incompatibility is removed and we have a 

distinct rise in fertility. 

This evidence would seem to indicate that a marked difference 

in respect to fertility may exist between brothers and sisters 

of the same stock. In this case we find a great degree of incom- 

patibility between the flies with a definite wing form—long-wings; 

the greatest degree of incompatibility between flies with truncate 

wings. Wealso find a marked degree of incompatibility when the 

truncate male is crossed to his long-winged sister but no incom- 

patibility in the reciprocal cross. 



ON THE EARLY PULSATIONS OF THE POSTERIOR 
LYMPH HEARTS IN CHICK EMBRYOS: THEIR 

RELATION TO THE BODY MOVEMENTS | 

ELEANOR LINTON CLARK AND ELIOT R. CLARK 

From the Anatomical Department of the Johns Hopkins University 

TWO CHARTS 

INTRODUCTION 

The lymph hearts of the chick were discovered by Budge in 

1882. Previous to this, pulsating lymph hearts had been de- 

scribed in adult aquatic birds and in the ostrich and cassowary, 
by Stannius and Panizza. Budge found that lymph hearts, 

although absent in adult chickens, are present in the embryo 
and function from the ninth day to the time of hatching. He 
was able to inject these lymph hearts, from the lymphatic ves- 

sels surrounding the allantoic arteries, in embryos of ten days 

and over, and he describes them as two rounded sacs, situated 

on each side, at the angle between the tail and pelvis, and super- 

ficial to the myotomes. He studied the muscles in the wall of 

the lymph heart by dissection of fixed preparations. Budge also 

discovered the lymph heart in living chicks, of eight days and 

over, and found that its pulsations did not coincide with those 

of the blood heart. Budge concluded that, since the lymph 

hearts make their appearance at approximately the same time 

as the lymphatic vessels of the allantois and atrophy with the 
disappearance of the allantois, they are intimately connected 

with the function of that organ. 

A more extensive study of the lymph hearts of the chick was 
published in 1900 by Sala. The lymph hearts, according to 

Sala, in embryos of eight days, are clear almond-shaped sacs 

situated on either side of the tail, lateral to the myotomes and 

somewhat ventral to the caudal margin of the os ilii. After the 

373 
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tenth day, the hearts grow more rounded in shape and become 
surrounded by a layer of fat. With the gradual reduction of 

the curve of the vertebral column, they eventually occupy a 

more dorsal and anterior position with reference to the os ilii. 

Sala found that the lymph hearts communicate with the inter- 

segmental coccygeal veins—at first connecting with the first five 
of these veins, and, in later stages, with three of them. 

From his study of the lymph heart in cross sections, Sala found 

that, in embryos of seven and one-half days, its walls are made 

up of mesenchyme which penetrates the lumen of the sac in the 

form of trabeculae. In nine-day chicks, muscle fibers begin to 

differentiate in this connective tissue, and eventually they form 

a layer in direct contact with the endothelial linng. In embryos 
of thirteen days the muscle fibers and the endothelium are sep- 

arated by a layer of mesenchyme. 

Sala also investigated the earlier stages of the lymph heart, 

in cross sections of chicks six and one-half to seven days old. 

He found a row of irregular spaces connected with the first five 

intersegmental coceygeal veins and concluded that the lymph 

heart was formed by the flowing together of these spaces. 

Mierzejewski in 1909 studied the superficial lymphatics of 

chick embryos by injection. He confirmed the results of Sala 
as to the development of the lymph heart but states that the 

anlage of the lymph heart first appears in chicks of five and 

one-half days, instead of six and one-half days, as Sala had 

stated. Mierzejewski agrees with Sala as to the time of appear- 

ance of the muscle fibers in the wall of the lymph heart and 

states that, at nine days, the lymph heart begins to pulsate and 

beats once to every eight or ten contractions of the blood heart. 

The authors have studied this region in the stages of embryos 

investigated by Sala and Mierzejewski and also in earlier.stages. 

We have found that the spaces in the mesenchyme, described by 

Sala as the anlage of the lymph heart, are in reality definite 

enlarged lymphatic capillaries, which form a continuous plexus 

connected with the intersegmental coccygeal veins, and whose 

endothelial lining can be demonstrated easily by injection with 

dilute silver nitrate,and also by the microscopic study of sections. 
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At a much earlier stage—in chicks of four and one-half to 

five days—lymphatic vessels are present, although their size is 

much smaller, and in embryos of five to six days, the lymphatic 

plexus, which precedes the definite pulsating lymph heart, nor- 

mally contains stagnant blood, which enters it through its con- 
nections with the intersegmental veins of the tail. Preliminary 

reports of studies made of this lymphatic plexus in living embryos 

and by the method of injection, have been published. A more 

complete account of these researches, together with careful 

microscopic studies of the endothelium is soon to be published. 

In the course of this study of the developing lymph heart, 

we noticed, while examining a chick of seven days under the 

binocular microscope, that there occurred several beats of the 
lymph heart simultaneously with vigorous movements of the tail. 

As muscular contractions of body, tail and limbs had previous- 

ly been seen in embryos of various ages, there was suggested a 

study of the early pulsation of the lymph heart in relation to 

these movements. 

For these studies we used a binocular microscope, enclosed 

in a warm chamber which was heated by an electric light bulb 

or a small alcohol lamp. An opening was made in the shell and 

the shell membrane over the region of the embryo, was carefully 

removed. Throughout the observation, the embryo was kept 

moist by the occasional addition of a few drops of Ringer’s 

solution, warmed to 38 to 39°C. When the eggs were opened 

in this way, the chicks remained alive and healthy for from five 

to eight hours. 

THE MUSCULAR MOVEMENTS OF CHICK EMBRYOS 

When an egg, incubated four days or more, is opened in this 

manner the embryo is seen to be undergoing violent movements. 

These movements are found to belong to two types: one in which 

the embryo as a whole is moved, with a continuous back and 

forth swaying motion around the umbilical cord as a center, 

and the other type, in which the movements are spasmodic and 

affect various parts of the embryo. The first type is caused by 

the peristaltic contractions of the amnion, déscribed by von Baer 

in 1828. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, NO. 3 
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Von Baer observed movements in chicks of five days which 

he believed to be due to the exposure of the embryo to the cold 

air. On the seventh day he states that the movements have 

become more general: ‘‘Der Embryo schwingt in Amnion hin 

und her, auf dem Nabel, wie auf einem befestigten Stiele Es 

schien mir daher eine Art unregelmiissiger Pulsation im Amnion.”’ 

Von Baer found that the contractions of the amnion were very 

active in chicks of eight or nine days and that after that time 

they became weaker. 

The subject of amniotic contraction was further investigated 

by Remak in 1854. After opening the egg, he noticed violent 

wave-like movements of the amnion, which were now and then 

- followed by quieter rhythmical contractions. When the con- 

tractions ceased they could be started again by pricking the 

amnion with a needle. Pieces of amnion, examined under a 

simple lens, were found to contract when stimulated. Remak 

found smooth muscle fibers in the amnion, which increased in 

abundance up to the tenth day of incubation; after this time 

their number diminished. Nerves, according to Remak, are not 

present in the amnion. Like von Baer, Remak doubted the 

presence of these peristaltic contractions in normal embryos 

inside the egg, and stated that the violent contractions were 

probably caused by exposure to the air. 

This last point was refuted by Vulpian in 1857, who observed 

the embryo in unopened eggs held before a bright light. . He 

saw the swaying movement of the embryo in chicks of five to 

eight days and found it to be violent and continuous in the 

unopened eggs, under normal conditions. He also described con- 

traction of the under surface of the allantois in chicks of twelve 

days and over. 
Preyer in 1885, studied these contractions of the amnion, as 

well as the other type of movements in chick embryos. He 

studied chicks on each day of their development, by means of a 

specially constructed ooscope, both before and after opening the 

shell and found that the amniotic contractions first appeared 

in embryos of four days, and continued up to the thirteenth 

day of incubation. At this time, the violent swinging of the 
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embryo becomes a gentle swaying and, in later stages, all move- 

ment is absent. Preyer showed that the amniotic contractions, 

contrary to the ideas of von Baer and Remak, were not caused 

by the cold air, but were normally present in warm eggs and 

ceased a short time after exposure of the egg to cold air. 

Preyer’s method enabled him to keep the embryos alive and 
active for only a short time after opening the shell. By making 

use of the warm chamber and the binocular microscope, we have ° 

been able to watch the passive and active movements of the 

chick for several hours after opening the shell, and to study them 

in greater detail. We found that the amniotic contractions fol- 

low each other in rapid succession: each peristaltic wave con- 

sumes on an average, 3.3 seconds, and about 4.5 seconds elapses * 

between the cessation of one wave and the beginning of the 

next one. We also observed, in a five-day chick, four distinct 

types of amniotic contraction: (1) The peristalsis starts at the 

top of the head and passes completely down to the tail of the 

embrvo; (2) The contraction starts at the same place but ex- 

tends only half as far, i.e., to the posterior edge of the wing; (3) 
The wave starts over the neck bend, half way between the ear 

vesicle and the anterior edge of the wing’ and extends simul- 

taneously in both directions; (4) The contraction wave starts 

posteriorly and extends from the tail to the head end of the 
embryo. Types (1) and (4) were found to occur most frequently, 

and in type (1) the passive movement of the whole embryo was 

the greatest. With this type there is evidently a rapid circula- 

tion of the amniotic fluid for as the contraction wave passes 

posteriorly, the fluid is squeezed out and the amnion comes in 

contact with the embryo, and the amount of fluid increases in 

the relaxed part of the sac. The extremities are pressed tightly 

against the body wall, as the amniotic wave passes over them. 

This undoubtedly has an effect on the form of the chick, for in 

embryos which had lived for several hours with the amnion 

removed, we noticed that the extremities, on the side away from 

the yolk, showed a tendency to grow away from the body until 

they often projected at right angles to it. 
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The other type of movements—the active contractions of the 

embryo—have also been recorded by many observers. Preyer, 
in an extensive review of the older literature on the subject, 

mentions that such observations were made by Harvey in 1651, 

by Béguelin in the middle of the eighteenth century, and by 
Home in 1822, as well as by von Baer and Remak. Most of 

these observers, however, did not distinguish between the pas- 

sive movements of the embryo, caused by the contraction of 

the amnion, and the active movements of the chick itself. How- 

ever, Dareste, in 1879, noticed movements in an embryo without 

an amnion, and thus demonstrated conclusively the independence 

of this second type of movement. 

Preyer gives an interesting and comprehensive account of these 

active movements in chick embryos. From the first to the fifth 

day of incubation he found no embryonic movements, aside from 

the beating of the heart. Mechanical and electrical stimulation 

of the embryo produced no effect. On the fifth day, Preyer 

first observed the active embryonic movements and the amni- 

otic contractions. The first movements of the embryo, accord- 

ing to Preyer, are simple in character and consist chiefly in a 

bending of the back from side to side. The head, tail, and 

extremities are moved passively at this stage. In successive later 

stages, the movements become more numerous, violent and com- 

plicated, as the various parts of the embryo differentiate. At the 

sixth and seventh day, the bending of the body becomes more 

pronounced, the tail contracts independently, the head nods, 

and the paddle-like extremities are moved inward and outward, 

and from the eighth to the eleventh day, the movements con- 

tinue to increase in strength and variety. Intervals occur at 

all these stages, during which the embryo does not move. Dur- 

ing this second period of development—from the fifth to the 

eleventh day—Preyer found no response of the musculature to 

mechanical stimulation or to injury, such as amputation of a 

leg. However he occasionally observed a weak response of cer- 

tain muscles, following electrical stimulation of the spinal cord, 

on the ninth and tenth day of incubation. 
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In the third stage of development described by Preyer—the 

period from the eleventh to the fifteenth day—the active move- 

ments of the embryo continue to occur, at frequent intervals, 

and, in addition to those present in younger chicks, movements 

of the individual toes and opening and closing of the eyelids 

and beak occur frequently. At this stage, reaction to mechani- 

cal stimulation is doubtful: at times a seemingly definite response 

is obtained and, at other times, the embryo remains motionless 

when stimulated, although continuing to move spontaneously. 

At this stage, however, chicks responded definitely to electrical 

stimulation, by movements of the limbs, toes, beak, etc., accord- 

ing to the point at which the stimulus was applied. 

In the last period of development—from the sixteenth to the 

twentieth day of incubation, Preyer states that spontaneous 

movements are much less frequent, but that the chicks respond 

readily to electric stimulation by tetanic contraction, and show an 

increased tendency to respond reflexly to mechanical stimulation. 

With his especially constructed ooscope, Preyer was able to 

observe, at all stages, both types of embryonic movements, those 

due to the contractions of the amnion, and those due to con- 

tractions of the muscles of the embryo itself, in the unopened 

egg, kept at incubator temperature, thus proving that they are 

normal, and not caused by outside factors introduced at the time 

of opening the shell. i 

Our observations of the muscular movements of chicks were 

confined to embryos of four to fourteen days, since this com- 

prises the important periods in the development and early func- 

tioning of the lymph heart. Our observations agree with Preyer’s 

description of the character of these movements, and of their 

first appearance in chicks of four days. However, in addition 

to the movements of the various parts of the embryo, described 

by Preyer, we noticed that sudden violent jerks, which seémed to 

involve the entire musculature of the embryo, occurred at all 

of the stages studied. With regard to the absence of all reaction 

to mechanical stimulation, in chicks between the fifth and 

eleventh day, our results are in entire agreement with those of 

Preyer. 
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One very striking characteristic of the active movements of 

chicks during the period of their development from four to four- 

teen days, is their periodicity. The movements occur in defi- 

nite groups or spasms followed by an intermission or period of 

rest, after which the movements recur. This periodicity was 
not noted by Preyer or by earlier observers, although they record 

the fact that the active movements were not continuous. 

While the active movements of the embryo can be observed 

with the amnion intact and have been studied through this mem- 

brane, they are more easily observed when it is cut across and 

drawn aside. In observing the periodic movements, we kept 

records of the minute and second at which each spasm com- 

menced, its duration, and the interval from the beginning of one 

spasm to the beginning of the next. We found that the duration 
of the periodic movements and the periods of rest varied in 

embryos of different ages. For example, in a chick of six and 

one-half days, the duration of the periodic spasms averaged 13 

seconds and the period of rest 39 seconds, while in an embryo of 

nine days, the movements were found to continue for 28.5 sec- 

onds and to be followed by an average period of 54.5 seconds, in 

which the chick did not move. In all the stages studied, one or 

two movements of the tail, a slight twitch of the leg or wing, or 

a single jerk of the whole body occasionally occurred, apart from 

the periodic spasms. The interval from such an isolated move- 

ment until the beginning of the next was always shorter than 

the interval between the true periodic spasms. 

We also made some observations of the reaction of embryos 

to changes in temperature. When the temperature of the warm 

chamber was raised until a small thermometer placed near the 

embryo registered 41°, the active movements ceased, after a 

few minutes, and the chick remained motionless until the tem- 

peratur® was lowered to 38 or 39°, when the periodic movements 

were resumed. We also found, as Dareste had observed in the 

case of a chick without an amnion, that the muscular move- 

ments ceased when the temperature was lowered to 35° or under 

and began again when the temperature was raised. When the 

amnion was left intact, the response of the body movements to 
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a change of temperature was delayed. In this case, when the 

temperature was raised to 41° or lowered to 35°, the peristaltic 

contractions ceased and the amnion relaxed, allowing the embryo 

to sink deep into the yolk. The periodic movements persisted 

for several minutes, in such instances, probably owing to the 

more sheltered position of the embryo. 

The movements of fish and amphibian embryos in the egg 

have been studied by many investigators. Preyer reviewed the 

literature on the subject and published many new observations 
on the embryos of the trout and the frog. He finds both active 

and passive movements occurring in these embryos: the passive 

movements are due to the almost continuous rotation of the 

embryo inside the egg, caused by the action of the cilia. The 

active movements, according to Preyer’s description, resemble 

greatly those present in chick embryos of four to five days, the 

body bends from side to side and the head and tail bend at the 

same time. More recently, Harrison, Hooker, Wintrebert and 

Coghill have observed movements in early amphibian embryos, 

‘ and Paton has studied them in embryo fish. No periodic move- 
ments were noted by any of the investigators of amphibian mate- 

rial. Mention is made of spontaneous movements, but as a 

casual and not a frequent occurrence. Harrison distinguishes 

two types of response to stimulation in young amphibian em- 

bryos: (1) the non-nervous type, characterized by a sharp tonic 

contraction and (2) the nervous type which resembles a swim- 

ming movement. The former has been shown to be the more 

primitive, since it is noticed in embryos before the peripheral 

nerves have developed (Wintrebert) and has also been demon- 

strated in embryos in which the spinal cord had been cut or 

removed (Harrison and Hooker). It appears, then, that the 

early movements of chick embryos differ from those noted in 

amphibia, by occurring periodically and with greater frequency, 

and also in the fact that they can not be instigated or altered by 

mechanical stimuli, such as pressure or dient piercing of the 

muscles with glass needles. 

The early movements of fish embryos, described by Paton 

show a closer resemblance to the movements of chicks. In 
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Selachian embryos of 3.5 to 4 mm., according to Paton, jerky 

lateral movements begin. ‘These are rhythmic in character: sev- 

eral movements occur, followed by a pause of several seconds 

and then the movements begin again. They do not appear to 

be affected by mechanical stimulation of the embryo, although 

they are increased by squeezing the yolk sac. The rhythm of 

the movements is altered by heat, by brilliant light, and by 

interfering with the normal swing of the head from side to side. 

In all of these cases, the movements become more violent. In 

the case of approaching death, the contractions become tonic. 

Fish embryos appear to resemble chicks in the periodic char cter 

of their early movements and in their failure to respond to 

mechanical stimuli. 

In Mammalia, Preyer (pp. 586-595) studied the movements 

in guinea-pigs. The earliest movements were seen in a ‘fourth 

week’ embryo of 16 mm. which “bewegte den Rumpf in situ 

stark.’’ In this embryo, he notes ‘“‘Zehen noch nicht getrennt.’’ 

In all embryos of successive weeks, movements were seen, in- 

creasing in intensity. In the 16 mm. embryo electrical stimu- 

lation over the spinal cord caused muscle contractions, and in 

26.4 mm. embryos peripheral stimulation, both electrical and 

mechanical, led to reflex movements. 

That periodic muscular movements, beginning at least as early as 
the fifth day of incubation and continuing with increasing intensity 
throughout the remainder of incubation, take place in developing chicks 
(and that movements occur in mammalian embryos as well, begin- 
ning at least as early as 16 mm. in guinea pigs—Preyer) is a fact of 
much significance in the study of the phsyiology of the embryo and of 
the mechanical factors concerned in development, especially of mus- 
cles, bones and joints—a fact which has been frequently overlooked. 

Thus Thoma, in his study of bone growth, takes up the mechanical 
factors acting on cartilage at the time of beginning ossification. On 
page 350 he says: ‘‘Als Ursache der Belastung kann demgemass im 
wesentlichen nur die Spannung der Hautdecken und der Muskulatur.”’ 
No mention is made of the tension caused by contraction of the muscles. 

Again R. Schmidt, p. 95, in discussing the ossification of bones in 
embryos, concludes ‘‘ Da die Grundziige der Architektur sich ausbilden, 
ehe noch die Muskelelemente kontraktil sind (Hencke, Bernay, u. a) 
kann die Ursache nicht unmittelbar in Gebrauch zu suchen sein.”’ 
Herbst (p. 7), after quoting the above, adds ‘“‘so schliesst Schmidt ganz 
richtig.’? The tension produced by muscle contractions, left out of 
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account by these observers, must be quite considerable, since, accord- 
ing to our observations, chicks of six days move very actively, approxi- 
mately one quarter of the time, a total of six hours out of the twenty- 
four, chicks of nine days, one-third of the time or eight hours out of the 
twenty-four, while up to the thirteenth or fourteenth days the time of 
the movements increases still further. 

Harrison, on the other hand, has made a significant beginning at 
studying the relation between muscular movement and the develop- 
ment of muscles and bones. He found that muscles differentiate rela- 
tively normally in tadpoles whose movements are prevented by the use 
of chloretone, as well as by the removal of nerves. He also observed 
that ossification occurred in the hind limb of a tadpole into which no 
nerve had grown, and hence in which there was no muscular movement. 

In a new-born calf E. H. Weber found total absence of the spinal 
cord and nerves below the first thoracic vertebra. Corresponding to 
the absence of nerves, the muscles were entirely absent, in the pos- 
terior part of the body, and while the bones of the hind limb were 
present and described as ‘normally developed’ yet the hind limbs weighed 
only one-half as much as the fore limbs, no description is given of their 
architecture, and all the joints were ankylosed. Between these two 
sets of observations there is a wide gap in which it remains to be deter- 
mined to how great an extent the muscular movements in embryos regu- 
late the development of the typical architecture of bones, the form of 
joint surfaces and the growth of muscles. 

THE PULSATION OF THE LYMPH HEART 

In our observations of the pulsation of the lymph heart, in 

chicks of various stages, we kept careful records of the exact 

time at which each spasm of muscular movements commenced, 

the length of the interval between movements, and the number 

of lymph heart beats occurring during the observation. 

As already stated, in chicks of 5 to 6 days, the region in the 

angle of the pelvis and tail, later occupied by the lymph heart 

contains a plexus of lymphatic capillaries filled with stagnant 

blood. At this stage, the movement of the tail from side to 

side, at the time of each periodic spasm of body movements, is 

violent enough to cause a blanching of this whole region, par- 

ticularly noticeable in the superficial blood capillaries. But the 

definite localized contractions so characteristic of the beating 

lymph heart of later stages, are not yet present. 

Stage 1. In embryos of 6 to 7 days (measuring from 19 to 

22 mm. greatest length, before fixation) the stagnant blood is 
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no longer present in the plexus of the posterior lymph heart 
region. In the living chick, this area has a swollen, translucent 
appearance and, upon injection, a plexus shows up, which is 

more compact and which is composed of fewer and larger vessels 
than the lymphatic plexus of younger embryos. At this stage, 

distinct localized pulsations of this clear area are noticeable in 

living chicks. Physiologically, then, a posterior lymph heart 

is now present. 

Embryos of this stage were kept alive and under continuous 

observation for from 2 to 5 hours and records made of every 

lymph heart contraction and of each periodic spasm of body 
movements. It was found that the lymph heart beats occurred 

invariably at the time of the periodic spasms and never in the 

intervals between these body movements. Moreover we found 

that, at this stage, a beat of the lymph heart was always accom- 

panied by a movement of the tail. Tail movements occurred, 

unaccompanied by any lymph heart contraction, but beats of the 

lymph heart unaccompanied by a tail movement were never 

observed. 
After an embryo of this stage had been observed for an hour 

and this relation of lymph heart beats to the periodic body move- 

ments recorded, chloretone (1 : 4000 in Ringer’s solution at the 
temperature of the chick) was dropped on the embryo. Amin- 

ute later the body contractions ceased and the chick remained 

motionless for a period of fifteen minutes. During this time no 

pulsation of the lymph heart was observed. As the effect of the 

anaesthesia wore off the spasmodic contractions returned and 

soon regained their former periodicity. The lymph heart beats 

returned at the same time and accompanied the body spasms 

as before and each beat was always associated with a contrac- 

tion of the tail. It is evident, then, that at this earliest stage in 

which definite pulsations of the posterior lymph heart are vis- 

ible, the beating is inseparably connected with the periodic move- 

ments of the «embryo (charts 1 and 2: Stage 1). 

We found, however, that unlike the rest of the musculature 

of the chick, the lymph heart muscle responds to direct stimula- 

tion and always contracts when it is punctured. In chicks of 
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Chart 1 Shows graphically the relation between the lymph heart beats and 

body movements in different stages, before and after chloretone and after recovery 

from chloretone. The brackets — indicate the duration of the periods of body 

movement, the spaces between the brackets are the intervals of rest, and the dots 

are lymph heart pulsations. Selected portions of actual records are reproduced. 

Spaces between successive beats, length of periods of body movements and of 

intervals of rest represent actual proportional time intervals. 

six days, in which the lymph heart pulsations, although distinct, 

are not yet very strong, the lymph heart contracted only once 

when stimulated directly by puncture with a glass needle. In 

the older embryos of Stage 1, puncture of the lymph heart caused 

it to beat six or eight times in succession and these beats were 

accompanied by tail and body movements. If the chick was 

anaesthetized at the time of puncture, each beat was accom- 

panied by a slight mechanical pulling of the tail. 

This early stage of the beating lymph heart, in which the 

pulsations occur only at the time of the periodic spasms of body 
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Chart 2 Shows the results of estimations as to average duration of periods of 

movement, etc., before, during and after the use of chloretone, at the various 

stages. The records used for this chart are the ones from which the selections 

in chart 1 were made: (1) (Stage 2) means that approximately one lymph heart 

pulsation occurred in each nine periods of rest; (1) (State 3) means, similarly that 

in each five periods of rest four single lymph heart pulsations occurred. 

movements (unless the heart is actually punctured), was not 

observed by Budge, Sala, or Mierzejewski. These investigators 

all state that no contractions of the lymph heart occur before 

the ninth day of incubation. In all probability, this is due to 

the fact that the eggs, which they used, were opened in water and 

submitted at once to unfavorable conditions of temperature. In 

such a case the periodic movements of the embryo would cease 
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at once, and, with them, the pulsations of the lymph heart in 

chicks of this stage. 
In chicks of seven to seven and one-half days (measuring 22 

to 24 mm.) our records show practically the same connection 

between the beating of the lymph heart and the body movements. 

The lymph heart beat from three to nine times during each 

periodic spasm and never in the intervals of rest. But, at this 

stage, strong lymph heart contractions were accompanied at 

times by feeble tail movements and occasionally they were 

dissociated altogether from contractions of the tail. 

Stage 2. Our observations of chicks of eight days showed that, 

on the average, 5.3 beats of the lymph heart accompanied each 

periodic spasm but that the majority of these beats were dis- 

coordinated from the tail movements. In addition, an occa- 

sional single pulsation of the lymph heart occurred in the period 

between spasms, with no accompanying body movement. In- 

jections of the lymph heart at this and later stages, show it to 

possess the form of a definite oval sac. 

One embryo of this stage (7 days, 213 hours, measuring 24.5 

mm.) was kept under continuous observation for four hours, 

and showed an interesting reaction to the treatment with chlore- 

tone. The chick was first observed for an hour and a half. We 

found that an average of 5.3 lymph heart beats accompanied 

each spasm and that, occasionally, an independent lymph heart 

contraction occurred in the period of rest. Chloretone (1:4000 

in warm Ringer’s solution) was then dropped on the embryo. 

The body movements and lymph heart beats both ceased for a 

few minutes. Then the lymph heart began to beat, an average 

of 4.7 times in every minute, with no accompanying body move- 

ments whatever. This beating of the lymph heart continued 

for forty minutes before the effect of the chloretone wore off. 

With the elimination of the body movements, the lymph heart 

pulsations occurred singly, instead of in groups, and they lost 

all semblance of periodicity. 

Finally, after about fifty minutes, the body movements began 

to recur, gradually regaining their former periodicity. With the 
return-of the body movements, the lymph heart regained its 
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former habit of beating approximately five times during each 

periodic spasm. However, it did not return completely to its 

previous mode of functioning for it still continued to contract 
from 2 to 4 times, independently, at irregular intervals during 

the period of rest. The observation was continued for an hour 

after the return of the body movements to their normal periodic 
rhythm and the lymph heart continued to contract in this same 

manner (charts 1 and 2: Stage 2). 

Stage 3. Chicks of eight and one-half to nine days (27 to 29 
mm.) resembled those of Stage 2, except for a slight increase in 

the independence of the beating lymph heart. An average of 

six pulsations took place periodically at the time of the body 

movements, but an isolated beat occurred in nearly every period 

of rest. Chloretone destroyed the periodicity of the lymph heart 

beats, which then occurred irregularly, about four or five to a 

minute. After the recovery from the anesthesia and the return 

of the body movements, the lymph heart again averaged six 

beats during each periodic spasm. In addition, it contracted 

about five times in every period of rest and these isolated beats, 

as a rule, preceded the period of body movements (charts 1 and 

2: Stage 3). 

When an embryo of Stage 3 or 4 was anesthetized and the 

lymph heart punctured by a fine needle, the lymph heart con- 

tracted six or eight times in succession, with no accompanying 

tail or body movements. 

Stage 4. In chicks of nine to nine and one-half days (29 to 

30 mm.) we found that the lymph heart still showed a tendency 

to beat periodically, but that its rhythm had now become some- 

what discodrdinated from that of the body movements. Although 

the periodic spasms in this stage were as long as or longer in 

their duration than those of younger embryos, the number of 

lymph heart beats occurring at this time was found to be less, 

an average of three beats instead of six. The number of iso- 

lated single beats occurring between spasms, however, was in- 

creased to three or four per interval. The isolated beats, as a 

rule, preceded the periods of body movements and, immediately 

after each spasm, there was a period of rest in which neither 
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body movements nor lymph heart beats were observed. When 

the body movements were paralyzed by chloretone, the groups 
of periodic lymph heart beats ceased and an increased number 

of single pulsations occurred, at irregular intervals. There were 

approximately eight beats per minute (charts 1 and 2: Stage 4). 

Stage 5. Finally, in embryos of 10 to 13 days, the lymph 

heart contractions were found to be quite independent of the 

periodic body movements. At this stage, there was no semblance 

of periodicity in the pulsations of the lymph heart. Beats were 

seen to occur during the periodic spasms, but the intervals between 

such beats were not shorter than between those occurring in 

the period of rest. On the other hand, we observed several - 

spasms during which no lymph heart beats whatever occurred 
(charts 1 and 2: Stage 5). 

After the recovery from chloretone in Stages 2, 3 and 4, al- 

though the isolated number of heart beats was always greater 

than those occurring before the anesthesia, the total number of 
beats per minute remained practically the same. Also the number 

of beats per minute occurring during the period of anesthesia was 

not materially changed from the number originally present, in 

each of these stages (see chart 2). Although the chloretone 
dissociates the lymph heart pulsations from the body move- 

ments and greatly alters the rhythm in Stages 2, 3 and 4, it does 

not change, to any noticeable degree, the total number of 

lymph heart beats. Stage 1 is the only stage in which the func- 

tion of the lymph heart is seriously interfered with, by the addi- 

tion of chloretone, for in this stage only is it inseparably con- 

nected with the functioning of the voluntary muscular apparatus. 

SUMMARY 

We find, then, that pulsation of the lymph heart first appears 

in embryos of six to seven days (19 to 22 mm.) and that, at this 

earliest stage, the beating of the lymph heart is intimately con- 

nected with the periodic muscular movements of the embryo. 

Lymph heart contractions accompany the periodic spasms, never 

occur in the interim between body movements and each beat 
is invariably accompanied by a contraction of the tail. When 
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the body movements are paralyzed by chloretone, the lymph 

heart pulsations also cease. 
In successive later stages, we find a gradual increase in the 

independence of the beating lymph heart. First, the pulsations 

become dissociated from the tail contraction, although still occur- 
ring only during the periods of body movements. Then we find 

a series of stages in which the lymph heart contracts more and 

more frequently during the period of rest, although still beating 

a number of times during each spasm. When chloretone is 

added, at these stages, a larger number of single pulsations occur 

independently, at irregular intervals. At these stages, the lymph 

heart is capable of entirely independent function, but is influ- 

enced, in its rhythm by the periodic spasms of body movements. 

Finally, a stage is reached in which the lymph heart pulsa- 

tions are uninfluenced, in any way, by the body movements. 

During all of these stages, mechancial stimuli, such as pressure 

over the surface with a fine needle, or direct puncture of the 

myotomes, failed to influence the body movements. Although 

the lymph heart does not respond to pressure over the surface, 

it always contracts when its wall is actually pierced. At the 

stage in which the lymph heart is not yet independent, such a 

puncture instigates tail contractions along with the lymph heart 

pulsations, while at later stages it stimulates the lymph heart 

alone. 
* DISCUSSION 

In connection with our observations of the early pulsations of 

the lymph heart, we made serial sections of all the stages studied. 

In every case, the embryo sectioned was one which had been 

observed in the living and in which the movements and lymph 

heart pulsations had been recorded. From the study of these 

cross sections, however, we were unable to discover a definite 

anatomical relationship corresponding to the close functional 

association which exists, at first, between the lymph heart and 

the body musculature. 

The following possibilities have suggested themselves in the 

course of our observations. It is possible: 
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1. That the lymph heart musculature is derived from the myo- 

tomes and that there is for a time a connection between the two. 

2. That the muscle of the lymph heart is temporarily supplied 

by the same nerves which supply the myotomes. 

3. That the lymph heart is merely stimulated mechanically 

by the contraction of the nearby muscles. 
4. That, at,first, the contractions of the lymph heart result 

from the same stimulus which brings about the periodic body 

movements, and that this stimulus is gradually subordinated to 

the stimulus caused by the increasing amount of lymph, brought 

to the lymph heart by the lymphatic vessels from the fast grow- 

ing allantois and from the posterior half of the chick. 

As regards the derivation of the musculature of the lymph 

heart from the myotomes, we have been unable to reach a defi- 

nite conclusion from sections alone. In five-day chicks, the ven- 

tral extension of the myotome les medial to the lymph heart 

plexus, separated by two or three layers of mesenchyme cells. 

During the succeeding day, this lateral portion of the myotome, 
which lies between the dorsal and ventral parts, becomes thinner, 

and in chicks of seven days and a few hours, only a few small 

bundles of somewhat isolated muscle cells remain. In sections 

of embryos of six and one-half days, with the oil immersion lens, 

we have seen muscle fibrillae in the wall of the lymph heart, 
which, at this stage, still retains the form of a plexus of lym- 

phatic vessels. The muscle of the lymph heart, therefore, is 
present at an earlier stage than was supposed by Sala, who asserts 

that only mesenchyme is visible around the sac in embryos 

younger than eight and one-half days. In chicks of six and one- 
half to seven days, which is the stage at which the lymph heart 

beats always synchronously with the body movements, the wall 

of the lymph heart lies in close proximity to the thin lateral 

portion of the myotome already referred to. But, as regards 

the presence of a definite connection between the muscle fibrillae 

in the wall of the lymph heart and those composing this transi- 

tory portion of the myotome, we were unable to reach a positive 

conclusion. 
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In the matter of a common nerve supply for the myotomes 

and the lymph heart, our study of sections yielded only negative 

results, since we were unable to find any nerves in the wall of 

the lymph heart at any of the stages studied. However, further 
study with special nerve stains is necessary before this possi- 
bility can be excluded altogether. 

We have already mentioned the fact that, duriag the earliest 

stage of its pulsation, the lymph heart lies in close proximity to 

the transitory lateral portion of the myotome. It is quite possi- 
ble, therefore, that the contraction of the myotome, at this 

earliest stage, might stimulate the muscle of the lymph heart 
to contract, merely mechanically, without the presence of an 

actual connection between the two. In chicks of eight to nine 

days, with the disappearance of this part of the myotome, the 

lymph heart comes to occupy an isolated position in the mesen- 

chyme. At this stage, however, the pulsation of the lymph 
heart is still influenced in its rhythm by the periodic contractions 

of the embryo. In an embryo of eleven days, the lymph heart 
has shifted its position and it now lies in close proximity to the 

dorsal muscle. But in this stage, in spite of its situation, the 

lymph heart is entirely independent in its beating, from the 

contraction of the rest of the musculature. Therefore, although 

the phenomena of the earliest stage of the lymph heart pulsa- 

tion might be accounted for by the proximity of the myotome, 

which by its contraction stimulates the muscle of the lymph 

heart directly, the gradual manner in which the lymph heart 

pulsation becomes dissociated from the body contractions can- 

not be explained in this way. For, unlike the change in their 

physiological relationship, the change in the relative position 

of the myotome and the lymph heart muscle is sudden and not 

gradual. 

In injecting the superficial lymphatics in living chicks, we have 

often observed that the lymph heart contracted as the fluid 

entered it. It is therefore capable of reaction to a stimulus from 
within as well as to the mechanical stimulation of its wall, and 

the gradually increasing independence of the lymph heart pul- 

sations from the contractions of the body musculature may be 
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due to the growing intensity of the stimulus from within, occa- 

sioned by the constantly increasing flow of lymph. But further 
histological and experimental investigations are necessary for the 

complete explanation of the early pulsations of the lymph heart 

in chick embryos. 

Many of the observations for the present article were made 

at the Marine Biological Laboratory at Woods Hole, Massa- 

chusetts, and we wish to express our thanks to Dr. Lillie and to 

Dr. Drew for the many courtesies extended to us there. 
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STUDIES ON THE PHYSIOLOGY OF REPRODUCTION 
IN THE DOMESTIC FOWL. VIII. ON SOME PHYSI- 

OLOGICAL EFFECTS OF LIGATION, SECTION, 
OR REMOVAL OF THE OVIDUCT! 

RAYMOND PEARL AND MAYNIE R. CURTIS 

For several years there have been in progress at this Labora- 

tory experiments dealing with various phases of the physiology 

of egg production. Among the reports of these investigations 

already published are several which deal with the physiology 
of the oviduct. A few of the more important of the results al- 

ready obtained may be reviewed briefly here, in order to show 

more clearly the relation to them of the present findings. 

1. Albumen. secretion is not confined, as was formerly sup- 

posed, to the albumen secreting region of the oviduct, but also 

takes place in the isthmus and uterus. It is in fact probably 

a general function of the entire oviduct (Pearl and Curtis ’12, 

and Surface 712). 

2. There is some good evidence that for any part of the 

oviduct the effective stimulus to secretion is mechanical. Tar- 

chanoff (84) and Weidenfeld (’05) showed that a normal set 

of egg envelopes including chalazae, albumen, egg membrane 

and shell may be formed around an artificial yolk (wood, rubber, 

or amber bead). This result has been confirmed at this Lab- 

oratory with artificial yolks of agar-agar. Our experiments 
on this point have never been described in detail. The results 

were briefly stated in a previous paper (Curtis ’14b). These 

experiments also agree with those of Tarchanoff that this re- 

sult does not always follow the introduction of an artificial 

yolk into an active oviduct. The other necessary conditions 

1 Papers from the Biological Laboratory of the Maine Agricultural Experi- 
ment Station, No. 68. 
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are not yet fully understood. Pearl and Surface (’09 a) published 

a short report of a preliminary investigation of the stimulus 

which sets up the shell secreting activity. They showed that 

when the intestine was anastomosed to the oviduct above the 

uterus the faeces extruded through the vagina or retained in 

the uterus were covered with a deposit of shell material. They 

concluded that the immediate effective stimulus to shell secre- 

tion is mechanical and that shell formation is a local reflex 

not dependent upon a specific activity of other parts of the 

reproductive apparatus. 

3. The amount of secretion by the duct depends in part 

upon the intensity of stimulation. Within the eggs of the same 

individual the weight of albumen is highly correlated with 

the weight of the yolk and the weight of shell is significantly 

positively correlated with the weight of both albumen and 

shell (Curtis ’14a). In yolkless, single, double and triple- 

yolked eggs the weight of albumen and shell are directly related 

to the number of yolks contained (Pearl 710, and Curtis 714 b). 

4. The muscular activity of the walls of the oviduct are un- 

doubtedly responsible for the shape of the egg (Pearl ’09, and 

Curtis ’14b). Further this muscular activity is capable of 
regulatory changes. Pearl (’09) described the case of a pullet 

whose first eggs were much longer in proportion to their breadth 

than any other eggs produced at the Maine Station plant. There 

was a progressive regulatory change in the eggs of this bird 

until they finally became normal in shape. 

5. The resection of one-fourth of the albumen secreting 

region and an end-to-end anastomosis of the remaining parts 

does not cause a permanent loss of function of the oviduct. 

Pearl and Surface (’08) described the results of such an opera- 

tion. The bird began to lay four months after the operation. 

The eggs were only a little below the average size for the breed 

and appeared to have a normal proportion of albumen. There 

seems here also to be a compensatory action of the duct so that 
the amount of secretion is nearly normal. Whether there is an 

increase in the number of albumen glands or in the functional 

activity of those left is not known. 
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The experiments already described were confined to a study 

of the physiological processes of the oviduct itself. In all 

cases the functional integrity of the duct was preserved. Dur- 

ing the course of the investigations into the physiology of re- 

production, however, several operations have been performed 

where egg production has been prevented by the removal of a 
part or all of the oviduct, or by closing it at various levels. The 

purpose of the present paper is to show the results of such in- 

terferences upon, first, the growth of the ovary, second, the 

secondary sexual characters, third, the body metabolism, and 

fourth, the growth and ability to function of any remaining 

portion of the oviduct itself. 

TECHNIQUE 

The technique used in these operations was a simplified form 

of the technique of aseptic human surgery. A bird was given 

a subcutaneous injection of 1/200 grain atropine sulphate in 

1 ce. of normal salt solution. Just sufficient ether was given 

to maintain complete insensibility (Pearl and Surface ’09 b). 

On the bird was placed a clean muslin jacket which held the 
wings close to the body and covered most of the feathers. The 

feathers were picked off the field of operation and the skin painted 

with iodine. 

The top of the operating table used is an especially con- 

structed adjustable slat trough. This trough is adjusted so 

that when the back of the bird is at the bottom of the trough 

the ventral surface is even with the edges. The bird is se- 

cured to this table by means of strings attached to the legs 

and wings. 

A sterile muslin screen attached to an iron hoop at one end 

of the table is stretched back over the bird. A hole is made 
in this screen in the proper place to expose the field of operation. 

This screen makes the bird’s head accessible to the person giving 

the ether and yet shuts off this source of contamination from 
the field of operation. Sterile towels are placed above the 

screen so as to cover deeply the whole bird except the iodine 
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painted field of operation. Care is taken to have all instru- 

ments, sponges, and ligatures thoroughly sterilized. 

The abdominal incision for operations on the oviduct is to 

the left of the middle line. The intestines are crowded to the 

right and covered with a piece of sterile vaselined silk and held 

with a retractor. The oviduct is thus exposed. After the 

operation the muscle incision is closed by several interrupted 

sutures with fine silk and the skin incision by continuous sutures 

with catgut. The closed incision is finally painted with collo- 

dion. In almost all the cases described the wound healed quickly 
by first intention and the stitches in the skin were removed about 

a week after the operation. In a few cases there was a slight 

granulation of the skin wound. 

THE EFFECT OF INTERFERENCE WITH THE OVIDUCT UPON THE 

GROWTH OF THE OVARY, AND ITS FUNCTIONAL INTEGRITY 

For many years it was an apparently generally accepted 

notion that the section or removal of a bird’s oviduct caused 

degeneration of the ovary. Yarrell (’27) says that if a small 

portion of the oviduct is removed the ova do not afterward en- 

large. According to Tegetmeier (’76) ‘poulardes” are fattened 

females rendered sterile when young pullets by cutting the ovi- 

duct, or by removing a portion of it. In regard to the effect of this 

operation he makes the following statement: “The development 

of the ovary or egg-producing organs is entirely prevented and 

the birds fatten rapidly attaining also a large size.’’ Bland 

Sutton (’85) and Brandt (’89) also state on Yarrell’s authority 

that removal of the oviduct causes the shrinking of the ovary. 

Tt is well known from gynecological practice that in man 

the section or removal of portions of oviduct does not cause 

atrophy of the ovary. Mellroy (12) showed that in rabbits, 

rats and guinea pigs removal of the ovary caused atrophy of the 
uterus, mammae, and external genitals, but removal of the 

uterus had no effect on the ovary. Sellhemm (’07) has shown 

2 The term is still used in France, but is now in reality applied to any very 

fat female especially to a very fat pullet. They are often said to be sterilized 

females. 
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that in the domestic fowl also removal of the oviduct does not 

cause a permanent degeneration of the ovary. He states that 

the ovary at first shrinks but later is in the same condition as in 

unoperated birds. The yolks are discharged into the body 
cavity. 

The results of twenty-nine operations on the oviduct are 

given .in table 1. In twenty-four of these cases (all except 

21 to 24 and 27) egg-laying was prevented. In fifteen (1 to 9° 

and 15 to 20) yolks could not enter the duct. In cases 15 to 

20 practically the entire duct was removed when either in in- 

fantile or non-laying condition. The birds were autopsied 

at periods varying from ten days to nearly five years after the 

operation. They were in varying conditions of health and 

disease. Their ovaries presented the same range of variation 

shown in our large series of autopsy records on unoperated 

birds. Those of the normal healthy birds showed all stages 
from strictly non-laying to fully functional condition, while 

several of the birds with serious visceral lesions showed various 

stages of absorption of ovarian yolks. In no case is there the 
slightest evidence of atrophy of the ovary. 

Several of the operations especially on the removal of the 

oviduct (cases 15 to 20) were performed before the sex organs 

had begun the rapid growth which precedes the first period of 

production in the pullet. In all of these cases the ovary continued 

to grow. 

These results show that neither the ligation, section, nor entire 

removal of the oviduct causes degeneration or prevents the further 

growth of the ovary. 

Sellheim (’07) states that after the removal of the oviduct 
the ovary at first shrinks. He believes this to be a result of 

the severe operation. Our experience shows that a bird is not 

in laying condition for some time after any serious abdominal 

operation involving prolonged anesthesia and considerable sur- 

gical shock. It seems quite possible that the ‘shrinking’ of 

the ovary noted is the return to a strictly non-laying condition 

due to a general physiological disturbance rather than the spe- 

cific effect of the removal of the oviduct. This post-operative 
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‘shrinking’ no doubt accounts for the belief of the early workers 
that extirpation of the oviduct caused degeneration of the ovary. 

Our experiments on the removal of the oviduct do not bear upon 
this point since at the time the ducts were removed (cases 15 to 

20) the sex organs were in infantile or non-laying condition and 

they were not examined for at least seven months after the 

operation. Cases 2 and 5, however, show that the ovary may be 

in full functional condition 13 days after the funnel is ligated. 

THE EFFECT OF INTERFERENCE WITH THE OVIDUCT UPON THE 

SECONDARY SEXUAL CHARACTERS 

The early workers Yarrell (27), Bland Sutton (’85), and 

Brandt (’89) state that the removal of the oviducts is followed 

by the assumption of male secondary sexual characters by the 

female. The belief of the early workers that removal of the 

oviduct caused the degeneration of the ovary no doubt led 

them to misinterpret the normal growth of the comb, wattles, 
and spurs, as the assumption of male characters. 

None of the birds from which we removed or otherwise in- 

terfered with the oviduct showed any tendency to assume male 

characters. At the time of autopsy they were as female in all 

secondary sexual characters as normal birds. This result also 

agrees with those of Sellheim (’07). He summarized the results 

of his experiments as follows: 

Damit ist -fiir die Henne der Beweis geliefert, dass die Entfernung 
des Legdarmes keine schadliche Wirkung auf die Funktion des Eier- 
stockes ausiibt. Dass die Legdarmresektion in ihrer Wirkung einer 
Kastration gleich setzen sei und dass die sekundéren Geschlechts- 
charaktere, Bartlippchen, Kaimme, Sporen, Gefieder, Beckenform, 
Stimme, benehmen gegen das andere Geschlecht nach der Exstirpation 
des Legdarmes sich dindern, ist renes Phantasiestiick. 

THE EFFECT OF THE LIGATION OR REMOVAL OF THE FUNNEL 

UPON OVULATION 

Coste (’74) describes the infundibulum embracing the ovarian 

yolk in its follicle directly before the time for ovulation. The 

same phenomenon has since been observed many times by other 

workers, including the authors. So far as is known the in- 
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fundibulum has never been observed’ in the act of swallowing 

a free yolk. Further, the work of Patterson (710) and Bartel- 

mez (12) shows that normally the follicular orientation is pre- 

served in the oviduct. These considerations make it certain 

that normally the yolk is ovulated into the enclosing funnel. 

Coste believed that the pressure of the funnel upon the fol- 

licle was the probable cause of ovulation and Patterson (’10) 

apparently accepts this view. The walls of the funnel are mus- 

cular and at the time it embraces the follicle it is in active peri- 

stalsis. That the pressure is sufficient to cause or at least ma- 
terially to aid ovulation is a natural inference. 

3’ That yolks set free in the body cavity may subsequently enter an oviduct 

seemed the most reasonable explanation for the conditions observed in two birds 

(no. 17K and 397K) autopsied at this Laboratory. Both these birds were pure 

bred Barred Plymouth Rock hens a little over one year old and each had laid a 

number of eggs. Bird no. 17K had not laid for four months and bird 397K had not 

laid for one month. At autopsy the sex organs on the left side of the body of 

each bird were in practically nen-laying condition. In neither bird was there 

any right ovary. Each bird had what appeared to be a right oviduct filled with 

large egg concrements. These concrements were exactly similar to such masses 

often found in abnormal conditions of the left oviduct. They appeared to con- 

sist of concentric layers of hardened albumen surrounding hardened yolks. In 

both birds the upper end of the tube was greatly distended. Its walls were 

stretched thin as is a left oviduct containing large egg masses. Smooth muscle 

fibers were visible in the walls. Each bird showed considerable peritonitis and 

there were adhesions between the walls of the tube (oviduct) and intestine. 

The funnel mouth could not be distinguished. The lips had apparently adhered 

together; (this is often true in the case of egg concrements in the left oviduct). 

The tube continued for several centimeters behind the caudal end of the masses. 

It ended blindly near the cloaca into which it did not open. There was no dif- 

ferentiated shell gland. In Bird no. 397K the tube had ligaments very much 

like normal oviduct ligaments. In Bird no. 17K the ligaments were not exactly 

like normal oviduct ligaments but the tube was held in a fold of peritoneum. 

There seemed no doubt that these egg masses were egg concrements formed 

in the rudimentary right oviducts and little doubt that the centre of these masses 

were yolks. If this was true the yolks must have been ovulated from the left 

ovary and have passed across the body cavity (behind the gizzard in Bird 17K 

and by this path or through a hole which was found in the mesentery in Bird 

397K) and there have been picked up by the righ* oviduct. It should possibly be 

added that other large right oviducts have been observed in the routine autopsy 

work. One case (Bird no. 276) had both right and left oviducts in nearly functional 

condition. The typical parts were differentiated in the right duct and it was 

open into the cloaca. In this case also there was no right ovary. 
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Bartelmez (12) has shown that in the pigeon continued yolk 

formation increases the pressure within the follcle so that 

“the egg bulges out when the rupture begins” and “the egg 

is over a millimeter in diameter greater after ovulation than 

the whole follicle was before.’”’ He and other workers recognize 

in this increase in internal pressure an important factor in the 

rupture of the follicle. 

That the pressure of the infundibulum is not necessary for 

the rupture of the follicle is proven by the experiments of Sell- 

heim (’07), which show that after the oviduct is removed ovula- 

tion takes place into the body cavity. This result is confirmed 

by the present investigation which shows that ovulation into 

the body cavity occurs when the funnel mouth is closed by sew- 

ing or ligating the ostium (cases 1, 4, 7 and 8), or by removal 

of the duct (cases 15, 16, 18 and 19). In cases 4, 8, 15 and 

17 the birds were killed during a normal period of egg produc- 

tion and (with the exception of case 17) showed evidence of 

recent ovulation into the body cavity. In these birds none 
of the yolks remaining in the ovary were apparently larger than 

yolks found in the ovaries of normal laying birds of the same 

breed. Quantitative data are not as yet available on this 

point, but the observations indicate that absence of pressure 

exerted by the funnel does not perceptibly delay ovulation. 

This suggests not only that internal pressure is a sufficient 

cause for rupture of the follicle, but also that it may be the 

most important factor in causing such rupture in the case of 

normal ovulation into the oviduct. 

THE EFFECT OF PREVENTION OF EGG-LAYING ON BODY 

METABOLISM 

It has already been shown that if the oviduct is removed 
or if the mouth of the duct is permanently closed the ovary 

passes through normal periods of egg production and the yolks 

are ovulated into the body cavity. Cases 9, 10, 12, 13 and 

14 show that when it is possible for a yolk to enter but not to 
leave the duct, the duct may be filled with egg masses and ovu- 
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lation then takes place into the body cavity or if the duct be 

stopped at the level of the shell gland normal eggs may be 

formed and passed back up the duct into the body cavity. The 

fate of these yolks and eggs and their effect on body metabolism 

is of some interest. 

At the height of a period of egg production a bird is con- 

suming a large amount of food materials which she is elaborat- 

ing into eggs. In the cases cited she is discharging these prod- 

ucts into her own body. Is she able to resorb these eggs and 

if so by what process is it accomplished? And are the resorbed 

eggs utilized in the body metabolism? 

There are in all fourteen cases where the bird at autopsy 

showed that she had been either ovulating (cases 1, 4, 7, 8, 
10, 12, 13, 15, 16, 18, 19 and 26) or backing fully formed eggs 

(cases 9 and 14) into the body cavity. Four of these fourteen 

(cases 1, 7, 12 and 26) died from peritonitis which may have 

been caused by inability to absorb the yolks in the body cavity. 
The other ten birds, or 71 per cent, were able to resorb the 

yolks or eggs. Moreover, in none of the four cases of peritonitis 

were we certain that it was due to the presence of the yolks 

although this seemed the most probable cause. 

In addition to the fourteen cases cited in the preceding para- 

graph there are in the archives of the Laboratory autopsy rec- 

ords of other birds which at the time of death were ovulating 

into the body cavity and resorbing the yolks. Two methods 

of resorption are observed. First, absorption directly through 
the general peritoneal surface, and second, walling off of the 

yolks or eggs by peritoneum and subsequent absorption. In 

eases 1, 7, 8, 14, 154 and 16 absorption was by the first method. 

None of these cases present such clear evidence of rapid absorption 

of several yolks as some cases met with in the routine autopsy 

work. Descriptions of two such cases follow. 

Bird no. 1406 laid but seven eggs during her life. The last 

of these was laid August 22 of her pullet year. She was kept 

4 In this case the yolk had been entirely absorbed but the follicle on the ovary 

was large and it therefore seemed impossible that sufficient time had elapsed for 

absorption by the second method. ’ 

e 



412 RAYMOND PEARL AND M. R. CURTIS 

until February 6 of her second year when she was killed for 

data. She was twenty-two months old and was a large and 
very fat bird. In the uterus was a small membrane-shelled 

egg weighing only 23 grams. The yolk of this egg weighed only 

4.87 grams. The oviduct was normal except that the opening of 

the funnel seemed small. In the ovary were four yolks above 

one centimeter and six between a centimeter and a millimeter 

in diameter. The ovarian yolks were a normal series of maturing 

yolks, the largest of which was apparently too large to enter 

the oviduct. The ovary also contained four large follicles. 
In the body cavity was a creamy oily fluid. This was apparently 

yolk mixed with serum. There was no appearance of peritonitis; 

in fact the bird was apparently in perfect health. 

Bird no. 1375 laid reasonably well during her first two laying 

years producing 141 eggs the first year and 117 the second 

but after the second adult molt she laid but one egg (February 

14, 1914). On March 7, 1914, she was killed for data. She 

was thirty-five months old and was very fat. On opening 

the sheet of fat enclosing the viscera they were seen to be cov- 

ered with thick fresh egg yolk. The peritoneum was perfectly 

normal. The oviduct was large and normal in appearance. The 

finger could easily be inserted into the funnel mouth which was 
apparently large enough to admit a normal mature yolk. The 

duct was open throughout. The glandular ridges of the albu- 

men secreting and isthmus regions were expanded and whitish, 

as if full of secretion. There was a little albumen between the 

ridges in the albumen secreting portion. The funnel hung 

rather loosely from its ligamentary attachments. When the 

body cavity was opened the ostiwm was situated at some dis- 
tance behind the largest yolk. The intestines were still capable 

of normal peristalsis and slight peristaltic movements could be 

induced in the oviduct. Quantitative data are lacking but the 
response of the duct seemed less vigorous than the normal re- 

sponse of the oviducts of laying birds when stimulated imme- 

diately after death. In the ovary was a large empty follicle 

apparently just discharged and five others ranging gradually in 
size from this to one about 1 mm. in diameter. There were also 
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very many which were just distinguishable. The ovary also 

contained a normal series of maturing yolks. Four of these 

were above 1 ecm. in diameter. The largest was apparently 

mature. 

These two birds then had normal ovaries and at the time 

of death were maturing and ovulating yolks at a rate com- 

parable to that shown by birds at the height of a normal period 

of egg production. They also possessed oviducts which were 

apparently able to secrete the normal enclosing envelopes. 

The fact that the yolks did not enter the duct and become 

the yolks of normal eggs was probably due, in the first case, 

to the fact that the funnel mouth was too small to admit a 

full sized yolk, and in the second to a lowered state of tonus 

in the muscles of the oviduct and oviduct ligaments. They 

represent a type of non-production previously discussed by 

one of the authors (Pearl ’12) where sterility is due to ‘somatic’ 

(physiological) rather than ‘gametic’ causes. From the point 

of view of the present investigation they show that a bird may 

ovulate into the body cavity and resorb the yolks from the 

general peritoneal surface at an astonishingly rapid rate without 

causing any apparent disturbance of normal metabolism. 

In the second type of absorption in the body cavity the yolks 
or eggs are enclosed in separate sheets of peritoneum by which 

they are attached to the adjacent peritoneal surface. This 
type of absorption has been several times observed in routine 

autopsy work as well as in cases 4, 10, 12, 13, 18 and 19. Case 

9 shows all the steps in the process. 

This bird’s oviduct had been ligated at the level of the caudal 

end of the shell gland before it has enlarged for its first period 

of egg production. The sex organs developed normally. The 

duct received the yolks and formed normal eggs which were 

discharged back through the funnel into the body cavity. At 
the time of autopsy the body cavity contained five normal and 
two yolkless eggs, and there were also two normal soft shelled 

eggs in the oviduct just above the ligature. The condition 

and position of the eggs in the body cavity were as follows: 
(1) A collapsed shell, slightly calcareous, containing a small 
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amount of mixed albumen and yolk was surrounded by peri- 
toneum by which it was firmly attached to the abdominal fat 
and the right side of the colon at the posterior end of the body 
cavity. (2) A partly collapsed soft shelled egg, surrounded 
by peritoneum which attached it to the peritoneum. covering 
the left kidney, lay between the left kidney and the oviduct 

just behind the ovary. (3) A soft shelled egg, surrounded by 
a very thin sheet of peritoneum, was attached to the right side 

of the intestinal mesentery just opposite the ovary. (4) A 

normal hard shelled egg occupied the posterior end of the body 

cavity to the left of the intestine. <A part of the shell was cov- 
ered with peritoneum. (5) A soft shelled egg not surrounded 
by peritoneum lay just behind 3, into the side of which it was 

indented. (6) Two yolkless membrane shelled eggs were free in 

the body cavity among the convolutions of the oviduct. 

This bird was clearly discharging eggs into the body cavity 

at a rapid rate. These eggs were evidently moved about in 
the body cavity by the movements of the intestine and ovi- 
duct until they were pushed into some portion of the cavity 
where they remained quiet long enough for the local peritoneal 

surface to throw out a surrounding envelope of peritoneum. 

The four eggs attached or in the process of being attached were 

at the four corners of the abdominal cavity and were therefore 

in positions least likely to be affected by the movements of 
digestion and egg formation. 

It sometimes happens that yolks become attached to the 

peritoneum forming the intestinal mesentery or the oviduct lig- 

aments. Apparently if an egg or a yolk free in the body cavity 

is allowed to remain quietly in one position the adjacent peri- 

toneum throws an enclosing membrane around it. If, on the 

other hand, it is kept in motion especially if it becomes broken 

and spread out over the general peritoneal surface it is not 

enclosed by peritoneum but is absorbed directly. 
Whether the eggs are absorbed directly or after they are 

enclosed by peritoneum must depend partly on the rapidity 

with which they enter the body cavity, partly upon the strength 

vii! 8 i Meee ie 
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of peristaltic movements of the intestines and oviduct, together 

with the chance of being lodged in some undisturbed position, 

and partly also upon the general physiological tone of the indi- 

vidual and the consequent power of absorption from the general 
peritoneal surface. 

From his study of ‘the effect of variations in body position 

and in gastrointestinal activity upon the degree and extent of 

diffusion of benign and toxic substances when introduced intra- 

peritoneally”’ and of ‘‘the influence of the degree of diffusion upon 
the absorption of toxins” Yates (08) concludes that: 

1. Intraperitoneal diffusion results from the operation of purely 
physical forces abetted by physiological activities. 

2. The greatest attainable restriction of this diffusion must result 
from the opposition of controllable physical force to the paths of greatest 
extension and the inhibition of physiological activities. 

3. Under similar conditions the rate of absorption varies directly 
with the extent of diffusion. 

Our observations on the absorption of eggs discharged into 

the body cavity are in general agreement with Yates’ experi- 
mental results. 
When a bird is laying she is transforming a large amount 

of material into egg substance. Gerhartz (14) has recently 

made accurate measurements of the energy contained in the 

egg and of that utilized in the digestion and absorption of the 

extra food and in converting body substance into egg substance. 

With the laying of the egg all this energy is lost to the indi- 

vidual. When the egg is deposited in the body cavity and 

resorbed the energy contained in the egg, minus the energy re- 

quired for the resorption, is retained by the individual. When 

egg formation is stopped at ovulation, the ovulated yolk being 

resorbed from the body cavity, not only is the energy contained 

in the yolk saved to the individual but also the energy which 

would have been contained in the egg envelopes and that which 

would have been utilized in their elaboration. If the energy 

consumed in the-resorption of yolks or eggs from the body 
cavity is less than the energy contained in fully formed eggs, 
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and if birds which are ovulating or extruding eggs into the body 

cavity continue to digest and absorb the same amount of food 
as birds in similar periods of reproduction, the birds which are 

prevented from laying eggs will accumulate reserve energy. 

The experiments so far as they go suggest that birds which 

resorb yolks or eggs from their body cavity may utilize this 

resorbed material (and the material not used to complete the 

eggs) in the production of body fat. There are six cases (1, 
9, 10, 18, 14 and 15) which show evidence on this point. These 

birds were all killed for data while in good health except cases 

1 ‘and 13. Case 1 died as the result of the rupture of an en- 

larged spleen. Case 13 died from the infection of the body 

cavity through an abdominal hernia. All these birds had made 
large gains in body weight since the operation and all were 

very fat at the time of autopsy. The autopsy records quoted on 

page 412 show that the unoperated birds which were ovulating 

into the body cavity and resorbing the yolks were also very fat. 

The other birds which had ovulated into the body cavity were 

either killed too soon after the operation to have resorbed 

many yolks (cases 4 and 8) or died from diseases which might 

have prevented the accumulation of body fat (cases 7, 12, 16, 

18, 19 and 26). Some of these cases also had made substantial 

gains in body weight but they did not appear to be abnormally 

fat at the time of autopsy. 

Too much weight cannot be placed on the evidence from 

‘these experiments, since most of the birds were not fully grown 

at the time of operation anda part of the gain in body weight is 

due to normal growth. Further the cases are too few to deter- 

mine statistically that these birds had accumulated more body 

fat than laying birds of the same age. This, however, appears to 

be the case. 
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THE EFFECT OF OPERATIONS ON THE OVIDUCT UPON ITS GROWTH 

AND ABILITY TO FUNCTION 

1. Diminishing the caliber of the duct 

Four operations were performed to test the effect of dimin- 

ishing the diameter of the oviduct. In cases 21 and 22 the 

size of the albumen secreting region of the duct was decreased 

for several centimeters by taking a tuck in the wall. In case 

23 the size of the shell gland was diminished by cutting out a 
piece of the wall. In case 24 the shell gland was made smaller 

by inverting a longitudinal portion of the wall. All these birds 

laid normal eggs. In size and shape these eggs were within 
the range of variation shown by the eggs of unoperated birds 

of the same breed. At autopsy the stitches which had made 

the tucks had either pulled out (cases 21 and 24) or the tuck 

was preserved only as a ridge on the muscular wall (case 22). 

In case 23 where a piece of the wall of the shell gland had been 

removed this part was of normal shape. It looked a little small. 

This bird, however, had laid eggs fully up to the average size 

for her breed. 

The operations attempted did not perceptibly influence the 

size or shape of the egg. Many well controlled experiments 

would be necessary to demonstrate that it is impossible to alter 

the size and shape of the egg by diminishing the diameter of 

the tube. In three of the four operations the size of the tube 

was not permanently diminished because the stitches did not 

hold. 
2. Closing the duct at various levels 

When the funnel is closed by sewing the lips, or by ligating 

the ostium, yolks cannot enter the duct. Yet in such cases the 

duct passes through the normal phases of reproduction. In 

cases 1 to 6 the oviducts were in laying condition at the time the 

ostium was closed, either by sewing the lips (case 1) or ligating 

the funnel mouth (cases 2 to 6). At the time of autopsy thir- 

teen days to two months later the oviduct of each bird was 

-in a condition of reproduction corresponding to the condition 

of the ovary. Two of these birds had ovulated into the body 



418 RAYMOND PEARL AND M. R. CURTIS 

cavity but there is no evidence that any secretion had been 
formed by the duct. Closing the mouth of the duct does not 

prevent the duct from passing through the cyclic changes which 

are coordinated with the cyclic changes in the ovary. The duct 
glands, however, do not ordinarily discharge their secretion 

except under the stimulation of the presence of the yolk. This 

is in accord with the result of Pearl and Surface (09 a) on the 

shell gland. 

Cases 9 to 14 show the effect of closing the duct at other 

levels. The duct was closed by a ligature in cases 9 and 10; 
by an operation which resulted in the permanent shrinking 

of a small portion of the tube in cases 11 and 12; and by the 

section of the duct between two ligatures in cases 13 and 14. 

In all these cases the oviduct was in full functional condition 

at autopsy. In every case the duct on both sides of the liga- 

ture or cut had enlarged to the size of an oviduct in a laying 
bird. Yolks had entered these ducts and had stimulated the 

secretion of the duct as far as the point where the passage was 

closed. In no case was there any secretion posterior to the 

ligature. That is, the whole duct enlarged but it was able to 

function only under the stimulation of the advancing egg. 
There is possibly a difference in the final response of the 

duct according to the level at which the passage is stopped. 

Where the duct was closed through the shell gland (cases 9 

and 14), membrane covered or soft shelled eggs were formed and 

passed back up the duct into the body cavity. In cases 11 and 

12 the ducts were closed at the isthmus and in each case the 

duct above this point was filled with masses of secretion which 

surrounded yolks but they did not pass back into the body 

cavity. In case 12 there were yolk masses in the body cavity 

surrounded by peritoneum but these did not appear to contain 

albumen. It is possible that an egg cannot stimulate sufficient 

antiperistalsis to cause its extrusion from the duct until it has 

become somewhat firm by the formation of the egg membrane. 

The number of cases, however, are too few, and the possibility 

of the operation of other causes too great, to place much weight 

on this interpretation. 
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3. Removal of the larger part of the duct 

In cases 15 to 20 the oviduct was almost entirely removed. 

In most cases a portion of the funnel and a portion of the vagina 

were left. All these ducts were far from laying condition at 

the time of the operation. Case 17 was just beginning to en- 

large for its first laying period. It was only 15 cm. long. The 

others were in infantile or non-laying condition. An exami- 

nation of the autopsy records made from seven months to four 

years and eight months after the operation shows, first, that 

whatever portion had been left at the time of operation had 

remained, and second, that at the time of autopsy it exhibited 

the condition which one would expect to find for that portion 

of the entire oviduct in a bird with a similar condition of the 

ovary. This shows that the removal of the greater portion 

of the oviduct does not cause the atrophy of any remaining 

portion. In fact any part of the duct not removed apparently 

passes through growth and cyclic changes associated with the 

periods of ovarian yolk production exactly the same as though 

the duct were intact. This result was obtained also by Sell- 
heim (’07). 

4. Section or removal of all or a part of the ventral ligament 

The peritoneal sheet which enfolds the oviduct projects as 

a fold along the ventral margin of the duct. In this fold of 

peritoneum there is developed a considerable amount of smooth 

muscle. This peritoneal fold with its contained muscle has 

been described by one of the authors (Curtis ’10) as the ventral 
ligament of the oviduct. In a laying bird the extreme ventral 
margin of this ligament is a solid muscular cord, three to six 

millimeters in diameter. It becomes heavier toward its caudal 

end. 

Muscle bundles pass from it to the duct where they are con- 
tinuous with fibers in the longitudinal muscular layer of the 

wall. Other bundles pass to the colon and cloaca. Large 

bundles also cross the uterus and attach to the body wall muscles 

in the anal region. The forward end of the ligament suspends 

the backward prolongation of the funnel lips. 
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The anatomical relations of the ligaments and the distribution 

of the muscle fibers suggest that it aids in the peristaltic move- 

ments of the duct and may be of great importance both in the 

reception of the yolk by the duct and in the extrusion of the 
mature eggs. Cases 25 to 29 were planned to test the part 

played by the ventral ligament. In case 25 it was cut and in 
cases 26 to 29 all or a part of it was removed. 

Case 25 was a laying bird with an egg in the shell gland at 

the time of operation. The round cord of muscle on the ven- 

tral side of the head of the shell gland was cut. On the next 

day the bird laid the egg which was in the shell gland at the 

time of operation. She never laid again. The anatomical 

effect of the operation is not known since the bird was accidently 

sold more than a year after the operation. The operation did 

not prevent the laying of the egg already formed but apparently 

prevented the laying of any others. 

Case 26 was a three months old pullet with the oviduct in 

infantile condition at the time of operation. The entire ven- 

tral igament was removed. The bird never laid. At autopsy 

eight and one-fourth months after the operation it was found 

that she had ovulated into the body cavity. The oviduct was 

in the condition corresponding to the condition of the ovary but 

there was no sign that a yolk had ever entered the duct. 

At the time of operation case 27 was a five and one-half 

months pullet with oviduct still in infantile condition. Three- 

fourths of a centimeter of the ventral ligament in the isthmus 

region was removed. The bird developed normally and laid 

several normal eggs. At autopsy four and three-fourths months 

after the operation the ventral ligament was found in ncermal 

condition at the upper end. The funnel attachments were 

normal. The ligament was lacking entirely in the isthmus 

region. On the ventral and lateral wall of thé uterus closely 

adhered to the wall was a thick mass of muscle which extended 

across the uterus and sent fibers both dorsally and ventrally 

along the uterus wall. Also there was a bundle of fibers which 

passed along the ventral margin of the wall and on to the vagina. 
The distribution of these fiber bundles was quite different from 
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the distribution of those of a normal ventral ligament but 

their contraction would be very effectual in diminishing the 

size of the uterus and therefore in expelling the egg. 

Cases 28 and 29 were also young pullets from which portions 

of the ventral ligament were removed before the first enlarge- 
ment of the reproductive apparatus. Neither of these birds 

ever laid. They were autopsied when in strictly non-laying 

condition. The ventral ligament was lacking at the head of 

the uterus. If they had ever passed through periods of repro- 

ductive activity in which they ovulated into the body cavity, 

they had completely resorbed all the yolks. These cases do not 
therefore contribute to our knowledge of the function of the ven- 

tral ligament since there was no proof that either bird had been 

in laying condition. They, however, do agree with the results 
from the other cases that if any portion of the ligament is removed 

it is not replaced but all the remaining portions develop. In 

case 27 described in the preceding paragraph there was, how- 

ever, a compensating development of muscle fibers in the uterus 

wall so that expulsion of the egg was possible. 

These experiments on the ventral ligament point strongly 

to the conclusion that the action of the forward part of the 

ligament is of great importance for the ovulation of the yolk 

into the duct either by holding the funnel in position or by the 

movements induced in the funnel. Since an egg cannot be 
extruded unless it is formed, only two of these cases (25 and 27) 

have any direct bearing on the question of the function of the 

ligament in egg laying. Each of these birds could extrude 

eggs after the operation on the ligament. In case 25 the liga- 

ment was simply cut across. It is quite possible that this may 

not have greatly interfered with the normal muscular action of 

the muscle bundles in the uterus region. In case 27 there was an 

unusual development of the muscle fibers on the wall of the 

uterus. The contraction of these fibers would have much the 

same effect as the contraction of the muscle bundles from the 

ligament. This suggests that the muscle bundles contained in 

and arising from the ventral ligaments are probably an important 

part of the normal apparatus which expels the egg. 
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SUMMARY 

1. Neither the ligation, section, nor entire removal of the 

oviduct causes the degeneration or prevents the further growth 

of the ovary. 

2. The pressure of the enclosing funnel is evidently not neces- 

sary to ovulation since yolks are ovulated into the body cavity 

after the ostiwm is sewed or ligated or after the entire duct is 

rejoved. 

- 3. Internal pressure due to continued yolk formation is prob- 

ably the most important factor in the normal rupture of the 

follicle, since closing the funnel or removing the duct apparently 

does not greatly delay ovulation. 
4. There are cases of unoperated birds with normally func- 

tioning ovaries, and oviducts apparently capable of functioning, 

which do not produce eggs because of some anatomical or phys- 

iological condition of the mouth of the oviduct which prevents 

the entrance of the yolk. 

5. The fate of yolks or eggs set free in the body cavity 
depends apparently upon the physiological vigor of the bird. 

First, they may cause serious metabolic disturbances which re- 

sult in the death of the bird; second, they may be absorbed 

rapidly from the general peritoneal surface; or third, they may be 

walled off by peritoneum and then absorbed. 
6. The material from the resorbed yolks or eggs is apparently 

utilized in body metabolism since all such birds which were in 

good health at the time of autopsy were very fat. 

7. The removal of the greater portion of an oviduct does not 

cause the atrophy of any remaining portion. 

8. The whole or any remaining part of an oviduct sewed at 
the funnel, ligated at any level, or with parts removed, passes 

through growth and cyclic changes codrdinated with changes in 
. the ovary exactly as an unoperated duct. 

9. The stimulation of the advancing egg is necessary for the 

discharge of the secretion of the duct, since a duct closed at any 

level functions only to the point where the passage is interrupted. 
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10. When any portion of the ventral ligament is removed 

it is not replaced but all remaining portions develop. 

11. The forward portion of the ventral ligament is necessary 

for the reception of the yolk by the funnel. 
12. The muscle bundles which arise from the muscular cord 

in the ventral ligament along the uterus are probably an im- 

portant part of the normal apparatus which expels the egg. 
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I. INTRODUCTION 

The conception of the Protozoa as primitive animals has led 

to innumerable studies on these forms—morphologists and phy- 

siologists alike being animated with the idea that here many 

of the riddles of life propounded by the so-called higher animals 
would be presented in a simple form and so be more readily — 
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I. INTRODUCTION 

The conception of the Protozoa as primitive animals has led 
to innumerable studies on these forms—morphologists and phy- 

siologists alike being animated with the idea that here many 

of the riddles of life propounded by the so-called higher animals 
would be presented in a simple form and so be more readily 

solved. ‘While this view of the Protozoa is undoubtedly true 
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in a broad sense, recent studies on these organisms have only 

served to emphasize that size and simplicity do not necessarily 

go hand in hand and that a unicellular or non-cellular animal 
with all its varied life processes performed within the confines 

of a protoplasmic unit presents difficulties which differ in kind 

rather than in degree from those encountered in the metazoa. 
No better instance of the truth of this could be presented than 

that afforded by studies on the life history of the Infusoria. 
Dujardin’s ideas of simplicity—brought forward to combat Ehren- 

berg’s mistaken interpretations of the complexities which he 
observed—gradually were displaced by the revelations of Bal- 

biani, Biitschli, Engelmann, Maupas, Hertwig and others on the 
complicated phenomena of conjugation, while the results of more 

recent work on conjugation from the standpoint of dynamics 

and heredity have only served to emphasize the intricacies of 

the infusorian life processes. The present study fully describes 

still another complex nuclear phenomenon! which we have dis- — 

covered in the life of Paramaecium aurelia and which we believe 

affords the key to certain apparent contradictions in recent 

results on the life history of the Infusoria. 

The problems of protoplasmic senescence and the significance 

of fertilization have afforded the stimulus for a long series of 

investigations on the life history of Infusoria since, more than 

three-quarters of a century ago, the leading students of micro- 

scopic organisms, Ehrenberg and Dujardin, theorized on the 

potential immortality of these forms. It remained, however, 

for Biitschli ('76) and Engelmann (’76) to attack the problem 

experimentally, in the light of zodlogical advance in the inter- 

vening years, and to reach the conclusion that continued repro- 

duction by division results in degeneration and death; while the 

classic studies by Maupas (’89) on the life history of a number 

of different species of Infusoria afforded such a wealth of evi- 

dence pointing in the same direction that conjugation as a sine 

1 We have already given brief outlines of this process in the Proc. of the Society 

for Exper. Biol. and Med., vol. 11, no. 3, February 18, 1914, and in Biol. Cent., 

_ Bd. 34, 1914. In the latter several errors are present owing to the war prevent- 

ing a revision of proof. 
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qua non for the life of the Infusoria seemed to be placed upon a 
firm empirical basis. 

A series of careful investigations by R. Hertwig (’00—-04) and 

Calkins (’02—’04) confirmed Maupas’ general conclusion that In- 

fusoria after a more or less definite number of divisions degen- 

erate and finally die if conjugation is prevented. Further, the 

latter author found that artificial stimuli of different kinds may 

be substituted with success for conjugation since by the oppor- 

tune use of artificial stimulation he was able to prolong the life 

of one culture of Paramaecium caudatum to the 742d gener- 

ation. This significant discovery that the death of infusorian cul- 

tures, bred on a more or less constant medium of hay infusion, 

may be temporarily deferred by artificial means was corroborated 

by Woodruff (’05). 

Enriques (’03) studied the same general problem and reached 

the conclusion that the degeneration and death observed by 

Calkins and others was due to the presence of bacterial poisons 

in view of the fact that he succeeded in breeding Glaucoma 
scintillans for 683 generations without signs of degeneration 

when this factor was eliminated. Although Enriques’ interpre- 

tation of the cause of degeneration in Calkins’ cultures is open 

to question, the significant fact remains that he kept his ani- 

mals nearly twice as long as did Maupas or Calkins without 

conjugation or artificial stimulation, thus suggesting that degen- 

eration is not inevitable, and that if suitable conditions are 

supplied reproduction by division can proceed indefinitely 

The problem was attacked from another point of view by 

Woodruff (1907 to date) who investigated the possibility that 

the degeneration observed in the previous investigations was 

induced by too great uniformity in the conditions of culture, 

or by the culture medium being deficient in something essential 

for the continued well-being of the organisms. A race of Para- 

maecium aurelia (I) was isolated and bred on infusions of various 

materials found in the natural environment of the animal, while 

a sub-culture was subjected to the relatively constant hay in- 

fusion culture conditions employed by Calkins (’04). The result 
was that the cells bred in the constant hay infusion medium died 
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out after a typical Calkins cycle, while those bred ‘on the ‘varied 

environment’ medium did not pass through periods of marked 

physiologica' depression or show morphological changes which 

could be interpreted as abnormal. This race is still (June, 1914) 

in a normal condition, having attained over 4500 generations 

without conjugation or the use of artificial stimuli. 

The success with the varied culture medium naturally led to 

the question whether the longevity of Paramaecium on a varied 

environment is dependent upon intrinsic stimuli from the fre- 

quent changes of the medium, or whether a constant medium of 

hay infusion is unfavorable because it lacks some elements which 

are essential for the continued existence of the organism. Ac- 

cordingly, Woodruff and Baitsell (11 a) bred a sub-culture of 

this race for a period of nine months on a constant culture 

medium of beef extract. The continued health of the organisms 

on this constant medium throughout the experiment, which was 

continued sufficiently long to include a Calkins cycle if such was 

inherent, indicated that it is the composition of the medium 

rather than the changes in the medium which is conducive to 

the unlimited development of this race without the necessity of 

conjugation or artificial stimulation. 
From a study of various species of hypotrichous Infusoria, 

as well as his main culture of Paramaecium aurelia, Woodruff 

found that minor periodic rises and falls of the division rate 

occur from which recovery is autonomous. He termed these 

fluctuations ‘rhythms’ and contrasted them with the so-called 

cycle, which comprises a varying number of rhythms and, ac- 

cording to Maupas and Calkins, ends in the death of the race if 

conjugation or artificial stimulation is not resorted to. The 

problem of the rhythms was studied intensively by Woodruff 

and Baitsell (’11 b) who showed that when Paramaecium aurelia 

is subjected to the most constant environmental conditions it is 

impossible to eliminate the rhythm and thus resolve the graph 

of the multiplication rate into an approximately straight line. 

Accordingly there are inherent rhythmical changes in the phe- 

nomena of the cell which produce slight changes of the divis on 
rate. The. same result was reached by Woodruff and Baitsell 
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(llc) from a study of the temperature coefficient of the rate 

of reproduction of this culture which showed that the rate of 

cell division of Paramaecium is influenced by the temperature 

at a velocity similar to that for a chemical reaction—except 
when the rhythms interfere. 

The results from the study of this pedigreed race of Para- 

maecium aurelia have led Woodruff to conclude that this organ- 

ism, when subjected to suitable culture conditions, has the power 
of unlimited reproduction by division without conjugation or 

artificial stimulation—the only necessary variations in the rate 

of reproduction being the normal minor periodic rise and fall 

of the division rate (rhythm), due to some unknown factor in 

cell phenomena, from which recovery is autonomous. 

Calkins ang ‘Greeory: 1s. 9p 507))" 2 5 a dommot 
share his optimism, however, and can only say that while his 

results are remarkable, his race is not yet dead. Is there any 

clue to the particular make up of this race of Paramaecium 

aurelia?’’ Accordingly Calkins sought the explanation of the 

diametrically opposite results derived from his and from Wood- 

‘ruff’s cultures of Paramaecium in variations in the tendency to 

conjugate which have been observed by Jennings (’10) and him- 

self to exist in different races of this organism. Thus he empha- 

sized the fact that he could readily induce conjugation in his 

culture whereas experiments. to secure conjugation in Woodruff’s 

culture were without effect. Calkins, therefore, stated that ‘‘the 

two races cannot be compared in regard to vitality, since normal 

conjugation was prevented in the conjugating race, whereas in 

the non-conjugating race there has been no artificial prevention 

of a normal process.’’ ‘‘ Woodruff’s Paramaecium aurelia is evi- 

dently a Paramaecium Methuselah belonging to a non-conju- 

gating line the life history of which is not known in any case.’’ 

However, conjugation was finally secured in a mass culture 

seeded from Woodruff’s race (’14) thus demonstrating that this 

race is a conjugating race when the proper conditions for its 

consummation are realized. Therefore, there is no evidence 

extant that a non-conjugating race of Paramaecium exists. 
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With this theory swept away by a fact the results derived 

from this culture stand where they stood before and demonstrate 

that the very limited periods in which Maupas, Calkins, and 

others observed degeneration have no significance for the ques- 

tion as to whether degeneration and death are inevitable results 

of reproduction without conjugation. In other words, this one 

positive result from Woodruff’s race outweighs all the negative 

evidence derived from work on the Infusoria, and justifies the 

statement that these organisms can live indefinitely, when sub- 

jected to favorable environmental conditions, without conjuga- 
tion or artificial stimulation. 

Although morphological or physiological variations winch could 

be interpreted as the result of degeneration were never observed 

in Woodruff’s race of Paramaecium, it was early noted (’08) 
‘‘that various nuclear changes which are not at present recog- 

nized occur normally in the life history of Paramaecium,”’ and 

suggested that possibly when conjugation is prevented a reorgan- 

ization of the nuclear apparatus within the individual cell occurs. 

Erdmann (’08) independently reached an essentially similar view 

from a consideration of the published data on this culture and 

a critical study of infusorian life histories, and further, in an 
experimental study of Amoeba diploidea (713), suggested that a 

relation exists between sexual phenomena and rhythms. Accord- 

ingly the present authors have collaborated in a study of the 

daily cytological changes of this race of Paramaecium aurelia (1). 
As a result of our study of a large series of animals preserved 

daily during the past half year and of specimens preserved at 

various periods throughout the existence of this culture of Para- 

maecium, we have discovered that the rhythms in the division 

rate are the physiological expression of internal phenomena which 

involve the formation of a complete new nuclear apparatus, by 

a definite sequence of normal morphological changes which 

simulate conjugation. This nuclear reorganization, in essence, 

consists of a gradual disintegration and absorption of the macro- 

nucleus in the cytoplasm. Simultaneously a multiplication of 

the micronuclei is in progress. Certain of the resulting micro- 

nuclei degenerate while the remaining one or two form the new 



Text fig. 1 Diagrammatic survey of the reorganization process. Descending 

phase, 1-5; climax, 6-9; ascending phase, 10-14. Dot in circle = micronucleus; 

isolated dot = degenerating micronucleus; lines and dots = macronucleus; stip- 

ple = chromatin body; crosses = macronuclear anlage. 

macronuclear and micronuclear apparatus. This results in the 

reorganization of the cell without the fusion of two animals 

(text fig. 1). | 
431 
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II. MATERIAL AND METHODS 

A. METHODS OF CONDUCTION OF THE MAIN CULTURE I 

Since the results presented in the present paper are based on 

a cytological study of the main pedigreed race (I) which has 

been carried on for the past seven years, a brief outline of the 

methods employed in its conduction must be given. For further 

details the reader is referred to earlier papers on this race (Wood- 

rat. 408; (11); 
A specimen of Paramaecium aurelia was isolated from a labo- 

ratory aquarium on May 1, 1907, and placed ‘n about five drops 

of hay infusion on an ordinary glass slide having a central de-— 

pression. When the animal had divided twice, producing four 

individuals, each of these was isolated in fresh media on a sepa- 
rate slide, thus forming the four main lines (Ia, Ib, Ie, Id) of 

this culture, Paramaecium aurelia I. This pedigreed race has 

been maintained by the isolation of a specimen from each of the 

four lines practically every day during the more than seven 

years of its existence. The isolations have been made with a 
capillary pipet and a Zeiss binocular microscope, oculars 2, ob- 
jectives 55a. This daily isolation has prevented the possibility 

of conjugation occurring, afforded fresh culture medium, and 

enabled an accurate record of the generations to be kept. There- 
fore this is a pedigreed culture of Paramaecium. The rate of 

division of the culture has been determined by averaging the 

daily rate of these four lines and the accompanying graphs show 

this again averaged for various periods as indicated in the respec- 
tive legends (text fig. 2). 

The culture material supplied to the main lines of the race 

has consisted of thoroughly boiled infusions of materials taken 
practically at random from ponds, swamps, etc., in an endeavor 

to supply the general type of material ordinarily met with by 

this organism in nature. The depression slides holding the ani- 

mals have been kept in a glass moist chamber on a laboratory 

table and therefore the organisms have been subjected to the 

ordinary fluctuations of temperature, light, etc., of the room. 

The morphological condition of the animals has been followed 
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in a general way by periodically preserving specimens left over 

at the daily isolations. 
The culture was started and conducted for two months at the 

Biological Laboratory of Williams College, and since has been 

carried on at the Biological Laboratories of Yale University, 
except during a part of each summer when it was transferred 

to the Marine Biological Laboratory at Woods Hole, Mass. 

It is under these conditions then that this culture (I) has been 

successfully maintained without loss of vigor for over 4500 gen- 

erations—all the experiments which have been conducted on 

animals from this race having been made on sub-cultures started 

from the animals left over from the lines of this culture at the 

daily isolations. 

B. METHOD OF CONDUCTION OF SUB-CULTURE IE 

For the intensive study of the daily cytological changes of 
this race of Paramaecium aurelia, on October 27, 1913, six ani- 

mals left over from Line Ia of the main culture at the 4020th 
generation were isolated to start a new sub-culture, designated 

IE, of six lines. This sub-culture was subjected to practically 
constant environmental conditions. The culture medium was 

the 0.025 per cent beef extract which Woodruff and Baitsell 

(11a) found to be a most favorable medium for this race of 

Paramaecium. The sub-culture was kept in a thermostat set 

for 26°C., and such variations (about 1°C.) from this as occurred 

were well within the optimum zone for the animals of this race 

as determined by Woodruff and Baitsell (11 ¢). 
An animal was isolated every day from each line of this sub- 

culture from its initiation to April 27, 1914—a period of six 

months. The isolated animal from each line was placed in fresh 

culture medium, while one or more of the remaining animals was 

preserved for study. Thus for half-a-year permanent prepara- 

tions were made from day to day of sister cells, the exact ancestry 

of which was known in every case. It is important to emphasize 

the fact that by this method only, 1.e., the study of practically each 

cell generation, could the sequence of nuclear changes which we 

describe be determined. This became evident very soon as the 
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work proceeded and consequently the study was concentrated 

particularly on one (VI) of the six lines—the other lines being 

merely controlled to show the occurrence of the process, at which 

time all the cells available from these lines were also preserved. 
In many cases all the animals of certain lines were killed in the 

reorganization process so that every animal could be studied. 

The places of these lines were supplied by new ones from one of 

the remaining five lines. Thus by killing of various lines and 
the branching of others to take their places a total of fifteen 

sub-lines of longer or shorter duration were formed. These to- 

gether with the six original lines made a total of twenty-one lines 
whose cytology was investigated.” 

The individual animals were fixed in Schaudinn’s sublimate- 

alcohol (stronger solution), stained with Delafield’s hematoxylin 

and mounted in cedar oil—the specimen being watched under a 

Zeiss binocular microscope throughout the operations, and trans- 

ferred with a capillary pipet from one depression slide to another as 

occasion demanded. Differentiation was effected with acidulated 

alcohol (70 per cent alcohol + 0.002 per cent HCl) under a com- 

pound microscope. The following staining reagents were tried but 

the above methods gave the best results—bearing in mind that 

each animal had to be carried along under constant observation 

through each of the fluids until it was in the cedar oil undera 

coverglass: Heidenhain’s hematoxylin and Bordeaux red, methyl 

green and eosin; Delafield’s hematoxylin and eosin; safranin and 

methyl green; Mannsche Farbung and Giemsa feucht. Animals 

preserved in bulk from mass cultures were submitted to the same 

staining methods and again Delafield and eosin were found most 

satisfactory; Heidenhain staining the trichocysts too greatly. 

Sections (5u) were made of animals in various stages of the proc- 

ess but they did not afford important details which could not be 

made out in the total mounts. The sections were stained with 

safranin and Heidenhain according to the suggestions of En- 

riques (712). 

2 After the definitive experiments were formally concluded at the end of six 

months, certain lines were continued to June 14, 1914, in order to secure some 

further details. 
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In addition to this material preserved daily from Sub-culture 

IE, we had at our disposal, as already mentioned, preparations 

preserved at various periods throughout the life of the main 
culture (I). These had been fixed in a saturated solution of 

corrosive sublimate with 5 per cent glacial acetic acid, stained 

with Ranvier’s picrocarmine and mounted in damar. 

III. DESCRIPTION OF THE CYTOLOGICAL CHANGES IN THE 

REORGANIZATION PROCESS 

The general outline of this remarkable cytological process which 

accompanies the rhythms clearly shows that a complete internal 

reorganization of the Paramaecium cell occurs without cell fusion. 

The details to be presented were obtained as already described 

from Sub-culture IH, from October 27, 1913, to April 27, 1914, 

and certain stages were substantiated with specimens which had 

been preserved from the main culture (I) at various isolated 
periods during the previous six and one-half years of its existence. 

Figure 1 (pl. 1) shows a typical specimen of Paramaecium aurelia 

isolated from the main culture (I) on April 11, 1908, at the 424th 

generation, i.e., 3596 generations before Sub-culture»IE was 

started. Figure 2 (pl. 1) represents an animal in the 4020th 

generation at the time Sub-culture IE was branched from the 
main Culture I. Pay 

The reorganization process resolves .itself naturally into three 

periods: the descending phase, the climax, and the ascending 
phase. 

A. DESCENDING PHASE 

The macronucleus of a typical Paramaecium aurelia, which 

is not undergoing the reorganization process, consists of fine 

chromatic granules enclosed within a relatively thick membrane. 

The finer structure has been fully described by.Maupas (’89, 

p. 217) and Hertwig (’89, p. 9). The two micronuclei, in a simi- 

lar period with respect to the process and in the resting stage 

between two cell divisions, are more or less compact and homo- 

geneous, and often lying in a pair near the macronucleus which 

sometimes obscures them from view. ‘The cytoplasm of the cell 
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contains many small vacuoles some of which may be filled with 
bacteria (figs. 1 and 3, pl. 1). 

As the low point of the division rate approaches, the granules 

of the macronucleus become more and more coarse, its staining 

capacity increases, its form becomes more kidney-shaped and its 

shorter axis elongates. Still more obvious changes of the macro- , 

nucleus indicate the actual beginning of the regulation process. 

1. The macronucleus 

At this stage projections appear at the end of the macro- 

nucleus (figs. 4 and 5, pl. 1) which are either merely thin 

membranes devoid of chromatin or filled with small granules. 

Hertwig (’89, p. 7) describes them as follows: “gleichzeitig 

verliert die Oberfliche ihr glattes Aussehen; Einkerbungen 

erstrecken sich mehr oder minder tief in das Innere hinein und 

zerlegen den ‘Kern nicht selten in drei ungleich grosse Lappen 

oder es werden an den Enden fingerférmige Fortsitze deutlich 
oder leisten-und riffartige Vorspriinge.”’ According to this 

author they are not evident during the latest stages of vegetative 

cell division, or in the first changes incident to conjugation. 

Though Hertwig could not observe these projections in the living 

animal he did not believe them to be artifacts because he could 

demonstrate them with every fixation fluid. We have never 

observed them in vegetative cell divisions but frequently have 

noted their presence several generations before the definite onset 

of the process. We have no data in regard to their relation to 

conjugation. 
Figure 5 (pl. 1) gives a good idea of these projections. The 

animal figured is from Line VI, 4094th generation, and is nine 

generations before the beginning of the reorganization process 
which started in the 4103d generation. These long finger-like 

projections are preceded by the appearance of smaller ones (fig. 

4, pl. 1) which seem to indicate that plasmatic currents are 

present in the macronucleus though the membrane at this stage 

is still intact. 



— 

438 LORANDE LOSS WOODRUFF AND RH. ERDMANN 

The next stage which is peculiar to the process is the separation 

of chromatin bodies from the macronucleus. In the early stages 

of the reorganization process cells are seen with only two or more 

chromatin bodies (figs. 6 and 7, pl. 1) which are more or less 

spherical and consist of large and small granules. Figure 8 

(pl. 1) shows a macronucleus which is surrounded by several of 

these bodies which have been ejected from it. This method of 

nuclear disintegration is not unique in Infusoria because similar 

morphological phenomena are described by Neresheimer and 

Buschkiel. Neresheimer (’08) mentions that chromatin bodies 

are ejected from the macronucleus of Ichthyopthirius before the 

beginning of the sexual process. This species during vegetative 

life has its macronucleus and micronucleus in one body, but this 

difference is unimportant because the chromatin bodies of Ich- 
thyropthirius contain the combined material of the macronucleus 

and micronucleus, and at the time of extrusion the vegetative 

or sexual character of the chromatin bodies is determined. In 

Paramaecium aurelia merely vegetative nuclear material is ex- 
truded by the macronucleus. 
A connection between the macronucleus and the chromatin 

bodies of Paramaecium as described by Buschkiel in Ichthyop- 

thirius (’08, p. 81) could not be discovered and seems not to 

exist because these bodies are formed in the macronucleus and 

arerejected through openings in the membrane. The formation 
of the chromatin bodies begins in the macronucleus and is evi- 
dent by the condensation of granular material at various points 

within the membrane (fig. 8, pl. 1), other parts of the macro- 

nucleus becoming devoid of chromatin as segregation proceeds. 

The chromatin bodies are not yet surrounded by clear areas. 

The resulting membranous condition of the old macronucleus 
is shown in figures 6, 10 and 11 (pl. 1) and figure 14 (pl. 2). 

Two characteristic stages in the elimination of chromatin bodies 
by the macronucleus are given in figures 8 and 9 (pl. 1). 

The chromatin bodies are removed from their place of origin 

by movements of the cytoplasm, thus emphasizing the well- 

known cytoplasmic currents in the cell. The specimen shown 
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in figure 10 (pl. 1) has seven of these bodies arranged in a semi- 

circle at the posterior end of the cell. The anterior end contains 

some irregularly shaped chromatin bodies which seemed to be 

undergoing involution, while three others more recently ejected 

are still near the macronucleus. The disintegration of the macro- 

nucleus progresses until it is entirely devoid of chromatin (figs. 

35, 36, pl. 4) while the wrinkled and ruptured membrane with 

but slight staining capacity remains in the cell (fig. 14, pl. 2.) 
In the later period of the reorganization process the membrane 

is resorbed and the old macronucleus has finished its function in 
the paramaecium cell. 

These changes of the macronucleus have their analogy in 

normal conjugation. There the old macronucleus is destroyed 

but this is effected by the formation of the so-called ‘‘wurst- 

formige Schlingen,’’ which form a tangled mass of chromatin 

ribbons. Their origin is figured by Maupas (fig. 10, pl. 12; figs. 

17-20, pl. 18); and by Hertwig (figs. 6-9, pl. 1; figs. 1-9, pl. 2) 

and in the present paper (fig. 44, pl. 4). However, in conjugation 

it is not until after the animals have separated that the chro- 

matin ribbons are totally fragmented and more or less spherical 

bodies are free in the cell. Later an involution of these occurs, 

the details of which are not described by either Hertwig or Maupas. 

Likewise, the persistence of the membrane of the macronucleus is 

not figured by these authors. This ribbon-like formation of the 
macronucleus we have found to be characteristic of conjugating 

animals from this race of Paramaecium aurelia (fig. 44, pl. 4). 

Figure 32 (pl. 3) shows a pair of conjugants with their macro- 

nuclei in this form. 

In this period then the differences between the macronuclear 

changes during conjugation and during the process are only mor- 

phological; on the one hand, the macronucleus forms ‘wurst- 

formige Schlingen;’ on the other the macronucleus eliminates its 

chromatin by extruding it in the form of spherical bodies. The 

physiological effect is the same. The result is the destruction 

of the old macronucleus. 
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2. The micronucleus 

While these changes are taking place in the macronucleus 

the micronuclei do not remain unaltered. They move from 
their accustomed position, which is more or less close to the 

macronucleus, and migrate in the cytoplasm (fig. 3, pl. 1). 

The same appearance was noted in non-conjugating Para- 

maecium caudatum by Calkins and Cull (07, p. 383), who 

state that in stages of a pedigreed race, which Calkins calls de- 

pression periods, the micronucleus migrates in the cytoplasm, 

and they interpret this as an abnormal condition. In conju- 

gating animals the migration of the micronuclei at the beginning 

of the sexual process is described in Paramaecium aurelia by 

Maupas (’89, p. 212) and by Hertwig (’89, p. 21); in Paramae- 

cium caudatum by Calkins and Cull (07, p. 383); and in Para- 

maecium bursaria by Hamburger (’04, p. 200). This migration 

seems to be a general phenomenon at the onset of the changes 

incident to conjugation and occurs also, as described above, in 

isolated paramaecia before the beginning of the reorganization 

process. . 
The micronuclei in their new position proceed to divide with 

the result that finally eight are present in the cell. Figure 14 

(pl. 2) shows a specimen in which there are two solitary micro- 

nuclei and two groups of three micronuclei. All the micronuclei 

show a perfectly normal structure but some variation in size is 

evident. In typical conjugating animals the eight so-called re- 

duction micronuclei are described by Hertwig and Maupas as 
all being of the same size, but Maupas did not lay great stress 

on cytological details so that only Hertwig’s statement is of 

weight. It is probable that the differences of volume shown by 

micronuclei in the process are due to variations in the amount 

of nuclear sap preliminary to the cessation of their functional 

activity. 

It is impossible to determine whether these micronuclei of the 

animals in the process are actually reduction micronuclei because, 
here, as in the conjugation of Paramaecium aurelia, it is not 

possible to count the number of chromosomes. 
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The formation of the eight micronuclei does not begin until 
the disintegration of the macronucleus is about finished. Figures 

36 and 37 (pl. 4) illustrate the coincidence of the end of the 

macronuclear disintegration and the beginning of the multipli- 

cation of the micronuclei. The animals in figures 35 and 36 
show the typical form of the macronuclear destruction which 

takes place in the reorganization process without the formation 

of ‘wurstférmige Schlingen’. A slight resemblance to the char- 

acteristic macronuclear condition during conjugation is given in 

the isolated paramaecium of the 4087th generation, thus indi- 

cating that the macronuclear destruction in conjugation and in 

the reorganization process may sometimes show similar features. 
The animals shown in figures 36 and 37 possess either three or four 

‘reduction’ micronuclei. The identification of these’as ‘reduc- 

tion’ micronuclei is based upon their position in a homogeneous 
protoplasmic layer, and the absence of a micronuclear membrane, 

together with the general morphological structure of the cell 

and its fate. 

The diagnostic characters of the ‘reduction’ micronuclei are 

still more prominent in later stages. Figure 11 (pl. 1) shows a 

macronucleus partly devoid of chromatin, eight chromatin bodies 

and three micronuclei. Two of the micronuclei are apparently 

starting to divide. The anterior micronucleus seems to be in 

the process of forming another by an unequal distribution of the 

chromatin inside the membrane. This is the only micronuclear 

change of this type which we have observed and may well be 
due to some irregularity. The formation of mitotic spindles with 

long distinct threads and crescents have not been seen, and 

apparently exactly the same type of mitosis as described by 

Hertwig does not occur in the reorganization process. However, 

figure 31 (pl. 3) illustrates an animal, from a sub-culture of this 

race in which conjugation was allowed to occur, having division 

spindles which approximate to a certain degree some of the 

spindles figured by Hertwig. It is well known that the mor- 

phology of the mitotic apparatus varies at different phases of 

cell life, as for example was found to be the case in Amoeba 

diploidea by Erdmann (’11, p. 336). 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, NO. 4 
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Calkins and Cull (’07, p. 383) note that, during periods which 

they call depressions, the typical structure of the micronucleus 

of Paramaecium caudatum is lost and it becomes abnormally 

large with the chromatin in a loosely granular condition. It is 
a remarkable coincidence that this occurs also in Paramaecium 
aurelia in the descending phase of the process. 

Figure 12 (pl. 1) shows the macronucleus, which now has 

become smaller, together with fourteen chromatin bodies free in 

the cytoplasm, and two just leaving the macronucleus. The 

cell possesses three micronuclei: two, lying near each other in 

a cytoplasmic layer free from granules, are in early division 

stages, while the third has nearly finished division. Thus the 

cell soon would have contained six micronuclei. Though four 

micronuclei are formed in normal vegetative division the begin- 

ning of the ‘reduction’ division is distinguishable from that of 

vegetative division because the four vegetative micronuclei are 

usually either lying in closely associated or widely separated 

pairs in the cell (fig. 7, pl. 1) while the ‘reduction’ micronuclei 

remain clustered together in a layer of homogeneous cytoplasm. 

Later stages showing seven and eight micronuclei are given in 

figure 13, pl. 1, and figure 14, pl. 2, already described. Thus 

at the end of the descending period of the reorganization process 

the paramaecium cell possesses eight micronuclei, a shrunken 

membrane of the old macronucleus, and numerous chromatin 

bodies which have passed out from the macronucleus (fig. 14, 

ply 2): 

The important multiplication of micronuclei is not without 

precedent in non-conjugating animals. Maupas mentions a non- 

dividing animal with three micronuclei. Popoff (09, p. 30) 

describes a specimen of Paramaecium caudatum with two micro- 

nuclei which are just preparing to divide and form four without 
cell division ensuing. Also Kasanzeff and Calkins note the 

multiplication of the micronuclei in Paramaecium caudatum with- 

out cell division. Popoff states further that in Stylonychia 

mytilus, after treatment with a medium with CO, in solution, 

the normal four micronuclei (p. 15) multiply until eight may be 

present. It is unnecessary at this point to discuss the theoretical 
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bearings of these cases (cf. p. 483) but merely to emphasize the 
fact that the multiplication of the micronuclei in an isolated cell 

is not an infrequent event, and that the fate of the cell alone gives 

the significance of the phenomena. 

¢ 

B. CLIMAX 

The period of the reorganization process, designated the climax, 

is the most important of the three phases. Morphologically 

defined it extends from the total disintegration of the old macro- 

nucleus to the formation of the new macronuclear anlagen. Phys- 

iologically speaking it represents a stage in which the vegetative 

functions of the cell are relatively in abeyance and only the 
potentialities of the micronuclei are in evidence. At the end 

of the descending phase the paramaecium cell possesses eight 

micronuclei, twenty to thirty spherical chromatin bodies and 

the membranous remains of the old macronucleus (fig. 14, pl. 2). 

Figure 13 (pl. 1) gives an animal just as the degeneration 

of the micronuclei sets in. It shows six micronuclei, one of 

which is dividing, scattered in the cell, and numerous chromatin 

bodies but no trace either of the old macronucleus or of the 

macronuclear anlagen. Four micronuclei are closer together than 

the other three, indicating that the two groups arise from each 

of the two original vegetative micronuclei. The scattered posi- 

tion of the micronuclei indicates the beginning of their degen- 

eration (see fig. 44, pl. 4) which shows the same feature in a 

conjugating animal. 

The next change consists in the practically complete disappear- 

ance of the old macronuclear membrane and in the degeneration 

of the so-called reduction micronuclei to the number two (or 

one). It was not possible to trace the method of degeneration 
of the micronuclei, but it is positive that in the generation which 
follows the above described stage only one or two are present. 
Maupas and Hertwig figured the degenerating micronuclei in 

conjugating animals as homogeneous minute dots the structure 

of which is not discernible (Hertwig ’89, fig. 7, pl. 1; Maupas 

’89, fig. 13, pl. 12). Hertwig at first could not determine 
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whether one or two of the reduction micronuclei remained and 

formed immediately without a further division the stationary 

and migratory nucleus, but in his final publication (’89, p. 31) 

he states definitely that seven reduction micronuclei degenerate 
but his figures do not absolutely prove this point (fig. 6, pl. 1; 

fig. 24, pl. 4). A micronucleus remains which is the source of 
the new micronuclear and macronuclear apparatus. Maupas 

(89, p. 219) stated earlier than Hertwig that ‘‘Sept d’entre 

eux vont, en effet, passer a l’état de corpuscles de rebut et dis- 

paraitre en serésorbant. Un seul persistera et continuera l’évolu- 

tion fécondatrice,’’ but as already mentioned, he does not give 

cytological details so that a perfect description of the degener- 

ation of the micronuclei in Paramaecium aurelia does not exist. 

It is easier to trace the degenerating micronuclei in conjugating 

animals because there the ribbon-like formation of the macro- 

nucleus is still intact (fig. 44, pl. 4). Many chromatin bodies 

are not free in the cell and consequently cannot be mistaken 
for degenerating micronuclei. Thus each tiny homogeneous gran- 

ule in the cytoplasm can be identified as a micronuclear remnant, 

whereas in the reorganization process unconnected chromatin 

bodies are scattered freely in the cell and minute homogeneous 
granules intermingled with them may or may not be identified 

as degenerating micronuclei. However, certain bodies which 

have been observed we are inclined to interpret as micronuclear 

remnants. These will be indicated in the description of the 

plates. 

The reorganization process proceeds in two different ways, 
as shown by the animals which were preserved at the climax, 

depending upon whether or not a cell division takes place at this 
period. The usual method is for a cell division to occur. In 

the cell which possesses no macronucleus the chromatin bodies 
change their shape, becoming more and more elliptical while 

each granule begins to migrate to the surface so that the bodies 

appear hollow. The one remaining micronucleus is large. Fig- 

ure 15 (pl. 2) shows such cells which have just completed the 
division at the climax. Each has one micronucleus while the 

anterior cell has eight and the posterior twelve chromatin bodies. 
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The posterior animal still contains a piece of the old macronuclear 

membrane. It is possible that the two micronuclei in this divid- 

ing animal (fig. 15, pl. 2) are the result of a division of a single 
‘reduction’ micronucleus which alone remained in the parent cell. 
It is also possible that both of these micronuclei are the ‘reduction’ 

micronuclei which did not degenerate and which are now, after 

a long period of passivity, distributed to each of the daughter 
cells. In this case the formation of a new spindle could not have 

occurred and the absence of the micronuclear division would be 

' proof that the process is effected in this way. In eight cases of 

the process the cytological study has shown that a cell division 

actually does occur. Such cases fall under the heading Ia and 
Ib in text figure 3. 

The discussion of the micronuclear events preceding the cell 

division in the climax will be postponed until all the cytological 

data from the study of the climax have been presented. 

The morphology of the cell after the cell division in the climax 

was definitely determined from several specimens (see fig. 15, 

pl. 2, and figs. 41 and 40, pl. 4). Clearly the reorganization of 

the nuclear apparatus is effected by a single micronucleus in all 

cases in which a cell division occurs in the climax. Figures 41 

and 42 (pl. 4) give two cells in the 4436th and 4437th generations 

respectively. Cell 4436 has one micronucleus and numerous 
chromatin bodies and is an animal after the cell division in the 

climax. Cell 4437, which is a product of the first division of the 

sister cell of cell 4436 after about forty-eight hours, already has 
one macronuclear anlage. This proves that, after the discussed 

cell division in the climax, the one micronucleus forms, by two 

subsequent divisions, four micronuclei, two of which become 

macronuclear anlagen which are distributed by the succeeding 
cell division to each of the two daughter cells. 

In figure 16a (pl. 2) is given a more advanced stage of 

one of the cells immediately after division. This anterior cell - 

(a) has just emerged from the climax, as is evident from the fact 

that the formation of the macronuclear anlagen is completed. 

The sister cell (b) has not undergone the same changes and one 

micronucleus and several chromatin bodies, of which only five 
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at the anterior end are figured, can be detected. Figure 39 
(pl. 4) shows essentially the same stages, the only difference being 

that the anterior cell has effected one more micronuclear division 

before the first reconstruction cell division than lI6a. 

While the morphological changes which occur after the cell 

division at the climax are clear, those which take place before 

this division (i.e., from the formation of eight ‘reduction’ micro- 

nuclei to the distribution of two to sister cells) must be dis- 

cussed further. In the instances where two micronuclei remain, 
it is possible that a micronuclear division has not taken place, 

but that merely a shifting of one of the micronuclei into each of 

the two newly formed sister: cells has occurred. This method 

of distribution, which. gives an equally satisfactory explanation 

of the observed data, we call Case Ib (text fig. 3). The results 

of cases Ia and Ib are the same—two cells with one micronucleus 

and many chromatin bodies at the climax. 

Only twice during these experiments has a paramaecium been 

observed which had a macronucleus half devoid of chromatin, 
two well formed micronuclei, two macronuclear anlagen and 

several chromatin bodies. In these cases the latter were so 

small and homogeneous that they readily could be mistaken for 

‘reduction’ micronuclei. Here it is evident that no division 

during the climax took place and that the formation of the 

anlagen has occurred preco¢iously. There are thus two possi- 

bilities as to the origin of this condition: (a) One so-called reduc- 

tion micronucleus may remain and divide. The two micro- 
nuclei thus arising form the anlagen (text fig. 3, IIa). (b) Two 

so-called reduction micronuclei may remain and divide, thus form- 
ing immediately the macronuclear anlagen (text fig. 3, IIb). 

The result in either case is the same—one cell with two micro- 

nuclei and two macronuclear anlagen. 

Data will later be presented (cf. p. 495) which afford strong 

physiological evidence, that a third micronuclear division produc- 

ing gametic micronuclei (stationary and migratory) must be 

absent. It is important to note that if no micronuclear division 

takes place between the last so-called reduction division andthe 

divisions which form the new micronuclei and give rise to the 
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macronuclear anlagen (Ib, IIa, IIb), a primary distinction between 

the morphological phenomena in conjugation and in the process 

here described is established, i.e., the important micronuclear 

division which forms the migratory micronucleus and the sta- 

tionary micronucleus is absent. But we wish to emphasize 
the fact that if a third micronuclear division occurs, it can 

equally well be a precocious division in the ascending or re- 

construction phase of the reorganization process. 

The diagram presented herewith (text fig. 3) summarizes the 

different cases which are possible from the observed facts. All 

the described cases are distinguished from conjugation and autogamy 

by the absence of the formation of a syncaryon. In the process 

only in case Ia already described is it possible that a third 

micronuclear division at the climax takes place. The difference 

between conjugation and the process in case Ia consists in the 

occurrence of one more cell division in the latter than in conju- 

gation. The possible variations in cases Ib, IIa and IIb agree 

-in the absence of the third micronuclear division under discussion. 

Cases Ila and IIb have no cell division before the formation of 

the macronuclear anlagen, one or two so-called reduction micro- 

nuclei remaining in the same old cell. Case IIb is peculiar in 

the shifting of one micronucleus into each new cell. 

But from a study of all the observed sequences of generations 

at this period there is some evidence that case Ib presents the 

usual method of nuclear changes at this period. Line VId had 

four and Line VIb had three animals in the reorganization process, 

all of which were at the first stage of the ascending phase—for- 

mation of the macronuclear anlagen. This one fact is crucial 

evidence that a cell division has occurred before the formation of 

the macronuclear anlagen, but no direct observation can be pre- 

sented which determines whether the discussed micronuclear 

division has or has not taken place, because one spindle in a 

cell filled with chromatin bodies without a macronucleus or with 

a macronuclear membrane devoid of chromatin can represent 

either: (a) the discussed third micronuclear division or (b) the 

division which forms in cases Ia, Ib, and Ila the two new micro- 

nuclei which in the next division form the macronuclear anlagen. 
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Figure 40 (pl. 4) shows an actual cell to illustrate these state- 

ments. The animal has many chromatin bodies and two micro- 

nuclei which have just divided. Only because the fate of the cell 

(VIh, 4355th generation) is known, is it certain that these two 

micronuclei are the two micronuclei which, by another micro- 

nuclear division, form four micronuclei, two of which become 

macronuclear anlagen. If the cytology of the cells related to 

this cell were not known, its two micronuclei could be interpreted 
as the products of the discussed third division, which, if it occurs, 

should take place before the cell division in the climax. We have 

in our pedigreed lines no indication of its occurrence. 

Only on the assumption that this important division in the 

climax has different morphological structures from the other 

divisions of the reorganization process would it be possible to 

recognize it. However since we have only seen small elongated 

spindles during the ascending phase there is no reliable morpho- 

logical criterion to determine the presence of the third micro- 

nuclear division. One might expect that the condition of the 
chromatin bodies would give some indication of the extent to 

which the process has advanced and therefore of the number of 

micronuclear divisions which has occurred. But this is not a 
positive criterion because the disintegration of the chromatin 
bodies does not progress with equal rapidity in all cells. 

Weare certain, from the combined evidence from our cytolog- 

ical study and from physiological data which will be presented 
later, that the micronuclear division which would be comparable 

to that which forms the stationary and migratory micronuclei 

in conjugating animals is absent in the reorganization process. 

In conjugation the reorganization of the nuclear apparatus is 

consummated by the synearyon. In the reorganization process 
the so-called reduction micronuclei or their descendants give 

rise to the new nuclear apparatus. This significant feature is 
obviously of great importance from the standpoint of the theo- 

retical interpretation of the reorganization process which we 

describe. 

A brief survey of all the stages from the climax which we have 
figured in the plates substantiate, we believe, the cytological 
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data which we present and our interpretations of them. The 

third micronuclear division is absent; two ‘reduction’ micronuclei 

remain which are shifted into two cells. Figures 15, 16 and 39 
show the cell division in the climax; figure 41 gives a single cell 
which has completed that division; figure 40 shows the next 
micronuclear division preceding the formation of the macro- 

nuclear anlagen; figure 16, anterior cell, figures 17 through 24, 

and figure 39, anterior cell, give the formation of the two macro- 

nuclear anlagen and the micronuclear changes in each stage. 
The distribution of the macronuclear anlagen is shown in figures 

25, 42, and 43. 

C. ASCENDING PHASE 

The ascending phase of the reorganization process, which is 

the longest of the three, extends from the formation of the macro- 

nuclear anlagen to the restoration of the typical paramaecium 

cell with one macronucleus and two micronuclei. It is identical 

with the periods F and G which Maupas describes as the first 

divisions after typical conjugation in Paramaecium aurelia (’89, 

p. 221). 
Two micronuclear divisions occur in a very short time, half 

the products of the second forming the two macronuclear anlagen. 
The two untransformed micronuclei divide again and the first 
cell division ensues. The following divisions of the cell are exactly 
similar to typical vegetative divisions and can only be distin- 

guished by the fact that the involution of the chromatin bodies 
is In progress. 

The details of this period are remarkable in various ways. 

Figures 17, 18, and 19 (pl. 2) give details of the formation of the 

macronuclear anlagen. The chromatin bodies are omitted from 

the drawings. These three preparations are counter-stained 

with eosin, which, according to Calkins (’07, p. 383), stains the 

non-chromatic parts of the micronuclei of Paramaecium cau- 

datum. The posterior micronucleus (fig. 17) has just divided 

and of the products of this division one remains a typical micro- 

nucleus while the other shows the beginning of the development 
of a micronucleus into the fundament of the macronucleus. 
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Chromatin has just separated from the achromatic threads but 

still retains its micronuclear structure. The next step in form- 
ing the anlagen is the distribution of the threads and the arrang- 
ing of the coarser chromatic granules underneath the membrane. 
This step has been effected in the anterior anlage shown in the 

same figure. Figure 18 gives a clear idea of the completed an- 

lagen and the two micronuclei from which they arose. Here 
the granules have become smaller and the plasmatic character 

of the structure is more evident because its staining capacity 

for eosin has increased. The micronuclei show the chromatin 

surrounded by a plasmatic layer highly stained with eosin. In 

figure 19, the next division, which is the first in the new rhyth- 

mical period of the life history, is completed in one pair of micro- 

nuclei and is in progress in the third micronucleus which is lying 

just above the one chromatin body shown in the figure, though 
many were present in the cell. All the chromatin bodies are 

represented in an animal from Line VI (fig. 21, pl. 2). Nearly all 

are more or less spherical and the dissolution of the chromatin 

is evident. Two macronuclear anlagen, lying close together, and 

stained a reddish-blue, show marked paucity of chromatin. The 

two functioning micronuclei are lying at the opposite ends of the 

cell, while a spindle, in which chromatin has passed to the two 

poles, is also visible. This spindle represents the same forma- 

tion as that figured by Maupas in a conjugating animal (’89, 
pl. 13, fig. 27). Above one of the chromatin bodies is seen a 

small chromatin granule which may be interpreted as a degen- 
erating micronucleus. 

The disintegration of the chromatin bodies, which are now 

often surrounded by a clear area, is also progressing in the ani- 
mal represented in figure 20 (pl. 2). The macronuclear anlagen 

have lost their round contour and appear more or less irregular 

while the two micronuclei are ready for division. The micro- 
nuclear divisions are far more advanced in the specimen shown 

in figure 22 (pl. 2) and the two spindles present indicate an 

ensuing cell division. One micronucleus is apparently degen- 

erating. Large vacuoles are usually present in the cytoplasm 

during this period. 



452 LORANDE LOSS WOODRUFF AND RH. ERDMANN 

The last period of the ascending phase is characterized by the 

disappearance of all chromatin bodies. Figure 25 (pl. 3), Line 

Vib, represents an animal, after the first cell division following 

the origin of the macronuclear anlagen, showing two micronuclei 

at the left, twenty chromatin bodies and several large vacuoles. 

A single new macronucleus is visible. The other macronuclear 
anlage, of the two in the parental cell, has been distributed to 

the sister cell which was kept to continue Line VIb. This method 

of distribution of the two macronuclear anlagen to each of the 

new animals is the same as in typical conjugation of Paramaecium 

aurelia. Maupas (’89, p. 222, pl. 13, figs. 23-27) gives a full 

account of this distribution. Hertwig’89, p. 38) shows that one 

of the products of each of the two dividing micronuclei becomes 

a macronuclear anlage and the other a micronucleus, but this 

is not evident from his figure (pl. 3, figs. 9and 10). The destruc- 

tion of the old macronucleus occurs in most Infusoria during and 
after conjugation by the formation of ribbon-like structures which 

are finally resolved into chromatin bodies and disappear. This 

is the method which obtains in Paramaecium caudatum and 

Paramaecium aurelia (Maupas, Hertwig) and in Paramaecium 

putrinum (Doflein). But the accounts of this stage given by 
Maupas, Hertwig, and Calkins do not afford details of the ulti- 

mate fate of the chromatin bodies, since they merely mention 

that, by the formation of the daughter cells, these bodies decrease 

in number and their remnants become pale and disappear in the 

cytoplasm. Collin (’12, p. 223) however, gives a thorough ac- 

count of the old macronucleus in Acineta papillifera and figures 

(text-fig. 63) the gradual resorption of the chromatin remnants 

in the cytoplasm. A different fate of the macronucleus was 

observed by Ubisch (13, p. 72) in a study of Lagenophrys, who 

states that the chromatin bodies, which appear very similar to 

micronuclei, are actually ejected from the macrogamete after 

the formation of the synearyon. The extruded chromatin bodies 

were finally observed between the animal and its test. 

The total disappearance of the chromatin bodies in the reor- 

ganization process of Paramaecium aurelia is thoroughly described 
on page 455. It is distinguished from the similar stage in con- 
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jugation by the fact that chromatin ribbons are not formed. 
There is no evidence that the chromatin bodies are ejected from 

the cell or that the remnants fuse with the new macronucleus. 

After the reorganization process the totally dissolved material 

of the old macronucleus probably remains, at least temporarily, 

in a changed chemical form in the cell. 

From our studies of conjugation in animals derived from the 

main culture of the pedigreed race of Paramaecium aurelia we 

can show clearly that the first division after conjugation dis- 

tributes to each cell two micronuclei and one macronuclear 

anlage (fig. 33, pl. 3). There is no degeneration of nuclear mate- 

rial as Maupas (’89, p. 204) and Klitzke (’14, p. 8) have described 

in Paramaecium caudatum. Maupas as well as Klitzke state 
that eight micronuclei are formed from the syncaryon by two 

mitoses quickly following each other, four of the resulting micro- 

nuclei forming the macronuclear anlagen, three degenerating and 

one remaining as the definitive micronucleus of the reorganized 

cell. By two cell divisions, accompanied by divisions of the 

micronuclei, the typical vegetative stage in Paramaecium cau- 

datum is restored. However, Calkins and Cull (’07, p. 387) 

do not mention a degeneration of nuclear material in this stage 

but state that four of the eight micronuclei are transformed into 

macronuclear anlagen and, by two cell divisions without division 
of the micronuclei, four typical vegetative animals result. Doflein 

in his account of Paramaecium putrinum gives the same inter- 

pretation as Maupas and Klitzke, i.e., three micronuclei degen- 

erate and the four potential macronuclear anlagen are distributed 

by two cell divisions to four animals. Hamburger (’04, p. 223) 

states that in Paramaecium bursaria two micronuclei and two 
macronuclei are formed which are distributed in one of the two 

following ways to the sister cells which arise: either one micro- 

nucleus and one macronuclear anlage pass to each new cell; or 

one macronuclear anlage and one micronucleus (the productof 

an additional micronuclear division) pass to one sister cell, while 

one macronuclear anlage and the other micronucleus (resulting 

from the extra micronuclear division) passes to the other sister 

cell.. The normal vegetative state of Paramaecium bursaria, 
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completely free from disintegration products of the old macro- 

nucleus, is often not completed before the third division. All 

descriptions of the behavior of the paramaecium cell of the 

different species after the formation of the syncaryon agree in 

the origin of four or eight new micronuclei, but these micro- 

nuclei resulting from the synearyon are either all used in the 

further development of the cell (Calkins and Cull, Paramaecium 

caudatum; Maupas, Hertwig, Woodruff and Erdmann, Para- 

maecium aurelia; Hamburger, Paramaecium bursaria), or some 

degenerate (Maupas, Klitzke, Paramaecium caudatum; Doflein, 

Paramaecium putrinum). Therefore the weight of evidence at 
hand indicates that the latter alternative is due to a wrong inter- 

pretation. Similarly ‘in the process under discussion in Para- 
maecium aurelia there is no evidence of a wasting of chromatin 

material in this period and its morphological features are iden- 

tical with all statements of the nuclear changes in typical con- 

jugation in this species. 
The observations of Hamburger on Paramaecium bursaria prove 

that the first micronuclear division after the development of 

the anlagen may occur either in the old cell or later in the two 

daughter cells which arise from it. Before the first cell division 

in the reorganization process two spindles are formed (fig. 22, 

pl. 2) which indicate that the first cell division after the forma- 

tion of the macronuclear anlagen restores the normal nuclear 

_apparatus of the cell. During the next two generations the rem- 

nants of the old macronucleus are completely eliminated. This 
is effected by complete dissemination in the cell of the chromatin 

bodies (fig. 27, pl. 3) in the form of cloud-like masses of faintly 
staining chromatin granules which soon undergo totalinvolution 

in the cytoplasm. This disintegration process does not occur 

simultaneously in all the chromatin bodies as is shown in the 

figure under discussion in which four bodies are still intact. 

The animals which have undergone their first vegetative divi- 

sion are filled with vacuoles as shown in an animal from Line 

IIIb, 4313th generation (fig. 27, pl. 3). The macronucleus has 
assumed the peculiar spherical form which it frequently shows 
immediately after. cell division. . The climax was in the 4312th 



PERIODIC REORGANIZATION IN PARAMAECIUM 455 

generation and the involution of the chromatin bodies was com- 

pleted in the 4316th generation. Of the eight cells which were 

formed by the three following divisions (43138 to 4316), four in 

the 4316th generation were without chromatin bodies. The pre- 

ceding figure (fig. 26, pl. 3) represents an animal from Line VI, 

4185th generation. Two divisions have occurred since the climax 

at the 4183d generation. Here the chromatin bodies which still 

remain have not lost their original shape, but if one considers 

the four division products which result from the divisions 4183 

to 4185 then it is evident that a second method of decreasing 

the number of chromatin bodies is by their distribution to the 

daughter cells. As an example of this distribution the following 

ease may be cited (cf. text fig. 8 for sister line): 

Line VI 4183d generation has 19 chromatin bodies 

Line VI 4185th generation, animal a_ has 6 chromatin bodies 

&Line VI 4185th generation, animal b_ has 5 chromatin bodies: 

Line VI 4185th generation, animal ec was not observed 

Line VI 4185th generation, animal d_ was kept alive to continue the line 

Two further divisions took place in twenty-four hours: 

Line VI 4187th generation, animal a_ has still 3 chromatin bodies (fig. 29, pl. 3) 

Line VI 4192d generation has 1 chromatin body 

Therefore the ascending phase of the process can be followed 

in nine generations; that is, from the 4183d generation, which 

is at the end of the climax, to the 4192d generation which is a 
typical vegetative paramaecium cell except that one chromatin 

body still persists. Since the beginning of the process was ob- 

served at the 4182d generation, it is evident that the nuclear 

changes in this case extended over ten generations. The typical 

reduction of the division rate at the climax of the process to 

one division in approximately thirty-six hours occurred in this 

case at the 4182d to 4183d generation, and the increase in the 
rate to three divisions in twenty-four hours which characterizes 

the ascending phase of the process occurred at the 4189th 

to 4192d generation. 
When the second or third division after the formation of the 

macronuclear anlagen has occurred the new macronucleus has 
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assumed its typical macronuclear characteristics. The elongated 
form is the prevailing one in the interval between two cell divi- ° 

sions, the broad axis is relatively short, while the few granules 

within the membrane are small. The appearance of an old and 
new macronucleus is markedly different and the two stages can- 

not be confused (compare figs. 3, 4 and 5, pl. 1, with figs. 28, 
29 and 30, pl. 3). Figure 29 and figure 30 (pl. 3) show the new 

macronuclei. The animal portrayed in the former is from the 

above-mentioned Line VI in the 4187th generation. One large 
and two small chromatin bodies are visible. The latter shows 

a cell which was taken from the main culture in the 1201st gen- 

eration. The staining capacity of the macronucleus is very 

marked; the micronuclei present no unusual features; and two 

chromatin bodies still persist. A dividing animal from the main 

culture at the 1432d to 1433d generations (fig. 28, pl. 3) further 

illustrates the distribution of the chromatin bodies. This anintal 

has undergone four divisions during the previous twenty-four hours 

and is now just completing the fifth cell division, while the micro- 

nuclei have divided precociously for a sixth cell division. This 

affords another example of the acceleration of the division rate 

which is characteristic of the ascending phase of the process. 
The ensuing divisions in the rhythmical period efface the last 

trace of the chromatin bodies and, therefore, of the reorganiza- 

tion process. In conjugation, as has been shown by Maupas 

and Hertwig, the chromatin bodies undergo the same fate at the 

same time. The reorganization of the cell is completed. 
In the description of the process nearly all the examples pre- 

sented have been animals from Sub-culture IE (4020th to 4359th 

generation) bred for this particular purpose under constant en- 

vironmental conditions. As already described in the section on 

technic, animals had been preserved at irregular intervals through- 

out the first six years of the life of the main Culture I and on the 

basis of these it was early stated (’08) that profound nuclear 
changes occur which cannot be interpreted as abnormal and 

which demand further study. The character and significance 

of these changes obviously could only be determined by such 

an intensive daily study of all the available animals as the pres- 
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ent paper involves. It is important, however, at this point to 
emphasize that the process herein described is not a phenomenon 

peculiar to the organisms of this culture after the 4020th gen- 

eration, but that it was in progress throughout the life of the 

race. For this purpose various specimens from earlier gener- 

ations are presented in the plates. For example, figure 23 (pl. 

2) represents an animal from the main culture on May 1, 1910, 

at the 1755th generation with its nuclear apparatus in a char- 

acteristic stage of the process, 1.e., the formation of the macro- 

nuclear anlagen. This should be compared with figure 20 (pl. 2) 
which shows an animal which is a descendant of the former after 

a lapse of 2329 generations, i.e., it is in the 4084th generation. 

The similarity of nuclear conditions also is evident in figures 
21 and 22. Cases such as this could be multiplied but for 

brevity it will suffice to note that among the preserved material 

there are specimens in the 426, 910, 1201, 1452, 1498, etce., 

generations which exhibit reorganization stages in all respects 

the same as those the animals have shown during the past six 
months of study. Consequently, when convenient, these have 

been figured to illustrate the process. 

IV. CYTOLOGICAL DETAILS OF SERIES OF PEDIGREED CELLS IN 

THE REORGANIZATION PROCESS FROM SUBCULTURE IE 

In the preceding description of the cytological changes in the 

process the data from all lines were presented together in order 

to afford a composite picture of the nuclear phenomena as they 

appeared from the entire culture. It is the purpose of the pres- 
ent section to resolve this picture into its component parts in 

order to emphasize the exact sequence of events as actually 

observed in individual pedigreed series of animals from single 
lines and thus to demonstrate that our description of the process 
is not derived merely by combining isolated stages found at 

different times in the different lines, but by combining the data 

from a large number of series of animals whose genetic relation 

with each other was exactly known—each series showing a con- 

siderable part of the process. In combining these series there 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No. 4 



458 LORANDE LOSS WOODRUFF AND RH. ERDMANN 

was little chance for error for their cytological phenomena fre- | 

quently overlapped. 

As has already been indicated, it is obviously impossible to 

study every animal every day and so have a complete picture 

of the animals of a single line at any one time, since one cell 

must be maintained if the line is to be kept alive. In certain 

cases it was deemed best to keep more than one animal alive in 

order to further safeguard the life of the line because death some- 
times occurs during the process. However, it has been possible 

actually to determine the entire sequence of events by preserving 

all of the animals of certain lines at selected periods in the pro- 

cess. The fact that the process occurred nearly synchronously 

in the various lines and at comparatively regular intervals ren- 

dered this procedure particularly valuable. 

A. SERIES OF CELLS FROM LINE VI AND ITS DERIVATIVES 

Line VI at the 4057th generation afforded the first proof of 

the reconstruction of the cell, two characteristic macronuclear 

anlagen and twenty-four chromatin bodies being present. The 

animal is in the beginning of the ascending phase of the process. 

In the 4060th generation the process was completed as the ani- 

mal does not show any macronuclear remnants. The large num- 

ber of typical animals which followed in this line for nearly fifty 

divisions was finally interrupted by the appearance of a cell at 

the 4094th generation which has two chromatin bodies. Its 
sister cell (4094) has no signs of the beginning of the process 

and the following generations up to the 4102d generation showed 
no further traces of reorganization. This indicates that the cells 

when the critical period is approaching may start the process 

but not carry it to completion. The total reconstruction of 

the nuclear apparatus took place between the 4100th and 4107th 
generation. Text figure 4 gives two stages of the process; the 

disintegration of the old macronucleus in A, and A, and A; and 

the formation of the new macronuclear anlagen in Ay. In the 

4100th and the 4102d generation the macronucleus is merely 

eliminating chromatin bodies while in the 4103d generation the 
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. individuality of the macronucleus is destroyed. The animal in 

the 4105th generation was lost. The cell in the 4107th gener- 
ation had already formed two macronuclear anlagen and numer- 
‘ous chromatin bodies. One of the latter was still present at 

the 4110th generation so that in this case the process persisted 
over about nine generations. 

The next critical period began at the 4140thgeneration. As 
already mentioned, Line VI made an abortive attempt at the 
process in the 4094th generation by the extrusion of a single 

Ag 

VI 4100 VI 4102 VI 4103 VI 4107 

Text fig. 4 Conventional signs, same as in text fig. 1 

chromatin body. Line VlIa, which was branched from Line VI 

at the 4068th generation,.showed stages of the process from the 

4084th to the 4089th generation so that the time of appearance 

of the process in Line Vla coincides closely with the precocious 

trial in Line VI at the 4092d generation. In Line Vla the for- 

mation of the macronuclear anlagen took place in the 4084th 
generation (see text fig. 5, B,). The animal 4084, was not pre- 

served but 4084; in the descending stage is shown in text figure 

5, B:. Cell 4084, continued the line. This cell must have been 

in the same stage of the reorganization process as 4084;, because 
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40882 

Via 4088, 

Via 4087 

Text figure 5 

Via 4084; 

Via 4084, 
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in the following generations the process is still going on from the 
4084th to 4088th generation (Line VIa, text fig. 5, Bs, Bs, Bu, 
B;). Therefore, the process does not progress exactly synchron- 

ously in sister or cousin cells. This is clear from the diagram, 
text figure 6. The stages of the process in Line VIa represented 

in text figure 5 show the climax and the ascending phase (Bs, 
B,, Bs). Cell 4087 is about to form the macronuclear anlagen. 

Their formation took place in cells 4088; and 4088, (B,, B;). 

Line Ya 

ys: 

onto
 

Text fig. 6 Diagram showing a case of nonsynchronism of the reorganization 

process in closely related cells. 

The fact that the sister cells show slightly different stages in 

the process of course has no significance from the standpoint of 

the synchronal appearance of the process in sister lines; that the 

latter occurs is apparent from tables 1, 2 and 3 (pp. 462-463) 

which give the occurrence of the process in the lines branches 

from Line VI. Thus in VIa the process was going on in the 

4084th generation, in VIb in the 4092d generation. An exami- 

nation of table 1 shows that the process was observed in Line 
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TABLE 1 

Showing the occurrence of the reorganization process in Line VI and its 

derivatives, Culture IE 

2 TOUR beac Meek: cE era Re oe SON. 

| 
VI | 4057 | 4104 4183 4231 | | Died in 

4020-4231. CBee aie aie | __ process 
Via | 4084 q Sn. ne 

4068-4095 | | | 
Vib | | 4092 | 4174 | | Killed in 

4083-4174 | | a process 

Vie | | ~4101.—«| 4177 | | Killed in 
4099-4178 | | | process 

Vid | |* 4180 : 10) \aRatieaiin 
4178-4180 | | | | process 

Yer | | | 4181 | Killed in 
4178-4181 | | process 

vif | 4189 4229 [ae eal Killed in 
4178-4228 | | process 

Vig i | 4184 ~ Killed in 
4180- 4186 | | process 

Vih | 4236 4315 | 4355 | Killed in 

4189-4358 | i OL process 

Vii | 4297 | Killed in 

4246-4297 | iis Snes eo | | process 

Vij" | | 4312 | Killed in 
4306-4315 Tite process 

VIk* | | | Killed 
4325-4336 | during 

low di- 

vision 

rate; 
animal 

not in 

Aye leit i) har ih ate! Sw process 

vil* | | | 4355 Killed in 
4348-4355 | process 

* Sub-lines j, k, | were branched from i. 

VI in the 4104th generation, in VIc in the 4101st generation. 

Further evidence of the synchronal occurrence of the process is 

afforded by the next period in table 1 which shows the process 

in Line VI at the 4183d generation and in six branches from this 
line (VIb, VIc, VId, Vle, VIf, VIg) between the 4174th and 

4184th generation. These facts are substantiated by further 

data as presented in the graphs of the division rate. 
The third repetition of the reorganization process in Line VI 

took place between the 4140th and 4146th generation. This 

was relatively early since the second occurrence of the process 
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TABLE 2 

Showing when the reorganization process occurred in Line IIIT and 
derivatives, Culture IE 

| | | 

20-4050 4050- L 150-4200 | 4200-4250 | 4250- - 50- shame ea Saas 4100-4150 4 50-4 200 4 Bee) 4 50-4300 4300-4350 4350-4400 ieee 

| | 
WI 4065 | 4189 4237 | | 4315 | Killed at 

4020-4358 | | | end of 
| experi- 

| | | ments 

Ila | | | | | 4271 iDied 
4946-4275 | | | | | after 

Ve le | | | | process 
IIIb | | 4313 | Killed; 

4304-4321 | | | animals 
es | |. | | small 

lites > >| | | | Killed; 
4327-4346 | division 

ie tate low, 

| | not in, 

| | process 

was at the 4104th generation. The ascending phase of the 

process was completely secured (text fig. 7). Cell C, (4140th 

generation) has two macronuclear anlagen; C, (4141st genera- 

tion), resulting from one division, has one macronuclear anlage; 

C; (4142d generation) shows the distribution of the chromatin 

bodies in the daughter cells. 

The next occurrence of the process in Line VI, represented in 

text figure 8, gives nearly a complete picture of each stage in 

the process in a single line. The animal (4180-4181) just divid- 

ing was typical, while the following cell (4181-4182) shows simply 

the extrusion of one chromatin body and the remnant of a 

TABLE 3 

Showing when the reorganization process occurred in Lines I, II, IV, and V, 

Culture TE 

anions = ACID totem pee, sen RATERS 

ae = : s | abe fs eo eed : de é 

Line I from 4020 to 4057 gen..| 4038 Died in process; last animals 

small due to abnormal divi- 

sion; lived 4 days without 

johsas he ns et _division. _ i 

Line II from 4020 to 4172....... 4021 4069 4172 _| Line killed in process? 
Line IV from 4020 to 4075...... =, 4066. =| SSS Animals small; died 
Line V from 4020 to 4170...... 4023 | | 4115 | Killed; not in process 
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division spindle. This proves that in generation 4182 the com- 

plete extrusion of chromatin bodies will be completed and the 
‘reduction’ divisions of the micronuclei and their degeneration 
must also occur here during the thirty-six hours that this cell 

persists as an individual. The low division rate at this point 
indicates that the profound nuclear changes temporarily inhibit 

the reproductive acitivity. The animal undergoing the next 

division (4182-4183) was not preserved but evidently would 

have shown each of the arising cells in the climax of the process 

Cy ©) C; C, 

VI 4141 VI 4142 VI 4148 

Text figure 7 

with one or two micronuclei and numerous chromatin bodies. 

However, one of the completed products of this division, 4183d 
generation (D;), shows the two macronuclear anlagen completely 

formed. The next stages (4185,, 4185,, 4187) show the distri- 

bution of the chromatin bodies. Cell 4184 was not preserved 
but evidently it had one macronuclear anlage, so from gener- 

ation 4182 to 4192 (D;) with one chromatin body, we have the 

process characterized physiologically by the lowering of the divi- 
sion rate in the 4182d to 4183d generations when reproduction was 

deferred for about thirty-six hours, and then the sudden acceler- 
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ation of the rate at the 4187th to 4192d generation when three 

divisions occurred in the twenty-four hours. The morphological 
characteristics for the single periods are well established as text 

figure 8 (D, to D,) proves. The descending phase of the process 

is of the shortest duration and this makes it particularly difficult 

to secure all the stages—several coming and going in a single 

generation. On the other hand the ascending phase is the long- 

est and, therefore, the stage most often seen in all lines is that 

with two macronuclear anlagen. The synchronism of the proc- 

ess in Lines VI, VIb, VIc, VId, VIe, VIf and VIg made it possible 

Ei E2 E3 Ex 

Vid 4180; VI d 41802 VI d 4180; VI d 4180, 

Text figure 9 

to kill whole lines undergoing the process and in this way some 

of the most interesting stages were secured. 

Text figure 9 (E, to Es) gives four cells (line VId) all at the 

same stage with the formation of the two macronuclear anlagen 

completed. The next stage will be the distribution of the two 

macronuclear anlagen into two sister cells. This stage is simul- 

taneously completed in four cells of Line VIb at the 4174th 

generation. Text figure 10 (F, to F;) shows three of these cells 



PERIODIC REORGANIZATION IN PARAMAECIUM 467 

which result from two divisions in forty-eight hours. The fourth 

animal (F,) was lost. Since each of the three animals preserved 

has one macronuclear anlage it is certain that each of thetwo 

parent cells in the 4173d generation had too macronuclear an- 

lagen, one of which passed to each daughter cell at division. 

The fourth animal (F,) which was lost during preparation obvi- 

ously must have been in the same stage as those figured. The 

next text figure, 11 (G, to Gs), shows again that at least seven 

or eight generations are necessary to complete the process. The 

F, F, . F; F, 

VI b 4174, VI b 4174, VI b 4174; VI b 4174: 

Text figure 10 

animals are from Line VIf in the 4184th, 4188th, and 419Ist 

generation and show the extrusion of the chromatin bodies from 

the old macronucleus, the new macronuclear anlagen and the 

nearly reorganized paramaecium cell. 

The last occurrence of the process in Line VI extended from 

the 4229th generation to the death of the line at the 4231st gen- 

eration from the accidental infection of the culture medium with 

a deleterious strain of bacteria, as mentioned on pages 478 and 

489. Five times in 211 generations the cell reorganized its nuclear 
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apparatus by the process; six times the division rate (see p. 478) 

was relatively low. Five times this was synchronous with the 

process; once with bacterial infection. 
The process occurred in Line VI and its sublines at intervals 

of about forty to fifty generations. For example, Line VI had 

the process in progress at the 4231st generation, Line VIf at the 

4229th generation, and Line VIh at the 4215th generation. 

The stages of the process which occurred in Line VIi in the 

4279th generation and Line VIh in the 4315th and 4355th gen- 

Gi 

VI f 4184 VI f 4188 VI f 4191 

Text figure 11 

eration, and in Line VIj in the 4312th generation did not show 

any new features. Simultaneously with Line VIh, Line VII 
underwent the process in the 4355th generation. Line VIk was 

killed after eleven generations, when the division rate fell slightly, 
with the expectation of securing early stages of the process. 

However the process was not found but judging by closely related 

lines it would have appeared about twenty generationslater. Line 

VI together with its twelve branches and subbranches exhibited 

the process a total of twenty-one times from the 4020th to the 

4355th generation at clearly recognizable periods, showing that 
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there is an inherent tendency for sister lines to undergo the 
process synchronously. The significance of this will be consid- 

ered later. 
The death of Line VI during the process indicates a fact which 

we have noted several times in these experiments and one to be 

expected when the complexity of the reorganization process is 

appreciated. The animals at this time are in a relatively sus- 

ceptible condition and consequently more readily succumb to 

slight environmental changes. It is undoubtedly at such periods 

that many cultures not bred under the most favorable conditions 

have become exterminated, and the attending cytological con- 

ditions have naturally been interpreted as the results of de- 

generation. 

The cells during the process seem to be more opaque than 

usual, their breadth is relatively greater, their total volume is 

somewhat increased and their movements are considerably more 
sluggish. Cells with this appearance defer division for.‘about 
thirty-six hours and are at the climax of the process. The ani- 
mals at this time are more difficult to handle with a pipet owing 
to the fact that they have a tendency to adhere to the glass or 

to minute particles of débris, thus indicating the so-called misci- 

ble state noted by Calkins, Erdmann, Popoff and others in con- 
jugating forms. Also, animals in this condition will sometimes 

burst on transference to fresh culture fluid medium or to a fixing 

fluid. 

Thus, by the continued daily study of the animals and their 

rate of division one finally becomes able to tell, with a consider- 

able degree of accuracy, the occurrence of the process merely 

by the use of a low power of a Zeiss binocular microscope. 

B. SERIES OF CELLS FROM LINES I, I, Ill, IV, V 

Line III, which was not under such close observation as line 

VI, had the process at the 4065th, 4189th, 4237th, 4315th gen- 

erations. Text figure 17 gives the graph of the division rate 
averaged for five-day periods. One lowering of the division rate 
occurred at generations 4140 to 4144. During this time the 
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cells from Line III were not preserved but judging by the division 
rate of the line and the occurrence of the process at this period 
in Line VI, it is almost positive that the process took place in 

Line III at this time. Cell 4148 was preserved and found to 

be a typical cell without traces of the process. Text figure 12 

(H, to Hs) give examples of the ascending phase of the process | 
from Line III. The cells 4063, and 4063, had formed the macro- 

nuclear anlagen. Two divisions later, cell 4065 (H;) had only 

seven chromatin bodies, showing a reduction of these bodies by 

Hy Hees H; 

III 4063, III 4063. IIT 4065 

Text figure 12 

distribution and absorption from twenty-seven (H;) to seven dur- 

ing these two cell generations. Text figure 13 (I, to I;) give some 

of the later stages of the ascending phase. The three animals 

which could be observed had a few chromatin bodies. Cell 4240, 

had two, 4240. one, 4240; one chromatin body. Cell 4240,, 

which continued the line, gave rise to typical animals at the . 

following division, 4241st generation (Is). 

Text figure 14 (J, to J3) shows the process after the formation 

of the macronuclear anlagen in cell 4189. After two divisions 

the new macronucleus is seen in the sister cells 4191, and 4191,. 
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Thus the distribution of the two macronuclear anlagen took 
place in the 4190th generation, which affords further proof that 

the two macronuclear anlagen are distributed by one cell division to 

each of the resulting sister cells. 

In Line III and its branches, IIIa, IIIb, IIIc, the process was 

actually observed six times, while undoubtedly it also occurred 

several’ times unobserved, judging by the division rate and the 

periodic occurrence of the process in sister lines (see table 2 

and text fig. 17). 

ieee ip 1p iG I; 

III 4240, III 42402 IIT 4240; III 4240, III 4241 

Text figure 13 

The Lines I, H, IV, V, which were not branched, show the 

process a total of seven times, each time at due periods coin- 

ciding with Line VI. Some of the stages observed in these lines 
are presented in the plates as they supplied some of the details 

of the process as, for example, Line II, 4069th generation (fig. 

9, pl. 1) which give a particularly clear idea of the extrusion of 

the chromatin bodies. 

One point which is shown by a study of tables 1, 2, and 3, 

which give the life history of the twenty-one lines, is the occur- 

rence of death in certain instances during the process. Of these 
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lines seventeen were killed intentionally, while of the remaining 

four lines, three died during or shortly after the process. Some 

of these animals showed irregular divisions resulting in very 
small cells which apparently lacked the power of growth. It is 

important here to emphasize that fatalities may occur as a result 
of faulty reorganization during the process just as has so often 

been observed to occur in conjugating animals. Both cdnjuga- 

tion and the reorganization process, however, are normal phe- 

nomena which have no pathological features. 

Ji Je J3 

III 4189 IIT 4191; III 4191. 

Text figure 14 

The detailed discussion of Lines I to VI and their branches 

and subbranches gives clear evidence that the process, resulting 
in a reorganization of the nuclear apparatus which simulates 

typical conjugation, is going on with strictly determined morpho- 

logical and physiological features at relatively definite periodic 

intervals of time in the pedigreed race of Paramaecium aurelia 

which is the basis of this investigation. 
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V. THE REORGANIZATION PROCESS IN THIS RACE AFTER 
CONJUGATION AND IN OTHER RACES AND 

SPECIES OF PARAMAECIUM 

So far it is clear that the nuclear reorganization occurred 
throughout the life of this race bred under conditions which 

absolutely precluded the occurrence of conjugation, and the ques- 
tion arises here: Would the process again occur periodically after 

conjugation had taken place? Animals were accordingly isolated 

from this race at the 4102d generation and with them a large 

mass culture was started in a stender dish. Within afew daysa 
number of conjugating pairs were observed and about twenty were 

isolated. Some of the animals were preserved for details of con- 

jugation in this race, while the descendants of other ex-conjugants 

were bred on depression slides by the same isolation culture 
methods as those used in the main culture from which they were 

derived at the 4102d generation. A study of the animals pre- 
served from these ex-conjugant lines demonstrates that the same 

reorganization process was resumed wn all the lines within a rela- 

tively short tume after conjugation. 

More positive evidence could hardly be presented to prove 

that the process is a fundamental normal periodic phenomenon 

in the life of this race of Paramaecium aurelia. 

This being established, the question arises: Is this a peculi- 

arity of this race or does the process occur generally in Paramae- 

cium aurelia? This we can also answer conclusively. Erdmann 

on August 11, 1912, isolated a specimen of Paramaecium aurelia 

from a canal of the river Spree in Berlin and bred its descendants 

by the daily isolation method on a culture medium of beef ex- 

tract. Specimens from Erdmann’s race, bred by this method 

which absolutely prevents conjugation, were preserved from time 

to time and figure 24 (pl. 2) shows one of these in a characteristic 

stage of the process under discussion, i.e., the formation of the 

macronuclear anlagen. Thus it is evident that the same nuclear 

reorganization which has occurred throughout the life of Wood- 

ruff’s race started with a specimen of Paramaecium aurelia iso- 

lated at random in America in 1907 also occurred in Erdmann’s 

race similarly isolated in Germany in 1912. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No. 4 
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Therefore the data justify the conclusion that this reorganiza- 

tion process is a normal phenomenon and probably occurs in all 
races of the species Paramaecium aurelia. 

Most suggestive observations on nuclear changes in Para- 

maecium aurelia were made incidentally by Hertwig during his 

study of conjugation in this species. This author noted (’89, 
pp. 74-75) in a mass culture, in which conjugation had not been 

observed for a long period, certain animals whose nuclear struc- 

ture apparently indicates isolated steps in the phenomenon which 

are described in detail in the present paper, and the significance 

of which is here elucidated. 

Hertwig grouped the stages which he observed under two gen- 

eral classes, one of which he interpreted as merely a vegetative 

phenomenon, in which a new nuclear apparatus is not formed: 

Die zuerst eintretenden Veranderungen besitzen kein Analogon in 
den Vorgingen einer normalen Entwicklung. Wahrscheinlich zerfallt 
der Hauptkern erst in gréssere dann in kleinere Stiicke, ohne das regel- 
missige Auswachsen in Fortsitze, welches im Lauf der geschlechtlichen 
Entwickelung der Paramaecium eintritt. Ich fand bald 2, bald 4 
Nebenkerne entweder in Form der ruhenden Kerne oder hiufiger in 
Form von Spindeln, wie ich sie ebenfalls sonst nicht beobachtet habe. 

Our data show this to be a mistake. These stages are clearly 

some steps in the descending phase of the process just before 

the beginning of the climax. 

The second group of changes of the nuclear apparatus described 

by Hertwig comprised: ‘‘Tiere mit vergrésserten Nebenkernen, 

mit Sichelkernen mit 2, 4 und 8 Spindeln, Tiere, bei denen die 

Teilung in die Haupt-und Nebenkernanlagen vollzogen war.” 

From this brief note it is clear that the animals with two and 

four spindles may possibly represent ordinary vegetative divi- 

sion because the striking disintegration of the macronucleus is 

not mentioned. We have never discovered an animal with eight 

spindles, but ‘‘Tiere, bei denen die Teilung in die Haupt-und 

Nebenkernanlagen vollzogen war” are apparently identical with 

those animals which we figure (figs. 21, 22, pl. 2) and represent 

the important reconstruction of the new nuclear apparatus. 

If it be true that in Hertwig’s culture conjugation had not oc- 
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Text figure 15 

curred (it is impossible to prove this since he employed mass 

cultures in the work) then it is also true that he discovered at 

least one of the steps in the process which is outlined in the pre- 

sent paper but obviously he failed to recognize its general funda- 

mentalimportance. This is evident from the trend of his work 

and that of his students, on the life history of Infusoria, during 

the subsequent quarter of a century. 

Another question naturally suggests itself at this point: Is 

the process confined to Paramaecium aurelia? Figure 34 (pl. 

3) is from a pedigreed race of Paramaecium caudatum which we 

have studied by the same experimental methods, and shows a 

characteristic stage in the process. This indicates that it occurs, 

at least with essentially similar features, in Paramaecium cau- 

datum also. It will be shown in a later section of this paper 

that certain of the morphological changes interpreted by Calkins, 

Popoff and others as degeneration phenomena in Paramaecium 

caudatum are in all probability the same process. It may be 

mentioned here, however, that Doflein (’07) figures an abnormal 

conjugating pair of Paramaecium caudatum, one animal of which 

appears to be a typical vegetative animal while the other shows 

what he interprets as conjugation nuclear phenomena in a single 
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animal. From our results we would interpret this as a stage in 

the ascending phase of the process, because he figures the four 

macronuclear anlagen typical for Paramaecium caudatum and 

terms them Mikronukleusderivate (see text figure 15, which is 

a copy of Doflein’s figure). 
Finally, does the process occur in other genera of Infusoria, 

and in other classes of Protozoa? Later in this paper we shall 

discuss the literature relative to this point but it can be stated 

here that while no positive evidence is extant to answer this 

question, because pedigreed cultures involving a daily detailed 

cytological study have not been made, nevertheless, such more 

or less random facts as may be gleaned from various investiga- 

tions strongly suggest, at least, that the authors are dealing with 

comparable nuclear reorganization phenomena. 

VI. THE REORGANIZATION PROCESS AND ITS RELATION TO 

RHYTHMS 

Earlier work on this culture has shown that there are rhythms 

in its rate of reproduction which are not the results of environ-. 

mental variations, but which are due to some periodic internal 

phenomena of unknown character. 

Minor fluctuations are evident in the division rate of other 

species of Infusoria bred by the daily isolation method first 

employed by Calkins. The fluctuations in the culture graphs 

of Calkins on Paramaecium caudatum, Woodruff on Oxytricha 

fallax and Gastrostyla steinii, Gregory on Tillina magna, and 

Moody on Spathidium spathula appear to be of the same 

character as those demonstrated in this culture. However, - 

since the authors in the study of the life history of these species 

have not eliminated the possibility that the fluctuations in the 

division rate are the results of environmental changes, it is im- 

possible to state positively that the fluctuations observed by 

them are actually ‘rhythms,’ though it is highly probable that 

such is the case. 

It is important to emphasize the fact, although it is well 

known, that relatively slight changes in culture medium or tem- 
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perature will change the division rate. Indeed it may be said 

that the rate of reproduction is a function of the environment 

of the cell—except as the rhythms interfere—and consequently 
the fluctuations which appear in the graph of the division rate 

of a culture are not, ipso facto, true rhythms, i.e., due to “inherent 

rhythmical changes in the phenomena of the cell’? (Woodruff and 

Bantsell: “11. b, ps. 3o7). 

The present cytological study demonstrates the nature of the 

inherent changes in the cell which have their obvious physio- 

logical expression in the rhythms of the rate of reproduction. 

The relations of the process to these fluctuations can be most 

readily appreciated by a consideration of graphs of the rate of 

divisions of Lines VI and III of Sub-culture IE, which was sub- 

jected to the constant culture medium of beef extract and to 

practically constant temperature conditions (about 26°C.) with- 

in the optimum zone for this race. 

The five-day period was adopted in the presentation of our 

results because this was the method of constructing the graph 

emphasized in the original study of rhythms in this culture. 

It is realized, of course, that a five-day period is largely an 
arbitrary one and that the ideal graph would present the momen- 

tary changes in the metabolism of the cell. Data for such a 

curve being absolutely impossible to secure, it might seem at 

first glance that the daily record of division would approach 

most nearly to this ideal condition. As a matter of fact, the 

twenty-four-hour period is as arbitrary as the five-day period 

when it is considered that this is a long period when compared 

with the metabolic changes in the cell and that the daily record, 

made at approximately 11 a.m., would merely give the divisions 

actually completed during the previous twenty-four hours. for 

example, let us assume that, at the time of isolation, two animals 

are present, representing one division during the previous twenty- 

four hours. The record for that day is one division. One ani- 

mal is then isolated and it divides within an hour and each of the 

resulting cells again divide twice before the next isolation. The 
record for this second day is three divisions, thus the record for 

the two days shows a different division rate for each day, 1.e., 
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one division against three divisions, whereas a more true, but 

not a perfect, picture of the state of affairs is given by the state- 

ment that four divisions occurred in forty-eight hours. One 

might follow this argument to its logical conclusion and assume 

that the best method of presentation would be to average for 

considerable periods, e.g., 10 or 30 days, but this obviously would 

tend to obliterate any fluctuations in the rate which are not of 

relatively long duration. The adoption of the five-day period 
was made in recognition of both of these contingencies, and it 

was of a duration particularly well suited to show the effect of 

the process on the reproductive rate, because the process extends 

over about nine cell divisions or a pericd of about six days. 

Consequently the effect of the process makes itself evident in 

the five-day plot. Certain apparent irregularities in the coin- 

cidence of the phenomena are, from an actual study of all the 

data at hand, clearly due to the fact that the five-day period is 

not ideal. f te 

In a consideration of the relation of rhythms to the reorgani- 

zation process it will be convenient to consider first the data 

from Line VI, Subculture IE, since animals from this line were 

preserved every day of its existence and, during the process, 

every animal was preserved except the one needed to keep the 

line alive. 

Inspection of the graph of this line shows at a glance five 

fluctuations in the reproduction rate which would naturally be 
interpreted as rhythms (cf. text fig. 16) while a study of the 

cytological condition of the specimens shows that the low point 

of each of the first four fluctuations is coincident with the pro- 

found nuclear changes of the reorganization process. The fifth 

fluctuation, during which the division rate fell to nearly three- 

quarters of a division per day, was brought about by the con- 

tamination of the medium at the time of transference with a 
deleterious strain of bacteria, from the effects of which the ani- 

mals of this line never completely recuperated and succumbed 

upon the recurrence of the process for the fifth time. Conse- 

quently it is evident that four out of the five fluctuations are 
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Text fig. 16 Graph of the rate of division of line VI, subculture IE, averaged 

for five-day periods. The periods during which the reorganization process oc- 

curred are indicated by an X. 

actually rhythms, 1.e:, not obviously due to changes in the envi- 

ronment, and at the low point of each of these rhythms the process 

was in progress. ‘Table 1 shows that the process in Line VI was 

in progress at the 4057th, 4104th, 4140th, 4183d, and 4231st 

generation when the line died. These generations represent ap- 

proximately the climax of the process. Thus it is clear that in 

the line under consideration the process occurred at intervals 

of about 40 to 50 generations or about every twenty-five to 

thirty days, and that the low point between each of the first four 

fluctuations was coincident with the nuclear reorganization. This 

evidence from Line VI shows clearly a relationship between the 

rhythms and the nuclear reorganization. 

Cumulative evidence which establishes a casual relationship 

between rhythms and the process is afforded by a study of Line 

III which was carried continuously for eight months. Aniinals 
from Line III were not preserved every day at the time of iso- 

lation (as was the case with Line VI) owing to the great amount 

of labor involved, but at intervals of several days duration. That 

is, no attempt was made to have a complete pedigreed series of 

stages showing its daily cytological condition but merely a broad 
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view of its nuclear state. By this method the process was dis- 
covered at the 4065th, 4189th, 4237th, 4315th generation (cf. 

table 2). Text figure 17 gives the graph of the division rate of 

this line, plotted the same as that already presented for Line 

VI, and shows the periods in which the generations involving 

nuclear reorganization were discovered. Here again in four out 

of five cases, the process coincides with the low point in division 

rate, i.e., between two rhythms. The occurrence of the process 

of the 4315th generation, however, coincides with the early 

ascending phase of the rhythm and is an exception for which the 

data afford no evident explanation. 

Gt erates S 
ql | 

Text fig. 17 Graph of the rate of division of Line IIT, subculture IE, averaged 

for five-day periods. The periods during which the reorganization process oc- 

curred are indicated by an X. 

The other main lines were carried chiefly for the purpose of 

affording a sufficient supply of animals in the process and, after 

the first couple of months, were preserved only when the process 

was suspected from the appearance of the cells, the rate of divi- 

sion and the length of time and the number of generations since 

its last occurrence. Consequently it is unnecessary to consider 

these lines in detail from the standpoint of the rhythms but 

simply to emphasize that the evidence derived from them is 

entirely corroborative of that presented from Lines VI and III 

(ef. table 3). In our description of the cytological changes in 
the process it has been shown that the phenomenon extends 

over about nine cell generations, and that at the climax divi- 

sion is deferred for a period of nearly 36 hours. Therefore, it is 
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evident not only that the reorganization process is coincident with 

the low point between two rhythms, but also that there is a causal 

relation between the reorganization process and the rhythms. 

VII. THE REORGANIZATION PROCESS AND ITS RELATION TO 

DEPRESSION PERIODS 

The results of the great majority of studies on various spe- 

cies of Infusoria, from the pioneer experiments of Biitschli and 

Engelmann, have indicated that these forms will not reproduce 

indefinitely if conjugation between two animals is prevented, 

but that the race shows signs of lowered vitality accompanied 

by marked morphological changes which sooner or later end in 

death. Improved methods of conducting the cultures, however, 

have enabled succeeding investigators to continue the races longer 

and longer, until studies on the culture which forms the basis 

of this paper have shown that under proper environmental con- 

ditions Paramaecium aurelia can be bred indefinitely without 

conjugation or artificial stimulation. In other words, there is 

no evidence of a life cycle, as understood and emphasized by 

Maupas, Calkins and other authors, which comprises a more 

or less definite number of cell generations beginning after con- 

jugation with the high potential of vitality of youth and maturity 

and leading to either old age and death or conjugation and 
rejuvenescence again. 

A critical survey of the literature, however, shows that another 

type of variation occurs in the life history of Infusoria under 

culture conditions which must be distinguished from the cycle. 

In certain cases this has been recognized by the author, but as 

a rule it has been passed over without comment owing to the 

fact that only by the daily isolation method of culture is it 

possible to demonstrate its reality. Apparently Hertwig (’00- 
04) from his study by mass culture methods of the life history 

of Actinosphaerium eichhornii, Dileptus gigas and Paramaecium 

caudatum was the first to contrast minor periods and deep 

periods of physiological depression, the latter resulting in death. 

The lesser periods were marked chiefly by a slight lowering of 
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the general physiological activities of the cells, and interpreted 

as the result of relatively slight disturbances of the nuclear con- 

dition which were overcome by internal readjustment. In the 

periods of deep depression, on the other hand, marked signs 

of degeneration were evident, for which the sole panacea was 

conjugation. This led Hertwig to the natural suggestion that 

the nuclear phenomena observed in physiological depression and 

those which occur at conjugation have fundamentally the same 

raison d’étre. 

Calkins (’04, p. 424) in his studies on Paramaecium caudatum 

noted that the well-marked cycles which resulted in death, unless 

Fhyfhm Fhythm 

Fracess 

Text fig. 18 Diagram illustrating the relation of the reorganization process 

to rhythms. 

drastic methods of artificial stimulation were resorted to, were 

of about six months duration, while intermediate cycles of less 
importance occurred at intervals of approximately ninety days, 

recovery from which took place without purposeful stimulation. 

In these smaller cycles morphological signs of degeneration were 

not observed, but in the well-marked cycles cytoplasmic and 

nuclear changes occurred. These varied somewhat in character 

at the low points of the various cycles, but in several instances 

Calkins was able to restore the normal condition by the oppor- 
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tune use of artificial stimuli. At the last cycle when all the 

methods of rejuvenation which were tried proved of no avail 

Calkins observed that the signs of degeneration were apparent 

in the micronuclei and, therefore, concluded that at last ‘ger- 

minal death’ occurred. 

Some very suggestive nuclear conditions are figured by Calkins 

(04) from animals in his depression periods. Calkins’ figure 15, 

plate 2, shows an animal of his B series just before its death in 

the 502d generation, which had been treated with beef extract. 
He states ‘‘that the micronucleus has divided three or more 

times and the daughter nuclei have accumulated at one end.” 

His photograph does not convince us that these are really micro- 

nuclei. If they are they clearly represent an early ‘‘reduction’’ 

phase of the process as described by us for Paramaecium aurelia. 

We are inclined, however, to interpret these ‘micronuclei’ as 

chromatin bodies since we have found that in Paramaecium 

caudatum, as in Paramaecium aurelia, this is the method of 

dissolution of the macronucleus during the process. This figure 

of Calkins should be compared with our figure 34 (pl. 3) which 

shows the chromatin bodies in Paramaecium caudatum. Text 

figure 19 (Calkings’ fig. 16, pl. 2) shows an animal from his 

A series in the 602nd generation treated for twenty-five minutes 
with phosphoric acid. It was transferred to hay infusion and killed 
twenty-four hours afterwards. The macronucleus is broken into frag- . 
ments; the micronucleus has divided and one part (left center) seems 
to be forming a new macronucleus. (This individual offers the only 
evidence obtained of nuclear fragmentation and reconstruction through 
artificial means. ) 

This suggestive comment by Calkins, given merely in his 

description of plates, apparently hits the mark. We must inter- 

pret this depression animal of Calkins, which he attempted to 

‘rejuvenate’ by phosphoric acid, as at the end of the climax of 

our process with many chromatin bodies and two macronuclear 

anlagen. The micronuclear condition is not clear from the photo- 

graph (compare text figs. 19 and 20, p. 484). 

Maupas’ observation that in certain hypotrichous forms the 

micronuclei in some periods may be increased to a number 
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Text figures 19 and 20 

beyond that typical for the species was substantiated by Wood- 

ruff (05) who observed marked macronuclear fragmentation as 

well as a tendency to micronuclear reduplication at periods of 

low division rate in a culture of Oxytricha fallax. The fact that 

Woodruff was able to ‘rejuvenate’ the race when apparently on 7 

the verge of extinction led him to state that ‘‘we are hardly 

justified in assuming that Protozoa, when dividing at a low rate, 

with nuclei fragmented, etc., are exactly ‘abnormal,’”’ and “‘sug- 

gests that we are justified in regarding these changes as phases 

in the life history of Infusoria which occur under certain con- 
ditions after a considerable period of vegetative reproduction.”’ 

It now seems probable that this tentative suggestion points in 

the right direction. The discovery of atypical conditions, chiefly 

during the period of deepest depression and throughout the 

month that it persisted before ‘rejuvenation’ occurred, would 
seem to indicate that owing to unfavorable environmental con- 

ditions the race of Oxytricha was in an unhealthy state which 

resulted in a series of abortive attempts to reorganize itself, the 

final one of which was successful. 
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Popoff (’07) found in the culture of Stylonychia mytilus, which 

he bred for three and one-half months, that after three periods 

of depression had occurred the race finally became extinct during 

a period of ‘‘sehr tiefe Depression.’ Popoff does not make a 

distinction between these various depressions, except in regard 

to their intensity. He records the fact that at these times char- 

acteristic nuclear changes as well as a tendency to conjugation 

were in evidence though both were most pronounced during the 

very deep depression. Again, in a culture of Paramaecium cau- 

datum, the data from which he does not present in as much 

detail, he found essentially similar depressions and nuclear meta- 

morphoses. He identifies the deepest periods of depression with 

those described by Maupas as ‘“‘dégénérescence sénile”’ by Hert- 

wig as ‘‘physiologischer Tod,” and by Calkins as ‘‘depression 

periods.”’ 

In a later study Popoff (’09) stated that he was able to produce, 

by treatment with various chemical reagents, identical variations 

in the nuclear apparatus of cultures of Stylonychia mytilus and 

Paramaecium caudatum, which in turn he considered similar 

to those observed by Kasanzeff in starved Infusoria. In other 

words, Popoff concluded that the nuclear phenomena in all his 

depression periods are exactly the same as those induced by 

starvation, chemical stimuli, ete., and further that they cannot 

be distinguished from those which occur at the onset of normal 
conjugation. In text figure 21 (Popoff’s fig. 25, pl. 2) is shown 

an animal with two micronuclei in mitosis from a culture of 

Paramaecium caudatum which Popoff had treated with ammo- 

nium. This specimen we would interpret as an early ‘reduction’ 

division in the reorganization process under discussion. 

We have found that it is possible to retard: or hasten the 

occurrence of the process by the character of the culture medium; 

for example, it may occur a few days earlier in animals not 

supplied daily with fresh culture fluid than in the regular lines. 

Consequently we can readily believe that treatment with the 

reagents employed by Popoff would influence its onset. Popoff 

figures specimens of Stylonychia mytilus in periods of depression 

and also after chemical treatment which he interprets as showing 
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Text figure 21 

the multiplication of micronuclei until there are a dozen or more 

in a cell. Although it seems clear that these represent stages 

in the process, it is impossible from his figures to be sure that 

many of the bodies which he interprets as micronuclei are not 

chromatin bodies which have arisen from the macronucleus as 

occurs in Paramaecium aurelia. However, Popoff’s paper shows 

that he recognizes a general similarity of the so-called depression 

phenomena and the cytological changes incident to the early 

stages of conjugation. Our data, secured by a daily cytological 

study of pedigreed animals, throw light upon Popoff’s isolated 

stages and indicate with considerable certainty that they are 

stages in the sequence of normal nuclear changes in the process 

which closely parallel conjugation both in morphological and 

physiological reatures. 

Gregory (’09) in a study of the life history of Tillina magna 
points out that ‘‘ . . . .~ the curve which represents the 

general vitality of the protoplasm shows the normal rhythmic 

fluctuations observed by Woodruff,’’ and in an analysis of the 
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data secured by Popoff in his study of the life history of Sty- 
lonychia mytilus shows that ‘“‘if the curve of Stylonychia is 

plotted from average records of five and ten-day periods, it will 

be found to correspond to the curves for Paramaecium, Oxy- 

tricha and Tillina, each showing the rhythmic periods of high 

and low vitality.”” We reproduce here (text fig. 22) Gregory’s 
curve plotted from Popoff’s data, with the depression periods 
indicated. ‘This curve is obviously strikingly similar to the ones 

which we give in the present paper to show the relation between 

the process and the rhythms. It is to be noted that at the low 

points between Popoff’s ‘rhythms,’ just as at the low points 

between our rhythms, nuclear changes occurred. This agree- 

ment, taken in conjunction with the fact that Popoff’s animals 

show evidence of the process we describe, probably makes it 

now safe to state that Popoff’s small depression periods are 

rhythms. Such being the case, we are in a position to identify 

with more certainty the minor depression periods of Hertwig and 

Calkins as rhythms also. 

When one considers the diverse culture methods used by the 

various authors and that merely cells selected at relatively long 

intervals and practically at random were studied by them, it 

is remarkable that so many indications of the process may be 

gleaned from their data. This affords additional evidence of 

the general occurrence of this phenomenon in Infusoria. We 

do not desire, however, to deny that abnormal cytoplasmic and 

nuclear conditions can and do occur in infusorian cultures, or 

to seem to attempt to interpret as stages of the process all the 

so-called degeneration stages figured by various authors. Now 

and then an animal in the culture of Paramaecium under con- 

sideration has failed to divide for several days and has finally 

died without signs of the process. <A study of such animals has 

shown what are certainly abnormal conditions of cytoplasm and 

nucleus. The cytoplasm appears ‘‘diluted’”’ and vacuolated, the 

pellicle has a characteristic glistening effect, and the cell-contents 

show more acidity than normal. The nucleus may assume vari- 

ous atypical forms. Such a condition may arise in various ways, 

but the usual one is the contamination of the medium with a 
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deleterious bacterial stram. Some types of bacteria produce 

unhealthy conditions which are readily recognizable when one 
has conducted a culture for a long time and consequently, when 

such appear, they can be eliminated. Now and then, however, 

a culture becomes contaminated with a form which does not 

produce a characteristic change in the medium and therefore it 

is not noticed. As a result, at the daily isolations, the fresh 

medium becomes infected. This was the case with Line VI of 

Sub-culture IE, as already described (cf. p. 467). The Infusoria, 

then, can and do degenerate and die as a result of unfavorable 

conditions, but we wish to reiterate that even under such con- 

ditions the cell sometimes attempts to restore its normal equi- 

librium by the inherent reorganization phenomenon. 

It is clear that the cycle emphasized by Maupas, Calkins and 

others is merely a phantom which has continually receded as 
each successive investigator has approached the problem with 

improved culture methods until it has vanished with Woodruff’s 

race of (so far) 4500 generations. What remains then is the 

rhythm and in the light of the present study, which demonstrates 

the underlying cytological phenomena of which it is anoutward 

physiological expression, the whole problem takes on a new aspect. 

The cell automatically reorganizes itself periodically by a process 
which, in its main features, simulates conjugation—but without 

a contribution of nuclear material from another cell. Therefore 

it is evident (as has been shown by this culture) that the forma- 

tion of a syncaryon, whose components are derived from two 

cells, is not necessary for the continued life of the cell—it has 

an internal regulating phenomenon which is entirely adequate 

to keep it indefinitely in a perfectly normal condition. 

VIII. ENDOMIXIS AND ITS RELATION TO CONJUGATION 

It is necessary now to consider the significance of the reorgan-’ 

ization process in relation to conjugation in which the formation 

of a syncaryon results in a union of chromatin from two distinct 

animals. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 17, No. 4 
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It has been shown in the main pedigreed culture of Para- 

maecium aurelia that at intervals throughout the seven years 
(to date) of its existence the process has occurred. It has also 

been shown that when a mass culture of animals from this race 

was under just the proper conditions, typical conjugation oc- 

curred.. Thus it ts proved that both the reorganization process 

and conjugation are potentialities of the animals of the same race— 

_and therefore there is no evidence for the view of Calkins (’13) 
that conjugating and non-conjugating races of Paramaecium exist 

(cf. p. 429), or that ‘‘apparently some paramaecia are potential 

germ cells, others are not.’”’ The cell clearly has two methods 

of reorganization which, so far as the evidence at hand indicates, 

may be employed indiscriminately. One is conjugation, the 

other is the reorganization process. 

The chief morphological changes incident to conjugation and 

the process may be contrasted as follows: 
In each case the old macronucleus is dissolved in the cytoplasm 

and micronuclear reduplication occurs until eight are present 

in the cell; 

In conjugation one of these micronuclei persists and by an 

extra division forms the stationary and migratory nucleus. This 
division is directly preparatory for the accession of foreign chro- 
matin. After the mutual interchange of the reduced micronuclei 
is effected, a syncaryon is formed. The latter gives rise to the 

new nuclear apparatus; 

In the reorganization process, on the other hand, one or two 
micronuclei persist (cf. p. 446), from which the new nuclear 

apparatus arises. 

After conjugation the reorganized cell has a new macronuclear 

and micronuclear apparatus composed of combined material from 
the two conjugants; 

. After the reorganization process the reorganized cell has a new 

macronuclear and micronuclear apparatus composed of material 

from its own micronuclei. 

In a word—the essential morphological difference is the entire 

absence of the introduction of foreign nuclear (and cytoplasmic) 

materral into the cell during the reorganization process. 
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Since the process results in the dissemination of the mate- 

rial from the old macronucleus and the so-called reduction micro- 
nuclei in the cell, it gives the opportunity for a rearrangement of 

the molecular constitution of the cell. This involves a more 

profound intermingling of nuclear and cytoplasmic substances 

than is possible during the typical vegetative life of the cell. 

Since this intermingling occurs within a cell we term this reorgani- 

zalton process endomixis. Endomixis is followed by a slight 

acceleration of cell phenomena and a new rhythm is initiated. 
Similarly, since the consummation of conjugation also results 

in the dissemination of the old macronucleus and of the ‘reduc- 

tion’ micronuclei in the cell it affords the opportunity fora 

rearrangement of the chemical constituents of the cell. But, 

further, the exconjugant is supplied with a new nuclear apparatus 

presumably derived equally from each conjugant. Thushere the 
introduction of foreign chromatin and possibly cytoplasmic mate- 
rial affords still greater opportunity for chemicalrearrangement. 

Therefore conjugation is a caryomictic phenomenon wheréas en- 

domixis, characterized by the non-formation of a syncaryon, is 

an apocaryomictic process. 
The general physiological effect, however, of conjugation in 

Infusoria is not demonstrated conclusively, though Calkins offers 

considerable evidence which indicates that, after its consumma- 

tion, all the processes of the cell, including reproduction, proceed 

with greater vigor, thus substantiating the view of Biitschli, 
Maupas, Hertwig and others. Jennings’ results on the other 

hand afford no support for this conclusion. 
Without considering this debated question, however, it is evi- 

dent from this culture that syngamy in Paramaecium is not 
necessary, under proper environmental conditions, for the con- 

tinued life of the race, and therefore that the formation of a 
syncaryon, composed of material partly derived from another 

cell, is not a sine qua non for a proper continuation of all the 
vital activities of the cell. We would therefore put emphasis 

on molecular rearrangement as the result common both to endo- 

mixis and to conjugation. Since accelerated vital activities fol- 

low this chemical change afforded by endomixis, it seems clear 
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that a similar condition follows conjugation, and therefore that 

one aspect of conjugation (though it is unnecessary for the life 

of the race under proper environmental conditions) is dynamic. 

Certain observations which we have made on mass cultures 

of Paramaecium aurelia indicate that endomixis and conjuga- 

tion may occur simultaneously in different animals of the same 
culture, thus strongly suggesting that the same general conditions 

lead to both phenomena—one animal meeting the conditions 

one way and another by the other, and that both phenomena 

fill essentially the same place in the economy of life of Para- 

maecium aurelia. Therefore it is evident that the vegetative 

aspect of the life history of Paramaecium is periodically inter- 

rupted by periods in which a dynamic reorganization occurs 
either by endomixis or by conjugation. 

IX. ENDOMIXIS AND ITS RELATION TO PARTHENOGENESIS 

One might at first glance consider endomixis as a case of par- 

thenogenesis, owing to certain similarities of the two phenomena. 

In parthenogenesis the new individual arises from one nucleus 

which is not a syncaryon, i.e., the fusion of completely inde- 

pendent nuclei. In endomixis the new nuclear apparatus is of 

micronuclear origin without the formation of a synearyon. Both 

parthenogenesis and endomixis therefore are apocaryomictic phe- 

nomena which must be contrasted with caryomictic phenomena 

such as conjugation, copulation and, toacertain extent, autogamy. 

The introduction of chromatin belonging either to another indi- 

vidual or to another nucleus of the same individual gives an 

opportunity for an extensive rearrangement of the nuclear sub- 

stance which cannot be effected to such a high degree in either 

parthenogenesis or endomixis. 

Although both parthenogenesis and endomixis are followed 

by Entwicklungserregung they afford some features which are 

not identical. In parthenogenesis there is a chromatin reduc- 

tion which occurs and is compensated for either in the egg itself 

or in some later period of the life cycle of the race. 
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Following the definition of Winkler (’08, p. 303), partheno- 

genesis may be considered as the ‘‘apomiktische Entstehung eines 

Sporophyten aus einem Ei,’’ it being of minor importance whether 
the reduced or unreduced number of chromosome is present. 

Strasburger (’07, p. 170) on the other hand puts the greatest 

weight on the chromosome number and applies the term par- 

thenogenesis only to cases in which an egg with the haploid 

number of chromosomes undergoes Entwicklungserregung. Ac- 

cording to the view of Strasburger, the reorganization process 

in Paramaecium cannot be termed parthenogenesis. In endo- 

mixis there is no evidence of a chromosome reduction. This race 

has existed normally without apparent change for over seven 

years, during which time it has undoubtedly undergone endomixis 

nearly one hundred times and thus it is clear that a chromatin 

reduction, involving a loss of specific chromatin or chromosomes 

and therefore according to the prevailing view a loss of hereditary 

units or gene material, cannot have occurred in endomixis. Fur- 

ther, the nuclear material from which the new nuclear apparatus 

. arises in endomixis cannot be considered as a gamete, because the 

third micronuclear division which forms the two gametes in Para- 

maecium aurelia does not occur in endomixis. The eight ‘‘reduc- 

tion’? micronuclei are comparable to gametocytes, the paramae- 

cium individual being a gamont before it starts to form the eight 

so-called reduction micronuclei (Liihe, Hartmann). So accord- 

ing to the definition of Winkler it seems impossible to consider 
endomixis as parthenogenesis in sensu stricto. 

We therefore have employed a new term ‘endomixis’ for the 

reorganization process in Paramaecium, in preference to par- 

thenogenesis which Hertwig applied when he incidentally noted 

some isolated stages of the nuclear phenomena which we have 

elucidated. The stages observed by Hertwig were insufficient 

to give a clue to the sequence of cytological changes—this being 
necessary for a realization of the importance and proper classi- 

fication of the reorganization process. 
If subsequent research should show (which from our work 

seems highly improbable) that a third micronuclear aivision, 

involving a chromosome reduction, does occur in the descending 
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phase of the process which we term endomixis, it is obvious 
that the phenomenon would still fall under endomixis and not 
under parthenogenesis since the latter term is, according toour 

interpretation, restricted to cases in which gametes undergo 

Entwicklungserregung. The only way to justify the applica- 

tion of the term parthenogenesis is sensu. stricto to the phe- 

nomenon which we call endomixis would be by proving that in 

the latter process a reduction of the number of chromosomes 

actually takes place in a micronucleus which can be considered 
as the equivalent of a gamete, and that for this reduction there 

is a compensation. 

However, if one is inclined to employ the term parthenogenesis 

in a very broad sense to include all cases of Entwicklerregung 
without regard either to the character of the cell (egg, gameto- 

cyte, gamont, somatic cell) in which they occur, or to haploid 

or diploid condition of the chromosomes, then endomixis is a 

new type of parthenogenesis. It is always difficult to relate 

properly a newly discovered phenomenon to analogous processes. 

In the present instance this is doubly difficult owing to the fact . 

that in the protista the formation of a typical macrogamete 

closely analogous with that of metazoa and metaphyta is the 

exception rather than the rule. It is probable that future study 

of other Protista (e.g., bacteria, amoeba, trypanosomes, plas- 

modia, etc.) will reveal nuclear reorganization processes which 

will make certain the proper place of endomixis among the already 

complicated apdcaryomictic phenomena. 

X. ENDOMIXIS AND ITS RELATIONS TO VARIATION, HEREDITY 
AND THE SIGNIFICANCE OF CONJUGATION 

We deem it inadvisable in the present paper—which is essen- 

tially a description of cytological and physiological observations 

—to enter into an extended discussion of the wide theoretical 
bearings of endomixis on the problems of variation, heredity and 

amphimixis. It is important, however, to consider briefly certain 

points which are obviously suggested by the observations de- 
scribed. This may be facilitated by a rapid survey of the facts 
which are to be interpreted. 
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1. Paramaecium aurelia can reproduce indefinitely without 
conjugation under favorable environmental conditions. The so- 
called life cycle is non-existent. 

2. Minox periodic fluctuations (rhythms) occur in the rate of 

reproduction. 
3. The rhythms are the obvious physiological expression of 

periodic internal phenomena. 

4. The internal nuclear phenomena comprise the formation 

of a complete new nuclear apparatus of Sgt origin. 

This process we term ‘endomixis.’ 

5. The essential cytological difference between endomixis and 

conjugation is the absence of the third division which in conju- 
gation forms the stationary and migratory micronuclei, and of 

necessity the non-formation of a syncaryon. 

Now it is important to emphasize again that this race of 

Paramaecium aurelia has existed (so far) for over seven years 
and through more than 4500 generations in a perfectly normal 

manner without conjugation, during which time it has undergone 

endomixis frequently, undoubtedly on the average once each 

month. Further, conjugation has been successfully consummated. 

by animals from this culture and therefore both endomixis and. 
conjugation are normal phenomena in the life of this same race. 

It seems clear then that this culture offers strong physiological 

evidence against the interpretation of either of the first two 

so-called reducing micronuclear divisions as actually being a 
chromosome reducing division. Since the nuclear changes in en- 

domixis and conjugation are fundamentally the same except for 
the absence of the third micronuclear division in the former, it 

is justifiable to regard this third micronuclear division which 

occurs in conjugation as the one directly preparatory, from the 

standpoint of chromosome reduction and sexual phenomena, for 

the imminent accession of foreign chromatin in the form of the 

migratory micronucleus of the other conjugant. 

Endomixis, involving as it does the disintegration and absorp- 

tion of the old macronuclear and micronuclear material, affords 

the opportunity for molecular rearrangement and therefore may 

afford the opportunity for the origin of variations within a pure 
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line of Paramaecium. Jennings in his extensive studies on this 

organism has been able to discover only variations about the mean 

in pure lines without conjugation. These variations about the 
mean, we believe, are probably brought about, in part at least, 

by endomixis because, although there is no opportunity in this 

process for an introduction of foreign nuclear material, never- 

theless there is an opportunity for its rearrangement. But Jen- 

nings admits that ‘‘ There remains the possibility that heritable 
variations of a totally different (lesser) order of magnitude may 

arise during vegetative reproduction” (713, p. 355). There is 

no evidence from the race of Paramaecium which is the basis 

of our studies that variations in morphological features or in 

the division rate have occurred during its long cultivation which 

have been inherited—the animals of the 4500th generation being 

apparently in all ways similar to those of the early generations 
—but we wish to point out that, a priori, endomixis affords a 

field for the origin of such variations. It is conceivable that 

‘heritable’ variations may result from some rare recombinations 

in endomixis. Biometrical studies of animals in isolated lines 

subsequent to endomixis are highly desirable. 
In higher organisms fertilization has a dynamic as well as a 

hereditary réle, and that these may be separated is amply at- 

tested by so-called artificial parthenogenesis. In the conjuga- 

tion of Paramaecium, Calkins, among recent investigators, has 

put emphasis on the dynamic aspect, though admitting the 

probability that conjugation is a source of variation; while Jen- 

nings definitely states that ‘‘There is no evidence that conjuga- 

tion in the infusoria increases the reproductive power or reju- 

venates the organism physiologically in any way” and puts all 

the emphasis on the side of variation and heredity. 
Endomixis does initiate a new rhythm in the life history of 

Paramaecium, i.e., a period of increased metabolic activity and 
therefore of reproductive activity, and since its fundamental 

morphological features are almost identical with those prelimi- 

nary to the formation of the stationary and migratory micro- 

nuclei in conjugation, it lends strong support to the view that 

the dynamic aspect of conjugation is not absent. 
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From the life history of this race of Paramaecium aurelia we 
‘lean toward the view that both endomixis and conjugation in the 

infusorian, as fertilization in higher forms, have a two-fold sig- 

nificance—both afford the opportunity for molecular rearrange- 

ment which leads to increased physiological activity, and the 

opportunity for variation. The life of the paramaecium race 

can proceed indefinitely with endomixis under favorable environ- 

mental conditions—conjugation being unnecessary. ‘‘Senilede- 

generation”’ and ‘‘physiological death’ are not the inevitable 

result of continued reproduction without conjugation—the cell 

has an internal regulatory phenomenon, endomixis, which 

is self-sufficient for the indefinite life of the race. 

From whatever standpoint one views the wealth of data which 

has been secured during recent years in regard to the problems 

of variation, heredity, and the significance of conjugation in 

Protista, it is clear that hereafter, in the interpretation of previous 

and the prosecution of subsequent studies, due weight must be 

accorded to endomixis. 
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EXPLANATION OF PLATES 

All the figures represent specimens of Paramaecium aurelia, except figure 34. 

The animals figured in red were fixed with sublimate-acetic and stained with 

Ranvier’s picrocarmine; those figured in blue were fixed in Schaudinn’s sublimate- 

alcohol and stained with Delafield’s hematoxylin. The drawings were made from 

total preparations, with Abbe camera lucida, Zeiss homogeneous immersion 2 

mm. and compensating ocular 12, with drawing board level with stage of micro- 

secpe. Magnification, about 1500 diameters. Reduction for plates, one-half, 

which has obscured some micronuclear details. 
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PLATE 1 

EXPLANATION OF FIGURES 

Descending Phase 

1 Main Culture I, Line b, 424th generation, April 11, 1908. Normal animal 

in the period when the reorganization process is not in progress. 

2 Subculture IE, Line VI, 4020th generation, October 27,1913. Normal ani- 

mal in the period when the reorganization process is not in progress. 

3 Subculture IE, Line VIh, 4236th generation, February 21, 1914. Animal 

just before the beginning of the process in the 4238th generation. Macronucleus 

with coarse granules; two micronuclei which have shifted from their ordinary 

position close together at one side of the macronucleus. 

4 Subculture IE, Line IV, 4044th generation, November 10, 1913. Small 

projections from the macronucleus; two resting micronuclei, and several vacuoles 

containing bacteria. 

5 Subculture IE, Line VI, 4094th generation, December 9, 1913. Large pro- 

jections from the macronucleus, which is coarsely granular. Two micronuclei 

shifted from their typical position. 

6 Main culture I, Line c, 452d generation, April 30, 1908. Two chromatin 

bodies which have been ejected from the partially membranous macronucleus; 

two micronuclei shifted from their typical position. 

7 Subculture IE, Line VI, 4182d generation, January 24, 1914. Animal in 

process of division during the descending phase of the process. One chromatin 

body, numerous vacuoles, four division micronuclei and the remnant of a divi- 

sion spindle. 

8 Subculture IE, Line V, 4023d generation, October 30, 19138. Several chro- 

matin bodies, some within and some which have passed out from the macronucleus. 

Two isolated micronuclei showing indicaticns of division. 

9 Subculture IE, Line II, 4069th generation, December 2, 1913. Macronucleus 

still further resolved into chromatin bodies; micronuclei are obscured by the 

macronucleus. Numerous vacuoles present. 

10 Subculture IE, Line VI, 4130th generation, December 25, 1913. Numerous 

chromatin bodies the position of which in the cell indicates the effect of cyto- 

plasmiccurrents. Macrconucleuspartiallymembranous. Animalstarted to effect 

the process which however was actually accomplished in this line in the 4140th 

generation. One micronucleus visible. : 

11 Subculture IE, Line IIIa, 4271st generation, March 12, 1914. Almost 

completely disintegrated macronucleus. Two micronuclei dividing to form four 

‘reduction’ micronuclei; an irregular division in a third micronucleus. ; 

12 Subculture IE, Line VIj, 4314th generation, April 4, 1914. Macronucleus 

nearly devoid of chromatin; numerous chromatin bodies; three micronuclei divid- 

ing to form six ‘reduction’ micronuclei. 

13 Culture B, Berlin race, October 6, 1913 (see page 473). Numerous chro- 

matin bodies; six so-called reduction micronuclei. Climax of process. 
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PLATE 2 

EXPLANATION OF FIGURES 

Climax 

14 Main culture J, Line ¢, 426th generation, April 9, 1908. Old macronu- 

cleus merely in the form of a membrane from which the numerous chromatin 

bodies have been ejected and are free in the cytoplasm. Eight so-called reduc- 

tion micronuclei two of which are lying isolated; the others in groups of three. 

15 Main culture, Line b, 1498 to 1499th generation, December 12, 1909. A 

division stage at the climax of the process. Numerous chromatin bodies in each 

sister cell. One shows a membranous remnant of the old macronucleus. Each 

has only one micronucleus. 

16 Mass culture started from main Culture I, October 12, 1913 (see page 435). 

One cell is in same stage as both cells in figure 15. The other cell shows the for- 

mation of the macronuclear anlagen, several chromatin bodies and two micro- 

nuclet. ‘ 
17, 18 and 19 Culture B, Berlin race, October 6, 1913 (see page 473). Three 

animals illustrating the details of the formation of the macronuclear anlagen. 

Figure 17 shows two micronuclei, one macronuclear anlage ccmpleted and the 

other macronuclear anlage just beginning to be evolved from a micronucleus. 

Figure 18 shows two micronuclei and two completely formed macronuclear an- 

lagen. Figure 19 shows the same except that the micronuclei have divided for 

the next cell division. In these three figures the chromatin bodies have been 

omitted. The cells have been counterstained with eosin. 

20 Subculture IE, Line Vla, 4084th generation, December 4, 1913. Animal 

shows two macronuclear anlagen which have lost their initia] form. Chromatin 

bodies beinning to disintegrate. Two micronuclei. 

21 Subculture IE, Line VI, 4107th generation, December 16, 1913. The same 

stage as shown in figure 20, except that one of the micronuclei has completed divi- 

sion and the other is in process of division: 

22 Subculture IE, Line III, 4063d zeneration, November 23, 1913. Essen- 

tially the same stage as former but showing both micronuclei in division. 

23 Main culture I, Line c, 1755th generation, May 1, 1910. Animal figured 

to show that the complete reorganization of the cell occurred in the same manner 

at a relatively early pericd in the history of the main race. 

24 Culture B, Berlin race, March 15, 1913. Animal figured to show that the 

complete reorganization occurred in an animal from a different race. Only one 

micronucleus is evident, the other being obscured by the chromatin bodies. 
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PLATE 3 

EXPLANATION OF FIGURES 

Ascending Phase (Except figures 31 to 34) 

25 Subculture IE, Line VIb, 4174th generation, January 18, 1914. Animal 

after the first cell division. One macronuclear anlage. Some chromatin bodies 

in process of disintegration and enclosed by vacuoles. One micronucleus has 
divided and the other is in process of division for the ensuing cell division. 

26 Subculture IE, Line VI, 4185th generation, January 25, 1914. A charac- 

teristic stage of the ascending phase of the process. New macronucleus with fine 

chromatin granules. Two micronuclei present in cell but one near end omitted 

from drawing. Chromatin bodies disintegrating. Cf. sister cells, text fig. 8. 

27 Subculture IE, Line IIIb, 4313th generation, April 3, 1914. New macro- 

nucleus, two micronuclei, four chromatin bodies and the cloud-like chromatin 

remnants of the others. 

28 Mainculture I, Lined, 1432 to 1433d generation, November 7, 1909. Young 

animals just after division during the ascending phase of the process. Micro- 

nuclei in each show various stages of division for the following cell division. 

The, cell division just being completed is the fifth in about twenty-four hours 

(see page 456). A few chromatin bodies still present. 

29 Subculture IE, Line VI, 4187th generation, February 27, 1914. New macro- 

nucleus, two micronuclei and three chromatin bodies. 

30 Main culture I, Line b, 1201st generation, June 7, 1909. New macronu- 

cleus, two micronuclei and two remaining chromatin bodies one of which is under 

the macronucleus. 

31 Mass culture seeded from main Culture I. An epidemic of conjugation 

in progress. Animal with micronuclei in process of division. 

32 Pair of conjugants, showing first micronuclear division after formation of 

the synearyon (cf. page 429 and page 453). 

33. An exconjugant from isolated conjugating pair. First vegetative division 

completed. Macronuclear anlagen assuming typical macronuclear form. Note 

finely granular condition of chromatin typical of new macronucleus. Two micro- 

nuclei are present. Five food vacuoles with bacteria and promiscuous culture 

material in which conjugation was secured. 

34 Paramaecium caudatum, Culture Y, Line 2, 139th generation, April 29, 

1914. Descending phase of the process showing the formation of the chromatin 

bodies in this species. The one characteristic micronucleus of caudatum has 

divided. Only optical section of micronuclei is drawn. 
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PLATE 4 

EXPLANATION OF FIGURES 

Additional Stages 

35 Subculture LE, Line VIb, 4092d generation, December 12, 1913. Typical 
form of macronuclear disintegration. Macronucleus small. Numerous chroma-. 
tin bodies. Three micronuclei present. 

36 Subculture IE, Line VI, 4102d generation, December 14, 1913. Typical 
form of macronuclear disintegration. Macronucleus of typical size, practically 

devoid of chromatin. Numerous chromatin bodies. Four reduction micronuclei; 

(cf. figs. 1l and 12). Ao, text figure 4, is sister cell. 

37 Subculture IE, Line VIa, 4087th generation, December 6, 1913. An atyp- 

ical form of macronuclear disintegration, slightly resembling the ribbon-like 
formation characteristic of conjugation. Beginning of micronuclear reduction. 

38 Mass culture started from main Culture I, October 12, 1913. Transverse 

section through an animal at the climax. Seven chromatin bodies; two micro- 

nuclei in a cytoplasmic layer are visible. Stained with safranin. 

39 Mass culture started from main Culture I, October 12, 1913. The pos- 

terior cell is in the same stage as both cells in figure 15. The anterior cell, 

after the formation of the macronuclear anlagen, has effected one more micro- 

nuclear division than the animal in figure 16a. The food vacuoles present 

contain remnants of material from hay infusion medium. 

40 Subculture IE, Line Vth, 4355th generation, April 24, 1914. Stage at the 
end of the climax after the cell division characteristic of this period. Half the 

products of the next micronuclear division will become the two macronuclear 
anlagen. ; 

41 and 42 Subculture IE, Line VIn, 4436th and 4437th generations, June 12, 

and 14,1914. Cell 4436 has completed the cell division in the climax. Numerous 

chromatin bodies and one micronucleus. The sister cell in the 4436th generation, 

which kept the line alive, formed the macronuclear anlagen and by a division in 

abcut forty-eight hours distributed these to each of the two cells of the 4437th 

generation. One of these cells is shown in figure 42. Numerous chromatin 

bodies, one macronuclear anlage and four micronuclei. The micronuclear divi- 

sion indicates the quick succession of cell divisions characteristic of the ascend- 
ing phase. 

43 Subculture IE, Line VIq, 4437th generation, June 13, 1914. Animal after 

the first division in the ascending phase. New macronucleus with condensed 
chromatin. Three micronuclei. 

44 Mass culture from main Culture I. Shows ribbon-like formation of macro- 

nucleus in aconjugating animal (cf. figs. 32and37). Eight reduction micronuclei, 

three of which are drawn. 
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THE REACTION OF EMBRYONIC CELLS TO SOLID 

STRUCTURES 

ROSS G. HARRISON 

Osborn Zodlogical Laboratory, Yale University 

FOURTEEN FIGURES 

It is generally recognized that the movement of cells and cell 

masses 1s an essential factor in morphogenesis.!. The most 

obvious movements concerned in the development of the Metazoa 

are those of cell aggregates, but these are often complicated by 

their association with growth or increase in mass. On the other 

hand, the movements of single cells, involving growth only to a 

very slight extent, are less complex and, at the same time, with 

our present methods of tissue culture, are readily amenable to 

observation and experiment. The mechanism of this move- 

ment is the streaming of the cell protoplasm, and the ontogenetic 

results depend upon the physical properties of the protoplasm 

itself and the stimuli which act upon it. 

The importance of such factors in development was fully 

recognized twenty years ago by Roux? in his experimental study 

of the behavior of isolated cells of the frog’s blastula, and by 

Herbst* in his ‘Reizphysiologie.’ Even before this Loeb* had 

considered the tropisms of cells, and had shown that the arrange- 

ment assumed by certain chromatophores in the fish embryo is 

dependent upon a stimulus emanating from the circulating blood. 

Somewhat later Driesch® also took up the question and found a 

1 The various types of movement occurring in ontogeny have been carefully 

classified by Davenport in his ‘‘Preliminary catalogue of the processes concerned 

in ontogeny.’’ Bull. Mus. Comp. Zoédl. Harvard Coll., vol. 27, 1896. 

2 Cytotropismus. Arch. f. Entw. Mech., Bd. 1, 1894; Bd. 3, 1896. 

3 Biol. Zentralbl., Bd. 14 and 15, 1894, 1895. Also Formative Reize, Leipzig, 

1901. 
4 Jour. Morph., vol. 8, 1893. 

> Arch. f. Entw. Mech., Bd. 3, 1896. 

o21 
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striking case of a cellular tropism (taktische Reizbarkeit) in 

the behavior of the mesenchyme cells of the sea urchin embryo. 

It must likewise not be forgotten that as early as 1892 Ramén 

y Cajal had stated his theory of chemotaxis to account for the 

outgrowth of the nerve fiber. Inexplicable as it may seem, 
very little of a definite nature has been added to our knowledge 
of this field since the period just cited. 

In my work on the development of peripheral nerves’ it was 

definitely shown in confirmation of Cajal’s theory, that the active 

factor in the spinning of the nerve fiber is a small mass of amoe- 

boid protoplasm at the end of a cell process. The formation of 

long fibers by means of this mechanism was found to be a char- 

acteristic of embryonic nervous tissue, but other somewhat 

different forms of activity of the same general nature were seen 

in all cells of the frog embryo when cultivated in clotted lymph.® 

No rigorous proof of the reaction of moving cells to definite 

stimuli was given in the course of these experiments. One of 

the most striking circumstances noted, however, was that when 

the lymph clotted firmly the movement was nearly always active, 

while in the cases in which the medium remained fluid only 

rounded cells were seen and these failed to undergo characteristic 

changes of form and locomotion. These observations led to the 

hypothesis that the cells were positively stereotropic and therefore 

unable to leave the solid masses to move out into purely fluid 

media. The work of Burrows with tissues of the chick embryo 

lent support to this hypothesis and it has since received further 

confirmation from other sources.’ Prior to this L. Loeb,!® 

® La rétine des vertébrés. La Cellule, T. 9, 1892. 

7 Anat. Rec., vol. 1, 1907; Jour. Exp. Zo6l., vol. 9, 1910. 

8 Cells with processes of hyaline protoplasm were seen by Roux in the course 

of his work on cytotropism. The pseudopodia were described by him as occurring 

on cells that had become attached to the bottom. In one passage Roux states 

(op. cit., p. 163) that it is doubtful if any eytotropic movements take place without 

the solid base. 

* Burrows, Jour. Exp. Zo6él., vol. 10, 1911; Carrel and Burrows, Jour. Exp. Med., 

vol. 14, 1911; Holmes, Univ. California Pub., Zodlogy, vol. 11, 1913. 

10 Arch. f. Entw. Mech., Bd. 6, 1897; Bd. 13, 1902; Zeitschr. f. Krebsforschung, 

Bd. 5, 1907. 
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from his studies on the growth of epithelium and carcinoma, was 

likewise led to the view that these tissues are stereotropic. 
Nevertheless, none of these cases established the occurrence of 

this phenomenon beyond doubt. It seemed to be only a probable 

explanation of certain scattered facts. The experiments described 

in the present paper were designed to put the hypothesis to a 

more rigorous test. 

Examples of stereotropism (thigmotaxis) have long been known 

in plants and there is a wide range of reactions in animals that 

may be gathered under this head, some of which have been 

considered by J. Loeb! and by Verworn.!2 These reactions, 

are however carried out mostly by complex mechanisms and 

have but little direct resemblance to the cellular phenomena 

here considered. The best known case of positive stereotropism 

in single cells is that of the spermatozoa of Periplaneta, originally 

described by Dewitz,!* who called attention to its significance 

in the act of fertilization. Jennings’s™ description of the move- 

ments of amoeba indicate that here also reaction to solids plays 

an important part in locomotion. 

METHOD OF EXPERIMENTATION 

The plan of experimentation in the present work consisted in 

varying the three principal factors involved in the cultivation 

of tissues, viz., the tissue itself, the fluid medium, and the solid 

support. The results have shown that all three of these factors 

have some determining relation to the movement observed. 

Each tissue has certain characteristics, as seen especially in the 

differences manifested by epithelium, connective tissue and 

nervous tissue; the constitution of the fluid medium has a marked 

effect upon the vigor of the movement; the solid support influences 

the form and arrangement assumed by the moving cells, and its 

11 Heliotropism der Tiere. Wirzburg, 1889; Studies in general physiology, 

Chicago, 1905; Dynamics of living matter, New York, 1906; Winterstein, Ver- 

gleichende Physiologie, Bd. 4, article on Tropisms. 
12 Bewegung der lebendigen Substanz, Jena 1892; Allgemeine Physiologie. 

18 Pfliiger’s Archiv., Bd. 38, 1886. 

14 Behavior of the lower organisms. New York, 1906. 
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indispensability is shown by the fact that no movement takes 

place in its absence. 

The first experiments were made with tissues from embryos 

of Rana palustris in the stage just after closure of the medullary 

folds. These were followed by a series of experiments with 

the tissues of chick embryos of various ages.!® The fluid media 

used were physiological sodium chloride, Locke’s and Ringer’s 

solutions in varying degrees of concentration, blood plasma 
and serum of the frog and the chicken respectively. The means 

used to support the planted tissues were the fibrin net work 

of the clotted plasma, spider web, the surface of the cover-glass, 

and, in some accidental cases, the surface film of the fluid drop. 

Control experiments were made in large drops of the fluid media, 

in which the tissue was prevented by the size of the drop from 

touching the cover-slip. 

At the time the experiments with frog tissues were made it 

was not fully realized that the cover-slip might serve to support 

moving cells, so that in respect to the solid support only cultures 

upon spider web and in free hanging drops were made. In 

some of the latter the pieces of tissue came into contact with the 

cover-slip accidentally and cells began to wander out on the 
glass. 

The technique used was in the main that employed in the study 

of the development of nerve fibers,'® together with the modifi- 

cations introduced by Burrows.!? Sterilized apparatus and fluids 

were used throughout. The cultures were all made by the hang- 

ing drop method, the cover-glass being placed over the hollow 

of a deep depression slide, or upon a thin glass ring of about 20 

mm. diameter and 2 mm. height and sealed on with vaseline. 

The frog tissues were kept at room temperature, while those 

15 A preliminary account of the experiments with frog embryo cells was pub- 

lished in Science, vol. 34, 1911. The results upon chick tissues have been referred 

to briefly in several general papers (see Anat. Rec., vol. 6, 1912; Trans. Am. 

Cong. Phys. and Surg., 1913). The chick experiments were made with the assist- 

ance of Mr. (now Dr.) Paul G. Shipley, to whom it gives me much pleasure to 

express my thanks. 

16 Jour. Exp. Zo6l., vol. 9, 1910. 

17 Jour. Am. Med. Assoc., vol. 65, 1910; Jour. Exp. Zoél., vol. 10, 1911. 
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from the chick were incubated at about 39°C. The unusual 

hot weather which lasted during almost the whole period when 

the experiments with chick tissues were under way rendered 
unnecessary any precautions to keep the tissues warm during 

their preparation and examination. 

The preparation of the spider web for the experiments was the 

only innovation in technique that needs special description. 

It was necessary to have the web tensely spread over a suitable 

frame so that it would support the drop of fluid from below. 

For this purpose glass rings were employed, since they were easy 

to sterilize and well adapted to form the wall of a moist chamber. 

A number of rings were placed in clean glass aquarium Jars and a 

single spider introduced, which in the course of a day or two 

spun a web covering the whole bottom of the jar. The rings were 

then lifted out with forceps and the web cut or torn off around 

them. The slight roughness of the rim of the glass was sufficient 

to hold the web tense. The rings with the web upon them were 

sterilized by dry heat, the web standing a temperature of 150°C. 

without injury. In making the spider web preparations, the 

rings were first fastened to the slide with vaseline. A small 

drop of the culture fluid was then placed upon the web and the 

tissue afterwards introduced by means of a capillary pipette. 

It was unfortunately necessary to use very small drops of fluid 

since the weight of large drops caused the web to sag and touch 

the bottom of the chamber. The small size of the drops is 

sufficient to account for the relatively unfavorable results ob- 

tained by this method, the tissues usually not growing with very 

great luxuriance. After mounting the tissue upon the web, a 

cover-slip was placed over it and sealed on by vaseline. The 

weight of the cover-slip flattened out the small drop and the 

tissue was thus in contact both with the cover and the, web. 

In most cases the covers themselves were coated with web so 

that the tissue was kept between two layers of this material. 

During the early part of the season there was some difficulty 

in finding a sufficient number of suitable spiders for the purpose.'® 

187 am greatly indebted to Prof. A. Petrunkevitch for advice and assistance 

in collecting this material. 
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Tiginaria, which may be caught in old tree stumps, proved to 

be the best adapted of those which were obtainable early in the 

season, and two large specimens wove enough web for all of the 

experiments with frog tissues. Later the common grass spider, 

Agalena, was obtained in abundance. This form spins an ex- 

tremely fine but dense web which is admirably adapted for the 

purpose. The individual threads of the web are amazingly 
thin and even under the oil immersion lens they appear as fine 

lines, the thickness of which can scarcely be measured. 

EXPERIMENTS WITH. TISSUES OF THE FROG EMBRYO 

From this material seventy-one cultures were made in all. 

They are grouped in several series, of which the first two were of 

a preliminary nature, having been designed to ascertain what 

fluid media could be used. 

Series I. Only inorganic media were used, as follows: tap 

water, 0.325 per cent NaCl, Ringer’s solution without sugar, 

Locke’s solution half diluted. Solid support was afforded in 

all cases by spider web. The tissues used were: medullary 

cord alone, medullary cord with axial mesoderm attached, and 

ectoderm. Eight preparations showed cell movements. Of the 

six that gave negative results, three were those which were 

mounted in tap water; they disintegrated on the second day. 

Two were in the dilute sodium chloride. One specimen in dilute 
Locke’s solution lived seven days and the others from one to four 

days. 
Series II. In these experiments both inorganic solutions (Ringer 

and 0.4 per cent NaCl) and defibrinated serum were used. Thir- 

teen pieces were supported on web and eight were put up in hang- 

ing drops. None of the latter showed any movement of cells except 

one in which the drop touched the bottom of the chamber. In 

this some cell movement took place on the glass. Only one of 

the cultures in the saline solutions on the web gave positive indi- 

cations of movement, the others showing no promise from the 

beginning. Of the nine in serum five were on web and four 

unsupported. Four of the former showed active movement, 

one was evidently injured since histolysis of the tissue began 
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almost immediately. None of the unsupported ones gave positive 

results. 

Series III. This series of twenty-four experiments was de- 

signed to test rigorously the influence of the spider web upon the 

movements of the tissue, and as the preliminary experiments 

indicated that serum afforded a better medium than the inorganic 

solutions, the former alone was used. The serum was obtained 

from three different specimens of Rana clamitans, a species 

different from that of the embryonic tissue isolated. The cul- 

tures in this series were made in pairs. The central nervous 

system with some mesoderm attached was dissected entire out 

of the embryo in saline solution. It was then divided into two 

parts, one part being mounted upon web and the other in a plain 

hanging drop. In some cases the cephalic half of the medullary 

cord was placed on the web and the caudal half in the plain drop, 

while in others the order was reversed. The results of this series 

were entirely convincing. Out of the twelve preparations 

mounted upon the web eleven showed characteristic wandering 
of the cells with definite relations to the web fibers (fig. 1). The 

remaining one was disarranged accidentally the first day and 

gave no results. Cell movement began in some cases as early 

as eight hours after explantation and on the day following it was 

in full swing in all of the cultures. Of the twelve mounted in the 

large drops none showed any movement of cells except one of 

the cases in which the drop spread out, allowing the tissue to 

come into contact with the cover (fig. 3).!° In this one case 

six days after the culture was made a number of cells appeared 

on the cover and later some pigment cells were found. In the 
large drop preparations the isolated cells, which soon became 

very numerous,?° always remained rounded (fig. 2), but in spite 

of considerable disintegration into single cells the main mass of 

tissue was in every case left intact. That it was alive was 

19 The figure, which is much like the preparation referred to, was drawn from 

another case. 

20 Tn this respect embryonic frog tissues differ markedly from those of the chick, 

in which the elements remain closely bound together and the whole mass rounds 

off its outer surface (see p. 539 and figs. 11 and 14). 



Unless otherwise stated figures were drawn from living specimens. 

Fig. 1 Experiment 8. W. 33. Medullary tube of embryo of Rana palustris 

cultivated 27 hours on spider web in serum from R. Clamitans. Some cells have 

moved out in sheets on the cover-slip; others are adapted to the web fibers. 50. 

Fig. 2. Experiment 8S. W. 34. Medullary tube from same embryo, cultivated 

28 hours in large hanging drop of same serum as in figure 1. Considerable dis- 

integration of tissue, but isolated cells are rounded and exhibit no active move- 

ments.  X 50. 

Fig. 3 Experiment S. W. 66. Medullary tube (and notochord) of palustris 

embryo cultivated two days in Locke’s solution. The drop spread, leaving tissue 

in contact with cover. Detached cells are all on the glass. X 50. 
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shown by the fact that the cells of the myotomes differentiated 

into muscle fibers, which after about five days began to contract 

sporadically, indicating a functionally intact neuro-muscular 

mechanism. The results of this set of experiments are sum- 

marized in table 1. 

Series [V. The twelve preparations of this series were put 

up in the same way as the last except that Locke’s solution was 

used instead of serum. The results were not so conclusive as 

in the last set, though they presented no contradictory evidence. 

Only two of the six spider web preparations showed cell move- 

ment in any considerable degree, two others were doubtful, 

while the remaining two gave no promise of activity at any time. 

TABLE 1 

Experiment III. Tissue in all cases medullary cord and myotomes 

CELL | STRIATED MUSCLE DURATION 

NO. CHARACTER OF PREPARATION eae PIBERS ere pe tan ae 

PLACE COUSIN SDD) OBSERVED PLACE } IN DAYS 

31 Web se 8 

32 Round drop + + 22 

33 Web AF 4 

34 Round drop 22 

35 Web =F 3 

36 Spread drop 12 

ant Web + 2 

38 Round drop + 22 

39 Web + 29 

40 | Round drop 8 

a | Web + 6 

42 | Round drop + 22 
Ze Web a - 6 
44 | Spread drop 12 

45 Web + + 22 

46 | Spread drop 12 

AT | Web ar 12 
48 | Round drop | + 22 

49 | Web | =| + 29 

50. | Round drop | ae + 22 

Si Web! | 1 

52 Spread drop? = | + 22 

53 Web — | ; + 22 

54 Spread drop | + 22 

1 Injured. 

2 A few outwandering cells found on cover. 
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In the cultures mounted in plain drops the tissue was found in 

two cases to be in contact with the cover-slip, upon which a few 

cells wandered out from the main mass (fig. 3). A small number 

of nerve fibers were seen growing out upon the cover in one case. 

None of the others showed any cell movement. It is clear from 

the experiments that the inorganic media are not so favorable 
for the cultivation of tissues as plasma or serum.?! 

Table 2 gives a summary of the experiments with frog tissues. 
The general character of the different types of culture is shown 

in the figures. Figures 1 and 2 represent two preparations from 

TABLE 2 

Summary of results of experiments with frog tissues 

CELL WANDER- | PER CENT 

cuanscrn ov cuuuns | XEUMBRE OF |G occORRED | _ wo cm, | nORERTYE Ox 
SUPPORT | SUPPORT 

Defibrinated serum 

DIG erHweDecm acs ewes 17 15 2 | 88 
Wareecdropes caer nie eee ete? 11 11 | 

Spread Gop. asco tee 5 1 4 | 20 
Saline solutions | | | 

Spideriweure water re tee 251 | 11 14 44 

argevdnope re ees on 5 42 | 

5) 2 3 40 SJOMONG! ClO aa conenbceonoacct 

1 Exclusive of three cases in tap water in which disintegration began very early. 

2 In one case tissue touched bottom of chamber and some outwandering oc- 

curred. 

Series IIT mounted respectively upon spider web and in a plain 

drop. In the latter (fig. 2) there are a great many loose cells 

which have separated from the main mass of tissue and assumed 

spherical shape, while the main mass itself looks to be upon the 
point of disintegration, though, as subsequent observation showed, 

this did not take place. The drawing was made about twenty- 

eight hours after the tissue was prepared. In figure 1 the com- 

panion preparation is represented. The mass of tissue is held 

against the cover-slip by the spider web and is much more flat- 

21 Cf. M. R. and W. H. Lewis, Anat. Rec., vol. 5, 1911. 
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tened than in the other case. A comparatively thin fringe of 

cells has formed around it and many cells have left the mass 

entirely, being scattered at various distances from the latter. 

These cells are at two levels. The upper layer is in contact with 

the lower surface of the cover-slip, where the outwandering cells 

are apt to assume a polygonal form, though they are sometimes 

influenced by the web fibers attached to the cover. In the 

lower layer the cells are arranged with reference to the web 

fibers, and they are usually drawn out into long processes which 

are closely applied to the latter (see also figs. 4 to 7). 

The preparation shown in figure 3 is from Series ['V, being one 

of those mounted in Locke’s solution. It shows the effect of 

contact with the smooth cover-slip only. The drawing was 

made about forty-five hours after the culture was prepared. 

The tissue consisted of a piece of the medullary cord with some 

mesoderm. and a small piece of the notochord attached. It has 

been flattened in pancake form against the cover-slip by the 

spreading of the drop of fluid. A small number of isolated 

polygonal cells have moved off upon the cover, and a thin fringe 

of cells surrounds the tissue as in the preceding case. 

The adaptation of the cells to the web fibers is shown more 

clearly in figures 4 to 7, which are all taken from the same series 

of experiments. Figure 4 shows a cell with two hyaline processes 

attached to the web fibers running approximately at right angles. 

Figure 5 shows two bipolar and a tripolar cell, drawn when the 

preparation was two days old, figure 6 two cells from an eight 

day culture, and figure 7 pigment cells from another preparation 

of six days. The pigment is of two kinds, a granular black 

melanin and a diffuse yellow pigment (probably a lipochrome) 

present in two of the cells in large quantities. The yellow cells 

contain a little of the dark granular pigment, though much less 

than the other cells, and the latter contain none of the yellow. 

Nerve fibers developed in only a few of the cases and in 
none of these was anything notable shown. All of the nerves 

observed were growing upon the surface of the cover slip. The 

web fibers do not seem to be a favorable support for them. 



Fig. 4 Experiment S. W. 47. Cell from medullary cord with two processes 

attached to crossed web fibers. 300. 
Fig.5 Preparation 8. W. 53. Bipolar and tripolar cells from medullary cord 

attached to spider web fibers two days after explantation. 300. 

Fig. 6 Experiment 8. W. 39. Similar preparation eight days old. X 300. 

Fig. 7 Experiment 8. W. 49, showing the two types of pigment cells; six days 

old. x 300. 

533 
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EXPERIMENTS Wi1TH CHICK TISSUES 

One hundred and two experiments divided into ten series 

were made with chick tissue, comprising altogether 142 different 
cultures since in some cases more than one culture was made 

under the same cover. In three of the series the medium used 

was Locke’s solution, and in the other seven it was defibrinated 

serum. Clotted plasma was used for comparison in all series. 

When plasma and serum were used the blood was always 

taken from the same hen so as to have an identical fluid medium 
in all cases. 

Fixed support for the tissues was afforded by spider web 

prepared as described above, by clotted plasma and by the lower 

surface of the cover-slip. The latter was rendered available 

by mounting the tissue in small drops. In other cases contact 

was brought about after a time by the spreading of the drop 

which was originally large. This gives a firm attachment but 
rarely a luxuriant growth because of the extreme thinness of the 

fluid film.?2. Tissues from embryos varying in age from two to 

nine days were used. The results are given briefly in table 3, 

which shows the behavior of cells in the different media without, 

however, attempting to analyze the behavior of different tissues. 

Plasma preparations are 100 per cent positive. The cover- 

slip preparations (i.e., those mounted in small drops) show also 

a very high percentage of positive results while the spider web 

cultures are less favorable, due probably as pointed out above, 

to the extremely small amount of fluid used. The large drop 
preparations are all negative except two which show some cell 

wandering on the surface film. Several of the small drop cul- 
tures also show slight cell movement on the surface. The film 

cannot, however, be a very favorable surface for movement; 

otherwise we should expect to find cells upon it much more fre- 

22 Burrows (Trans. Am. Cong. Phys. and Surg., 1913) has shown that the amount 

of cell migration depends upon the thickness of the layer of medium. There is 

an optimum thickness above and below which less movement takes place; in the 

thick layer because of insufficient oxygen and lesser concentration of repelling 

waste products (acid), and in the very thin layer (below the optimum) because 

of the small amount of nutrient medium. 
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TABLE 3 

Summary of results of experiments with chick lsswes 
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ARATIONS | SOLID FILM WANDERING ON SOLID 

SUPPORT SUPPORT 

PB lsismaac Lotie: Meer tie hace ea 34 34 100 
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Lareexdro peek 2 eee noe ee aes % | Abd Mi | 

Smalltdropr...a2.. ote ee a0 tere 12 10 2 1 83 

SpreadadTopse ss eee aes 3 3 100 

quently. It is of interest to note that in several of the large 

drop preparations where the tissue was at first not in contact 

with the cover, it afterwards did touch the glass and then cell 
movement began. These have been classed with the small 
drop (contact) group. 

The main results of these experiments can best be presented 

by the description of four different cases taken from the same 

series and shown in figures 8 to 11. The cultures are all from 
pieces of the duodenum of a nine-day chick embryo, and the 
drawings were made from specimens preserved two days after 

preparation. 

The first (fig. 8) has been cultivated in clotted plasma. In 

this there is a very characteristic ring formation with bands of 

tissue extending across the clear space. Isolated mesenchyme 

cells are present and the epithelium (endothelium?) shows its 

usual tendency to form membranes. 
The second (fig. 9) was cultivated in a small drop of defi- 

brinated serum and the tissue was in contact with the cover- 

slip from the beginning. The striking feature of this case is 
the formation of a wide membrane extending out from nearly 

the whole circumference of the original tissue. In one region 

conditions have prevented this movement, but at a distance from 



536 



Figs. 8 to 112% Duodenum of nine-day chick embryo cultivated with different 

kinds of solid support. Drawn from specimens preserved two days after explan- 

tation. X 39. 
Fig. 8 In clotted plasma. 

Fig. 9 In serum in contact with cover glass. 

Fig. 10 In serum on spider web. 

Fig. 11 Free in large hanging drop of serum. 

Fig. 1223 Portion of figure 10 under high power. X 300. Explanation of 

details in text. 

23'These preparations, which were used to illustrate a general paper read 

before the American Congress of Physicians and Surgeons, have been redrawn 

(except fig. 31) for the present account in order to show greater exactness of detail. 
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the main mass the membrane from the two adjacent sides has 

united, leaving a large hole, and there are also several smaller 
spaces left uncovered. A considerable number of isolated 

branched mesenchyme cells are to be found outside the area 

covered by the membrane. All of these structures are fixed to 

the cover-slip. The cells forming the membrane are one layer 
thick.2t. Those near the periphery of the membrane have the 

greatest superficial area, and there is a general decrease in their 
dimensions as the tissue mass is approached, though there are 

irregularities in this respect. There are no mitoses present, 

which indicates that membrane formation is due to movement of 

cells and not to growth.” There isno way of ascertaining whether 

this particular membrane is endothelial or from the epithelium 

lining the intestinal tract. 
The third culture (fig. 10) was supported upon spider web in 

the manner described above. It does not show such extensive 

cell wandering as some other preparations but it is very char- 

acteristic. A membrane (m) has been formed on the cover 

glass at one side of the preparation, and at another place, quite 

detached from the main mass, there is a small group of cells 
(a) which have moved out along the web fibers. On the opposite 

side of the tissue a considerable mass of cells (b) projects sharply 

outward and is firmly attached to the web. What is most inter- 

esting in this case is the banding together of spindle cells upon 
bundles of web fibers or upon single threads to form structures 
which closely simulate embryonic nerves with their sheath cells 

(c). In several places web fibers covered with such cells cross 

one another and here there is some accumulation of cells. Spindle 

shaped cells are also found singly (e). Some necrotic tissue (d) 

is present at places around the periphery of themain mass. The 

arrangement of these structures is shown in figure 12, which 

represents part of the preparation under higher magnification. 

24 Cf. M. R. and W. H. Lewis, Anat. Rec., vol. 6, 1912. Also Burrows, 17th 

International Congress of Medicine, London, 1913; Section General Path. and 

Path. Anat., p. 225. 

25 This is in harmony with the observations of many authors on the covering 

of wound surfaces by epithelium. 
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13 

Fig. 13 Experiment C19. Piece of telencephalon of five-day chick embryo 

cultivated two days in clotted plasma, showing fringe of nerve fibers growing out 

into clot. X 39. 
Fig. 14 Experiment C15 Piece of telencephalon of five-day chick embryo 

cultivated two days in defibrinated serum. X 39. 

In the fourth case (fig. 11), which was cultivated in a large drop 

where the tissue never was in contact with the cover glass, there 

are no evidences of cell wandering whatever. The tissue is 

rounded off and has an almost smooth contour. 

One series of experiments was made to test the effect of the 

different kinds of support upon the growth of nerve fibers. 

Pieces of the telencephalon of a five-day embryo were used and 

twelve cultures were made, four of each kind, in a large drop, 

on spider web and in clotted plasma respectively. Those mounted 

in the plasma clot all showed the development of nerve fibers 

one day after explantation. In the more favorable cases they 

formed a veritable fringe around the whole periphery of the 

specimen. The fibers were much matted together and some were 

branched (fig. 13). Neither the preparations on web nor those 



540 ROSS G. HARRISON 

in the large drop showed the same condition. Two of the former 

showed cell movement, i.e., some wandering upon the cover 

and the web fibers but no nerves were present. In all of the 

large drop preparations (fig. 14) the contour of the tissue was 

relatively smooth and no cells wandered out. These experi- 

ments tend to corroborate the results obtained with frog tissues, 

that the web fibers are not favorable to the outgrowth of nerves, 

though they are too few in number to be at all conclusive in this 

respect. 

DISCUSSION 

The foregoing experiments lead to the conclusion that solid 

objects are an important and even necessary factor in the move- 

ment of embryonic cells, such as mesenchyme and epithelium. 

Leaving out the cases of movement upon the surface film, which, 

moreover, has certain properties of solids, there are no exceptions 

to the rule that movement takes place only when contact with 

solid material is attained. Furthermore, each of the three kinds 

of solid support used in the experiments influences the cell move- 

ment in its own way, as is shown by the different arrangement 

assumed by the cells after a certain period of cultivation (figs. 
8 to 10). The reactions to solids take place whether the fluid 

medium is a saline solution or serum, though the latter is conduc- 

ive to more active movement (and growth) than the former, owing 

no doubt to its nutritive qualities. 

The question now arises whether these reactions are to be re- 

garded as a manifestation of stereotropism (thigmotaxis), which 

is a response to mechanical stimulation (pressure), or whether 

the solid acts only indirectly by inducing conditions that give 

rise to chemical or some other form of stimulation. Burrows?? 

has shown that the centrifugal movement of cells observed in 
almost all cultures, i.e., the movement from the implanted cell 

mass out into the culture medium, may be explained by the 

acidity produced in the main mass of cells through the accumu- 

lation of waste products. That a condition of acidity does 

26 Cf. M. R. and W. H. Lewis, Anat. Rec., vol. 6, 1912. 

27 Proc. Am. Cong. Phys. and Surg., 1913. 
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obtain in the center of tissue cultures after a few hours of incu- 

bation has been proved by means of indicators.28 A given cell 
would thus be exposed on one side to a more acid medium diffus- 

ing from the tissue, and on the other to the more alkaline culture 

medium. This condition would, in accordance with the Quincke- 

Biitschli surface tension theory of amoeboid activity, bring about 

the formation of pseudopodia on the side of the cell turned toward 

the fresh medium and thus produce a centrifugal movement. 

Similarly the flattening of an isolated cell or the spreading of a 
sheet of cells on a smooth surface would be accounted for. Bur- 

rows thinks that no movement takes place as the result of mere 

contact with solids without the secondary stimulus resulting 

from the chemical change. 
These considerations at least show that even under very simple 

conditions, where no chemical stimuli have been intentionally 

applied, the local activities within a culture may nevertheless 

give rise to such conditions as might stimulate the cells chemi- 

cally on one side and thus direct cell movement. It however 

remains a fact that the chemical stimuli in question are pow- 

erless to call forth these movements in the absence of solid sup- 

port, else the large drop cultures would not behave as they 

do. The acidity theory also offers no adequate explanation of 

the adaptation of single cells to such minute structures as the 

web fibers, nor of the fact that outwandering cells rapidly bridge 

a gap between two separate pieces of tissue in the same culture. 

While it must therefore be admitted that chemical stimuli may 

play an important part in influencing the movements of cells 

in simple cultures, as Burrows has pointed out, the facts show that 

the cells are also stimulated by solids as such and respond to 

them by an orienting movement. 

Response to tactile stimuli is of such general occurrence in 
animals that there is nothing anomalous in the manifestation 

of the same kind of sensitiveness in cells. Though in the metazoa 

the responses are brought about by complex neuro-muscular 

mechanisms, the reactions to mechanical stimuli given by tissue 

cells and the protozoa are closely comparable with one another. 

28 Cf, Burrows, ibid, and Rous, Jour. Exp. Med., vol. 18, 1913. 
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The latter have been studied by Verworn?? in Rhizopods and 

by Putter? in Flagellates and Ciliates. These observers have 
shown that different parts of the same organism respond differ- 
ently to contact stimuli. In Protozoa, where the movement is 
sufficiently rapid to be directly observed, the location within 

the cell of both the sensitive region and the responding mechanism 

can often be made out, whereas it has as yet been found im- 

possible to do so in the case of the slowly moving tissue cells. 

This is a difficulty that applies alike to the study of the reactions 

to all kinds of stimuli and renders uncertain for the present 

any attempt at exact description of the process. At the same 

time the case of Chilomonas, for instance, in which according 

to Pitter stimulation of one of the flagella by solids calls forth a 
positive response, while similar stimulation of the other a negative 

one, shows that we have in this kind of sensitiveness an important 

directive factor. By analogy in the case of tissue cells, if dif- 
ferent parts of the same cell are unequally sensitive, it is likely 

that contact with an even surface would induce movement in 

a definite direction. Barring some such regional difference in 

the irritability of the cell, the kind of reaction called forth by con- 

tact with a solid object could only be a clinging to that object or a 

recoil from it. The former or positive reaction is that shown by 

the embryonic cells here studied. Without any further stimulus 

it is conceivable that the reaction to such contact might result 

in the change of shape of the cell, either its flattening upon the 

surface of a glass cover-slip or its elongation upon the fibers of 

the spider web (fig. 12). Its locomotion, however, must depend 

either upon some other stimulus or upon some local internal 

differences in the cell. 

As to the propriety of calling the reaction to solids a tropism, 

the position here taken differs from that of Loeb who holds 

that it is no real tropism, in as much as lines of force do not exist.*! 

It is true that in the case of tactile stimuli the source of the 

29 Allegmeine Physiologie, 5th Edition, p. 519; Bewegung der lebendigen 
Substanz, Jena, 1892. 

8° Arch. f. Anat. u. Physiol. physiol. Abt. Supplementband, 1900. 

31 Dynamics of living matter, New York, p. 156. 
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stimulus is not placed at a distance from the organism, for it is 
the relative motion of the organism stimulated and the stimu- 

lating object acting only when they come into contact, that 

gives rise to the stimulus, and in the case of a moving organism 

coming into contact with a fixed object the energy is supplied by 

the organism itself. However this is not sufficient ground for draw- 

ing general distinction between the response to such stimuli and 
the reaction to a beam of light. The difference lies only in the 

source of the stimulus itself, i.e., in the distance from which it 

comes, and in the continuousness of its effect. In the case of a 

negative reaction to pressure the stimulus must cease as soon as 

the recoil is made. In case of a positive reaction the stimulus 

may continue but there can be no further visible effect beyond 

the change in shape of the organism unless its parts are differenti- 

ally sensitive. The similarity to phototropism becomes closer 

in the case of rheotropism or reaction to currents in the sur- 

rounding medium, which, as Verworn pointed out,® is to be classed 

under the group of responses to mechanical stimuli. 

A word remains to be said regarding the significance of the 

facts brought out in this study with reference to the interpretation 

of some of the phenomena of normal development. The re- 

semblance between the arrangement of cells on the web fibers 

(especially as seen in figure 12) and the sheath cells of an embry- 

onic nerve suggests that stereotropism may have something to do 

with the latter, though not necessarily to the exclusion of chemo- 

tropic influences. Similarly the close application of mesenchyme 

cells to such structures as blood vessels, muscles, and various 

other organs, resulting in the formation of a cellular sheath, 

which afterwards becomes skleratized, may be due in the first 

instance to a stereotropic response. In fact the conditions with- 

in the embryo at the time when the tissues are taken for the 

experiments are such as to suggest that this stereotropic reaction 

is an important factor in the behavior of many kinds of cells. 

There is a very active movement of mesenchyme at the time, 

during which cells stream from certain regions and fill in the 
ft 

32 Allgemeine Physiologie. 
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spaces between the main organ systems of the body which are 
already laid down. In this process the surface of structures 
such as the medullary cord, notochord, alimentary canal, muscle 

plates and the inner surface of the epidermis would serve as a 

solid base upon which the cells might creep. It is found that 

sooner or later all of these surfaces become ensheathed or lined 

by connective tissue cells. In the encystment of foreign bodies 
within the organism a similar phenomenon is observed. 

With regard to the movements of the growing nerve fiber the 

evidence, as pointed out above, is not quite so varied, but it 

is sufficient to warrant the conclusion that also this protoplasm 

is stereotropic. No free outgrowth of nerves in a fluid medium 

has ever been observed, while such solids as the fibrin clot and 

smooth glass surfaces serve readily to support them, as do the 

surfaces of the larger cell masses and the interstitial protoplasmic 

network inside the embryo. 

Most of these points were discussed some years ago by Herbst,** 

who, however, did not claim to have reached a definite conclusion 

as to the exact kind of reaction involved. The experiments here 

described do not of course settle the question either, but since 

it has been shown that most embryonic cells are stereotropic, 

and that such arrangements as they assume in the embryo may 

often be induced under cultural conditions by reactions to solids, 

there is a presumption in favor of the view that this type of re- 

action isa potent factor in normal development also. Inferences 

as to what goes on in the embryo which are not based upon exact 

information regarding the physiological properties of the tissue 

elements are likely to prove erroneous. On the other hand, 

if we know the actual properties of individual cells in detail, it 

will be possible to form, on the basis of the observation of normal 

development, an accurate conception of the influences actually 

at work in shaping the embryonic body. 

33 Biol. Centralbl., Bd. 14, pp. 746. 



THE INFLUENCE OF FOOD IN CONTROLLING SEX 
IN HYDATINA SENTA 

DAVID DAY WHITNEY 

From the Biological Laboratory, Wesleyan University 

Considerable interest has been manifested concerning the sex 

ratio in the parthenogenetically produced male and female 

individuals in the rotifer Hydatina senta. At one time in general 
cultures of rotifers only females are found, at another time fe- 

males and males are found in equal numbers, and at still other 

times very few females but from 80 to 90 per cent of males are 

found. 

The problem has been to determine the causes that regulate 

the production of the two sexes in this rotifer—why at one time 

there is produced an excess of females and at another time an 

excess of males. 

The results of the work of earlier investigators on this problem 

having been reviewed so thoroughly and frequently recently, 

only references to them in the bibliography will be made at this 

time. 

Whitney made an extensive series of experiments and obser- 

vations in regard to temperature and starvation and came to 
the conclusion that neither factor was influential in the regu- 

lation of the production of the two sexes. He, moreover, found 

that the so-called female sex strains of Punnett could be made 

to produce many males by changing the environment. How- 

ever, he was unable to discover the real factor that changed the 

female sex strain into one that produced many males, but he was 

of the opinion that whatever the potent factor was that some- 

times caused only females to be produced and at other times 

caused nearly all males to be produced, it must be an external 
factor. Moreover, he made observations on one strain through 

289 generations, for about two years, in which no males were 

545 
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produced. This was accomplished by using a continuous and 

uniform diet of the flagellate, Polytoma, reared in a solution of 

cooked horse manure. Throughout this time in side experi- 

ments on this strain males were produced in large numbers 

many times by transferring the rotifers to a new mixed food 

culture. 

Shull carried on many experiments with temperature, starva- 

tion, and various chemicals and finally corroborated the general 

conclusions of Punnett and Whitney that temperature and 

starvation were negative factors in the regulation of the two 

sexes. He, however, was able to demonstrate that the unknown 

factor must act upon the grandmother and not upon the mother 

in order to cause abrupt changes in the sex ratio among the pro- 

geny. In this point he was in agreement with Maupas’ work. 

However, Shull finally concluded that this influential factor 

that controlled the production of the two sexes was an internal 

one. 
Mitchell in working with the rotifer, Asplanchna, recently 

has found that a continuous diet of a uniform food culture will 

cause only females to be produced, but if the diet is changed to a 

new food, males are produced in the third generation (grand- 

children). He suggested that a change of food might be found 

to be the controlling factor in regulating the production of the 

two sexes in Hydatina senta. 
In the experiments of the previous workers upon Hydatina 

senta very little attention has been given to any particular kind 

of food. Usually any mixed Protozoa culture upon which the 

rotifers would thrive was used. However, Shull and Whitney 

used a more or less pure culture of the colorless flagellate, Poly- 

toma, but obtained varying results. This may be due to the 
fact that these cultures in some instances were mixed cultures 

to a considerable extent although not suspected to be mixed. 

Whitney’s cultures were probably the same throughout the two- 

year period in which he obtained 289 generations of females. 

Uniform conditions produced uniform results. At that time 

this point was not fully appreciated. 
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About five years ago the author had a general culture of 

rotifers in a jar which was placed in a south window in the labora- 

tory and remained there during the spring months. Some time 

in May during a period of a few days the jar was swarming with 

countless numbers of the green flagellate, Dunaliella, Teodor 

(Chlamydomonas, Cohn). On one day thirty-two female eggs 

of the rotifers were taken from the surface of the culture water 

and placed in watch-glasses and allowed to hatch. Each young 

female matured and thirty (93-+per cent) of these females pro- 

duced male offspring. This Dunaliella culture soon disappeared 
and no other good one ever appeared again. However, the author 

saved a little of the culture and spent the entire summer in the 

attempt to grow pure or even mixed cultures of it. No medium 

was found in which it would grow. 

This year another attempt has been made to grow cultures of 

Dunaliella and has been quite successful although the method is 

not yet completely perfected. They were raised in countless 
numbers in direct sunlight and a solution of bouillon. An 

Armour’s bouillon cube was dissolved and boiled in 400 cc. of 

tap water and equal parts of this bouillon solution and of steri- 

lized water were used for the culture medium. The medium 

was inoculated with a few individuals of Dunaliella and the jar 

placed in a south window. Within 7 to 14 days the surface 

of the culture water was swarming with the active Dunaliella 
during the sunny part of the day. Toward night the animals 

became inactive and motionless, in which state they remained 

until the following morning and then only became thoroughly 

active again provided there was direct sunlight. After the 
culture became 2 to 3 weeks of age the Dunaliella would 
remain continually in the motionless state. At this time the 

old culture water was siphoned off and some new culture medium 

was added to the quiescent Dunaliella. Within 2 to 3 days, if 

in sunlight, practically all the Dunaliella would be active. The 

surface was removed with a pipette and placed in a test-tube 

and by centrifuging, all the Dunaliella were collected at the bot- 

tom of the test-tube. Then nearly all of the liquid in the test- 
tube was poured off, thus leaving the Dunaliella in enormous 
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numbers in a small amount of the culture water. Three or four 

drops of this material was added to about 8 cc. of old filtered 
culture water in which a general mixed culture of Protozoa and 

rotifers were living and placed in watch-glasses. These glasses 

were placed in sunlight at a temperature of about 25°C. and the 

Dunaliella remained active as long as they were in the sunlight. 
It, however, usually happened that when these watch-glasses 

were left in the sunlight for any appreciable length of time, the 

temperature would rise to 31 to 40°C., which would be fatal to 

the rotifers. To obviate this difficulty, a smaller battery jar 

was set and fastened into a larger battery jar which had padding 

in the bottom of it. This allowed the top of the smaller jar to 

protrude above the top of the larger jar. A space was thus 

made between the two jars into which running water was con- 

ducted, and by reguiating the flow the temperature could be kept 

at almost any point desired while this water-jacket jar was in 

direct sunlight. The rotifers in the Dunaliella culture were 

placed in the inner jar in watch-glasses and the jar was covered 

with a glass plate. By this method a constant temperature of 

about 25 to 26°C. was maintained, at which degrees the Dun- 

aliella were the most active in swimming about in the culture 

water. The rotifers eat them only when they are active, chiefly 

because when they are motionless they form a scum at the sur- 

face of the culture water or become fastened to the sides of the 

dish and in either place they are inaccessible to the rotifers. 

At the beginning of the experiments a female rotifer was taken 
from a jar containing a general culture of rotifers which had 

developed from fertilized eggs a few months previously. This 
female was fed upon pure cultures of the colorless flagellate, 

Polytoma, and became the progenitor of a parthenogenetic strain 

of rotifers which produced almost entirely female offspring 

through twenty-five generations. The method of causing a 

strain to produce only female offspring has been described in a 

former paper, but as the method of making the food cultures 

has been improved it will be briefly described again. Pure 

cultures of Polytoma were made in the following manner: 800 

grams of fresh horse manure were put into 1200 ec. of water and 
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cooked in a steam sterilizer at 10 to 15 pounds pressure for one 

hour. The liquid part was then pressed out and usually equalled 

1000 cc. This was put into a flask with a cotton plug and 
sterilized. This could be kept indefinitely and used as a stock 

supply provided it was sterilized each time after it was opened. 

One part (100 ec.) of this hquid was added to three parts (300 ec.) 

of sterilized water, inoculated with a few Polytoma and placed 

in a large flat dish, thus giving a large surface of the culture water 

exposed to the air. Within 2 to 3 days the culture water would 
be teeming with the Polytoma but after a day or two the culture 
became spent and only a few Polytoma would be found. When 

this culture was about three days old one-half of it was poured 

off and 100 ce. of the stock supply of the manure Jiquid and 300 ce. 

of sterilized water were added. Eighteen to twenty-four hours 

later countless numbers of the Polytoma could be taken off from 

the surface with a pipette. This process of pouring off one- 

half of the old culture water and adding new medium was re- 

peated every day and in this way a vigorous food culture of 

Polytoma was continuously maintained for the rotifers at room 

temperature. 

Female rotifers of various ages were taken from the controlled 

female strain, which produced nearly all females through twenty- 

five generations by being fed upon a continuous diet of Poly- 

toma, and fed the green flagellate, Dunaliella, by the method as 

described earlier in this paper. 
Tables 1 to 5 show the important results obtained in a long 

series of observations. 

Experiments 1 to 23 have been omitted because they were 

made when the methods of feeding were being perfected and 

consequently did not show as favorable results as the later 

experiments. Experiments 24 to 63 include all the other experi- 

ments which were made in a successive series. A large number 

of individuals, considering the amount of work that each one 

entailed, has been observed, as recorded in tables 1 to 3. 341 

mothers produced 5562 daughters, of which 3 per cent were male- 

producing daughters when reared under the influence of Poly- 

toma diet, and of which 57% were male-producing daughters 
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when the diet of their mothers was changed from Polytoma 
to Dunaliella. In the general control experiments in which a 

continuous diet of Polytoma was maintained 177 mothers 

produced 2500 daughters, of which 2+ per cent were male- 

producing daughters. 
The highest percentage of male-producing daughters which 

was produced by a change of the diet in the experiments in tables 

1 to 3 is 83+ but as high a percentage as 87+ was produced in 

the experiment in table 4. 
If twenty-five of the best experiments in tables 1 to 3 are 

selected and the percentage computed for the male-producing 

daughters, it is seen that a change of diet from the Polytoma to 

TABLE 1 

Showing that adult female-producing females of various ages, selected at random 

from a rotifer culture reared on a Polytoma diet through several generations, can 

be forced to produce a high percentage of male-producing daughters by being trans- 

ferred from a Polytoma diet to a Dunaliella diet 

| CONTROL REARED AND CONTINUED ADULT fe) os REARED ON A POLYTOMA DIET 

ON A POLYTOMA DIET TRANSFERRED TO A DUNALIELLA DIET 

EXPERIMENT a © a ios 
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= 22 ofc) %SQ = O29 ae? GMS? 

24 5 30 2 ee 5 23 19? 4 acaba 
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26 5 36 0 0 18 130 AB |) 2524 
27 2 20 0 0 2 12 So 40 
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31 4 30 0 0 8 37 a see 
32 4 24 0 0 20 100; © 160 i 432 
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the Dunaliella causes the percentage of male-producing daughters 
to change from almost zero to 63+. 

The average size of a family of daughters from each mother 

was 16+. The size of the families in tables 1 and 2 were inten- 

tionally made small because of the labor entailed had they been 
made larger. In table 3 the mothers seemed unable to bear 
the strain of being transferred from the Polytoma diet to the 

Dunaliella diet for the second time and usually soon died. It 

is possible that some of them were producers of small families, 
as Shull has shown in some of his experiments. 

TABLE 2 

Showing that young adult female-producing females reared on a Polytoma diet will 

continue to produce female-producing daughters but can be forced to produce a 

high percentage of male-producing daughters by being put upon a Dunaliella diet 

and later can be forced to produce again female-producing daughters by being put 

back upon the Polytoma diet 
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The temperature was uniform for all the individuals of each 

experiment. When the individuals were put upon a Dunaliella 

diet they were kept at 25 to 26°C. and the control individuals 

were also kept at this same temperature. During the other 

time both before and after the change in diet all individuals 
were kept at room temperature of 18 to 20°C. 

The results of Maupas are very easily explained in the light 

that is given by these experiments. Maupas probably used a 

TABLE 3 

Showing that young adult female-producing females reared on a Polytoma diet can 

be forced to produce a high percentage of male-producing daughters among the 

first children of each family by being put upon a Dunaliella diet and later these 

same adult females can be forced to produce a high percentage of female-producing 

daughters by being changed back to a Polytoma diet and still later they can be forced 

to produce again male-producing daughters by being put back upon a Dunaliella 
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mixed food culture of Protozoa. When this food culture was 

placed at a low temperature of 12 to 14°C. only certain species 

of Protozoa were active and consequently could be used as food 

by the rotifers. However, when the temperature of this same 
food culture was raised to 26 +°C., other species of Protozoa which 
had been in a quiescent stage while the culture was at 12 to 

14°C., now became active and were used as food by the rotifers 
instead of the Protozoa that were used at the low temperature. 

Thus by changing the temperature the diet was so markedly 

changed that it constituted the necessary stimulus upon the 

mothers for the production of male-producing daughters. 

TABLE 4 

Showing that the influence of the diet acts upon the mother and not wpon the male- 

producing daughter that causes the daughter to produce males. In other words, 

the influence of the change of diet acts solely upon the grandmother and causes her 

to beget male grandchildren. Young 9 Qs reared on a Polytoma diet were trans- 

ferred to a Dunaliella diet for 27 to 86 hours. At the end of this period they” 

were transferred to filtered culture water and allowed to produce eggs. These 

eggs were transferred to Polytoma culture in which they hatched and the young 

females grew to maturity and reproduced while being fed exclusively upon 

Polytoma. 
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As a control for table 4. Young 2 9s reared on Polytoma diet were transferred to 

a Dunaliella diet for 28 hours. At the end of this period they were transferred 
to filtered culture water and allowed to produce eggs. These eggs were trans- 

ferred to fresh Dunaliella culture in which they hatched and the young females 

grew to maturity and réproduced. 
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The author has several records of epidemics of males occurring 
in his experiments during the last eight years at periods when 

accidental rises of temperatures from 20+ to 26 or 27°C. took 
place and while the food used was a mixed culture of green and 

colorless Protozoa. These epidemics of males can be explained 
in the same manner as the results of Maupas. At room tempera- 
ture certain species of green Protoza were more or less quiescent 

but when the temperature rose suddenly to 26+°C. all the 

individuals of these somewhat quiescent green Protozoa became 

very active and furnished a new diet for the rotifers. The 
stimulation by this new diet caused the mothers to produce 

male-producing daughters. After a few hours the temperature 

sank back to the normal temperature of 20+°C. and the remain- 
ing green Protozoa again became quiescent and the rotifers were 

forced to eat the other Protozoa that were normally active at 

. this temperature and which was their regular diet. 

It has been previously observed that rotifers in a newly made 

general culture of manure medium produce a much higher per- 
centage of male individuals than rotifers in an old culture of 
manure medium. It is generally known that in a newly made 
hay infusion—and the same is true in a newly made manure 

infusion—the protozoan fauna fluctuates greatly. At first 

individuals of certain species may be very abundant and later 

individuals of other species became very numerous, while the 

individuals of the earlier-appearing species in the culture become 

relatively few. Thus there is a never-ending change in the 
protozoan fauna in a new culture of water and manure. Certain 

species flourish and are very abundant for a short period and 

then they disappear and new forms replace them. When rotifers 

are in such culture water with its varying protozoan fauna they 

are, of course, subjected to many changes of diet. Some of these 

changes of diet probably act as a stimulus upon the female roti- 

fers so as to cause them to produce male-producing daughters 

which produce males in the following generation. 
The sporadic production of males in the numerous experiments 

of various workers who have used mixed protozoan cultures as 
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food for the rotifers can thus be simply explained. Under certain 

conditions some of the Protozoa are active and others are more 

or less quiescent, although they may be reproducing in this 
quiescent stage. When the conditions are changed, .possible 

in other ways than temperature, the quiescent Protozoa become 

very active, thus constituting a new diet for the rotifers which 

eventually causes males to be produced. 

It would be interesting to know the effect of a continuous 

feeding of a new diet upon the rotifers, but unfortunately it has 

been impossible to use the green Dunaliella continuously as a 

diet. They are the most active in sunlight but during the night 
they become more or less quiescent and consequently can not be 

used as a food by the rotifers in any appreciable numbers. * 

It is very probable that other forms of Protozoa as well as 

Dunaliella have the same stimulating effect upon female-pro- 
ducing females of Hydatina senta in causing them to produce 

male grandchildren because in mixed colorless protozoan cultures 
epidemics of males often occur. It may be possible to find and 

cultivate a colorless flagellate which will be even more effective 
than the green one, Dunaliella, which has already been used 

and caused the female-producing females to yield as high as 87+ 

per cent of male-producing daughters. 
The sex strains of Punnett may be more or less due to the 

diet used. Punnutt states that they were fed upon Euglena 

most of the time but does not state whether the Euglena were in 

pure cultures. In some of the food cultures made this year an 

undetermined species of Euglena was cultivated in the same 

kind of bouillon solution as was Dunaliella. This was an ex- 

cellent food for the rotifers but it did not stimulate them to 
produce males, as the Dunaliella always did when the rotifers 

were suddenly transferred to it from a Polytoma diet. In a 

previous paper it has been shown that a constant and uniform 

food supply caused one family to produce only female offspring 

through 289 generations, although males were produced in side 

experiments when the food was changed. Punnett unwittingly 
may have used a pure Euglena culture as food for some of his 
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strains and mixed cultures for other strains, or he may have used 

a mixed food culture whose protozoan fauna was stable or varied 
according to the light conditions or possibly other conditions in 

the laboratory. 

In order to cause rotifer mothers to produce male-producing 

daughters by changing the diet from Polytoma to Dunaliella 

the latter diet must be very abundant so that the mothers may 

consume enormous quantities of it. A change to a meagre diet of 
Dunaliella causes no male-producing daughters to be produced. 

This fact that the Dunaliella diet must be very copious in order 
that male-producing daughters may be produced, rather indicates 

that a sudden ¢éhange in metabolism in which the processes are 
carried on at their maximumrate, may be a necessary accompany- 

ing stimulus, coupled with the new diet stimulus that causes 

male-producing daughters to be produced. 

SUMMARY 

1. In the parthenogenetic reproduction of Hydatina senta 

the influence of the diet acting upon the grandmother determines 

the sex of the grandchildren. 

2. A continuous diet of the colorless flagellate, Polytoma, 

causes female grandchildren to be produced. 

3. A sudden change of the diet from Polytoma to an abundant 

supply of the active green Dunaliella causes male grandchildren 

to be produced. 
4. The regulation of the sex ratio in the parthenogenetic 

reproduction of Hydatina senta therefore can be controlled by 

food conditions. 

Middletown, Conn. 

August 14, 1914 
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