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“There is not a fact or a law in the whole of science which 

is in its finished form, Everywhere is growth and change.” 

W. H. Brace. 



PREFACE. 

N these pages we attempt to give a brief account of our present 

knowledge of carbon assimilation. For this purpose we deal 

mainly with work done during the last twenty years, and we do not 

aim at any complete historical account of the development of the 

various aspects of the subject. Rather, as far as possible we 

select representative pieces of work and attempt to arrange the 

facts brought out in these investigations so as to give a clear 

conception of the present position of the various problems. 

It may be that this review will appear to the reader to be very 

critical. In this case we hope it will not be concluded that the 

writers fail to appreciate the efforts of the many contributors to 

the subject, both along its main lines and its side channels. Our 

desire is to emphasize those facts which will help towards the 

realisation of the idea that the work done on carbon assimilation 

justifies the position of plant physiology among the pure sciences. 

It is to be hoped that this realisation will stimulate plant physiolo- 

gists to attempt a similar development of our knowledge of other 

phases of the life of the plant. 

A recent botanical writer has said that the function of pure 

science is to pursue useful knowledge; the duty of the leaders of 

science to direct the pursuit along what appear to them the most 

promising lines. 

This proposition we regard as thoroughly unsound, It is 

impossible, for instance, in plant physiology for anyone to foretell 

which particular plant process is the most promising one to 

investigate in order to obtain results of utilitarian value. It is true 

indeed that the economic importance of a pure science depends 

upon the utilisation of the principles evolved by it. Thus the ever- 

growing importance of plant physiology is due to the fact that the 

principles brought out by it are utilised in plant cultivation. But 

the growth and development of a pure science cannot be controlled 

by the applied science dependent upon it. 

Although the principles of carbon assimilation exposed in this 

review may still appear somewhat vague, yet they have sufficient 

definiteness to indicate that their application in agriculture will 

open up new possibilities of development in that field. For this 

reason we hope that the following pages will be of interest to those 

concerned in the development of scientific agriculture, as well as to 

those interested in plant physiology for its own sake. 
IJ. 

Lonpon, W.S 

April, 1917, 
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CARBON ASSIMILATION. 
~ 

C 
A Review oF Recent Work ON THE PIGMENTS OF THE 

GREEN LEAF AND THE PROCESSES CONNECTED WITH THEM. 

CuHapTER I. + 

Introduction. 

HE elements contained in the plant are such as are always 

present in ample quantity in air or soil, but in the plant 

they exist in compounds possessing greater energy than the 

simpler substances in the surroundings. 

The fundamental characteristic of the green plant is that during 

its life it produces these compounds of greater energy, the energy 

required for this being obtained from the radiant energy of the 

sun. 

One of the chief elements thus built up into the plant is carbon, 

which is provided by the carbon dioxide of the air. It is in this 

sense, and this only, that we use the term carbon assimilation. 

We consider the use of this rather non-committal expression 

preferable to that of such terms as photosynthesis, photolysis of 

carbon dioxide, etc., which suggest definite theories of the nature of 

the processes. 

The main feature of carbon assimilation is the photochemical 

reaction or reactions in which, by means of the green pigment of 

the leaf, radiant energy is transformed into chemical energy. 

A discussion of photochemical reactions is, however, outside 

the scope of this review because, unfortunately, no information is 

available from plant physiological investigations which throws any 

light on the particular photochemical reaction which is the essential 

feature of carbon assimilation. 

The study of photochemical reactions forms an important 

branch of physical chemistry at present undergoing rapid develop- 

ment, and one which no doubt deserves more attention from plant 

physiologists than it has so far received, not only in connection 

with carbon assimilation but also in regard to many other processes, 
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e.g., those concerned in growth and irritability. However, the 

subject is likely to prove an extremely difficult one in respect to 

plant physiological problems, more especially because it is so 

difficult in a complex series of reactions to distinguish between 

purely photochemical reactions and the chemical actions coupled 

with them. 

Consequently the usual characteristic of a photochemical 

reaction of a temperature coefficient close to unity is one of which 

cautious use must be made in drawing conclusions as to reactions in 

the living organism where a complex of physical and chemical 

processes may between them produce any possible temperature 

coefficient. Yet the fairly high temperature coefficient, between 2 

and 3, obtained by F. RP Blackman for carbon assimilation is fairly 

clear evidence of the complexity of the processes of carbon 

assimilation, as it indicates that the photochemical process must be 

coupled with actions of another kind. 

Similar difficulties present themselves when we attempt to 

analyse the energy relations of the green leaf. The radiant energy 

absorbed by the leaf is partly transformed into heat energy which 

results in raising the temperature of the leaf, and partly into 

chemical energy, but it is extremely difficult to distinguish between 

the amount of energy transformed into heat and that transformed 

into chemical energy. 

Yet this transference of radiant energy into chemical energy is 

of immense importance in the world, for upon it all life depends. 

Without it of course the organic world as we know it would be non- 

existent. Also our present well-developed industrial civilisation 

can be directly traced to this transformation of radiant energy into 

chemical energy ages ago. Itis of course owing to the sun’s energy 

stored in coal, the result of carbon assimilation in past periods, that 

industrial development occupies its present position. It has been 

well shown by A. H. Gibson (1913) how comparatively inadequate 

are other natural sources of energy to replace that of coal when the 

world’s coal supply becomes exhausted, and it becomes evident that 

some means of utilising the sun’s energy such as the plant is able to 

do, will have to be developed if our civilisation is to continue: 

Whether this can be secured by growing plants which produce 

material of high calorific value, or whether the energy of sunlight 

can be better stored directly by some photochemical reaction, 

cannot even be guessed at present, 
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Although it has been recognised for a long time that this 
essential transformation of radiant energy into chemical energy 

was accomplished by means of a pigment, yet even the recent 

brilliant researches on the chemistry of the leaf pigments has 

not so far helped in the elucidation of the problem. Nevertheless 

it is clear that a good knowledge of the pigments concerned is 

absolutely necessary in order that an attack may be made on the 

problems of carbon assimilation. 

Purther scope for organic chemistry occurs in regard to the 

products of the assimilatory processes; those substances at some 

stage in the formation of which the transference of radiant energy 

to chemical energy takes place, This seems likely to be a more 

difficult problem even than the determination of the chemical 

nature of the pigments. Apart from the inherent difficulties 

attending all work on a group of substances of similar properties 

such as the carbohydrates, the problem is further complicated by 

the possibility of intermediate substances between the crude 

materials and the final product, and also of degradation pro- 

ducts of this latter preparatory to translocation away from the 

leaf. Again there is the possibility of “multiple carbon-assimila- 

tion,” ze. the formation of not one but several final products in the 

assimilatory processes. 

Room there is undoubtedly for an enormous amount of organic 

chemical work on these problems, but it must never be forgotten that 

we cannot expect, nor perhaps should we even aim at getting the 

processes of the plant pictured by means of simple reactions. For 

this reason we think that the most promising aspects of carbon 

assimilation are not those made evident in the contributions of 

organic chemistry, necessary and valuable as they are, but in those 

investigations which constitute a struggle towards a clear cut 

conception of the main problems involved; no easy matter when 

these are obscured by a mass of secondary issues due to the com- 

plexity of the setting provided by organism and environment. 

The investigations to which we refer are those in which an 

analysis of the various factors concerned in carbon assimilation 

has been attempted. It was indeed recognised long ago that there 

were various environmental factors which influenced carbon 

assimilation, but it was due to FP. P. Blackman that the effect of 

each of these factors and the manner of their interaction was 

systematically investigated by a careful control of the possible 

external factors. This same line of investigation has been con- 
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tinued by Willstatter in regard to the internal factors with results 

which are full of suggestion for future investigators. 

By analysis of this kind it seems most likely that we shall 

attain correct ideas of what has been called the mechanism of 

carbon assimilation, rather than by the more favourite and much 

easier method of conducting chemical experiments in support of 

various theories for which evidence derived from the facts of 

assimilation gives insufficient support. 
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CHAPTER II. 

The Pigments of the Leaf. 

A. GegNERAL REMARKS. 

It is necessary to review the present knowledge of pigments in 

the leaf before discussing the actions taking place there, more 

particularly as this knowledge has been considerably increased 

during recent years by the researches of Willstatter and his co- 

workers, and as the results of these researches do not appear as 

yet to have penetrated very deeply into the botanical world. 

Willstatter’s researches have extended over a period of more 

than ten years, during which time he has been assisted by many 

expert chemists, working under conditions which have enabled them 

to conduct experiments on a properly large scale. The result is 

that the chemistry of chlorophyll has been made at least as clear 

as that of any other plant substance, and there is every reason to 

hope that in applying the experience of Willstatter and _ his 

colleagues to experiments in plant physiology, great progress will be 

made. 

Besides working out the chemistry of the leaf pigments and 

isolating them, Willstatter has made a large number of analyses of 

pigments from various species of different families, trom plants 

growing under different ecological conditions, and from plants 

collected at different seasons and at different times of day. 

The main facts derived from Willstatter’s researches are that 

the chloroplasts contain four pigments, two green and two yellow. 

These are:— 

1. Chlorophyll component a,C,,H,,O,N, Mg, blue black 

in the solid state, green blue in solution. 

2. Chlorophyll component b, C,;,H,,O,N,Mg, green 

black in the solid state, pure green in solution. 

3. Carotin, forming orange red crystals of the composition 

CyoHs.. 

4, Xanthophyll, forming yellow crystals of the composition 

C,H, ,0.. 

It was found that these pigments were identical in all plants exam- 

ined. The chlorophyll always contained 2:7% of magnesium, which 

is the only metal present in its ash. Neither iron nor phosphorus 

is present. 

In fresh leaves these four pigments were found in about the 

following quantities :— 
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Chlorophyll a ie ... 2 parts per 1000 

a b shes we £ yy 1000 

Carotin ... — a er » 1000 

Xanthophyll ies gegp, Salas » 1000 

In the chloroplasts these pigments are also mixed with various 

colourless substances ; fats, waxes and salts of fattyacids. Thus in 

an alcohdlic extract of dried leaves chlorophyll is accompanied by 

about six times its weight of other substances. 

Willstatter has worked out methods for freeing chlorophyll 

extracts from these accompanying colourless substances, and also 

methods for isolating each of the four pigments. In all that follows, 

when we speak of chlorophyll we refer to the green pigments freed 

from the yellow ones. 

In thus being able to obtain pure pigments a very great advance 

is made, All the earlier experiments on the reactions taking place 

in the green leaf were made with extracts, such as alcoholic 

extracts of leaves, which contained many substances besides the 

pigments. : 

Yet a further complication becomes obvious from Willstatter’s 

investigations, and this is also a fact which has not yet received its 

due attention in physiological researches. Moreover it is a fact not 

only important in this branch of plant physiology but ia all cases 

where plant substances are extracted and purified. This is that 

by the methods of extraction the state of matter in which the 
substance generally exists may be altered. For this reason it may 
become difficult to draw conclusions from the behaviour of the 
extracted substance as to the function of the substance in its natural 
condition in the plant. 

Prom Willstatter’s researches it is clear that solvents which 
dissolve the pure extracted substance do not extract the substance 
from the dried leaf. For instance, the pure pigment is readily 
soluble in acetone, ether and béazol. If the dried powder of nettle 
leaves is placed in pure acetone it can remain there for half an hour © 
without the acetone becoming at all coloured. But if a little water 
is added the colour immediately becomes intensely green. Neither 
ether nor benzo! becomes coloured quickly when powdered nettle 
leaf is added. Yet both are immediately coloured strongly green 
when a few drops of water are added. This behaviour of chlorophyll 
suggests that chlorophyll in the leafis in a different state of matter 
from extracted chlorophyll. 

The extracted pigment is soluble in petrol-ether as long as it 
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is mixed with accompanying oils, waxes, etc., but petrol-ether does 

not extract at all from dried leaves, so it is feasible to suppose that 

the chlorophyll in the chloroplast is in the colloidal condition, that 

water added to the pure organic solvents dissolves the mineral 

substances in the leaf, and the salt solution so formed alters the 

colloidal condition of chlorophyll in the chloroplast and makes it 

easily soluble. 

In this connection it should be pointed out that the pure organic 

solvents can extract the chlorophyll from fresh leaves, as there is of 

course, abundant water present in them. 

Support for this assumption is given by the fact that colloidal 

solutions of chlorophyll in water made up from the pure extracted 

pigment behave in a similar way to the dried leaf powder. Thus if 

a colloidal solution of chlorophyll is mixed with ether, the ether 

remains colourless, but if a little salt solution, for instance, a solution 

of calcium chloride or calcium nitrate, is added, on shaking the 

ethereal layer becomes coloured green. The salt solution has 

precipitated some of the chlorophyll from its colloidal condition and 

it is now easily soluble in ether. 

In regard to the actual state of chlorophyll in the leaf there has 

been some difference of opinion. Arnaud (1885) supposed 

that capillary forces kept the chlorophyll back in the leaf, and 

Willstatter himself at one time assumed that chlorophyll in the 

leaf was present in the form of adsorption compounds with colloids. 

Similarly Tswett (1901) held that the pigment was bound to the 

skeleton of the chloroplast by molecular adsorption. Recently 

Palladin (1910a, 1910b) suggested that the chlorophyll is present in 

the leaf in a state of chemical combination, particularly with the 

so-called lipoid substances, and he shows that the use of solvents for 

extraction could be explained by their dissociating power in regard 

to the adsorption compound. 

Willstatter’s present opinion is that the chlorophyll in the 

chloroplast is present in a colloidal mixture, and there appears to 

be a good deal of experimental evidence in support of this view, even 

if it may have to be slightly modified when we have more experi- 

mental knowledge of the kinetics of the physiological processes 

involved. 

We may mention briefly some other reasons for the assumption 

that chlorophyll is present in the colloidal condition. There is first 

evidence derived from spectroscopic examination. According to 

Tswett (1910) and other writers the absorption bands in the spectrum 

of the living leaf are displaced towards the red end of the spectrum 

as compared with the bands in the spectrum of extracted chloro- 
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phyll. Herlitzka (1912) has shown that the spectrum of living leaves 

agrees with that of colloidal chlorophyll solutions while both differ 

in the same way from the spectrum of true chlorophyll solutions. 

Willstatter’s own experiments confirm the observations of 

Herlitzka. He made measurements of the bands in the spectrum 

of leaves of different plants and found them to occupy the same 

positionsas the absorption bands of the spectrum of colloidal solutions 

of pure chlorophyll a. 

Again the condition of the chlorophyll in fresh leaves is altered 

if the leaves are plunged in boiling water. After such treatment 

the chlorophyll is much more easily extracted. Microscopic 

examination shows that the chloroplasts are deformed as a result of 

such treatment, they are displaced from the normal position in the 

cell and diffusion out from them of chlorophyll follows almost 

immediately. Externally the leaves change in colour to a deep 

green. Spectroscopically this change in colour is shown to be 

accompanied by a displacement of the absorption bands towards 

the violet end of the spectrum so that they occupy practically the 

same position as those in the spectrum of:a chlorophyll extract. 

This is explained at once on the view that the chlorophyll has 

changed from a colloidal to a true solution and is now dissolved in 

waxy substances which have become liquid as a result of the 

alteration of temperature. As would be expected, pure acetone and 

ether easily extract the pigment from a powder made from leaves 

previously steeped in boiling water. 

It is worth mentioning that if fresh nettle leaves are treated 

with acetone or other solvents, and are then examined spectroscopi- 

cally when they have become deep green but before any pigment 
chas diffused out of the tissues, the same bands in the spectrum are 
observed as with the spectrum of the extract. It is thus possible to 

obtain within the leaf tissue a solution of the same kind as that 

obtained by extraction. 

The various chlorophyll samples obtained by Willstatter by 
different methods of extraction are identical, whether obtained from 
fresh leaves, or from leaves put in boiling water, or from dried leaves. 
They showed no difference in chemical composition, solubility or 
optical properties. 

While in the higher land plants examined the same four pigment 
are always present, and the ratio of the quantities in which the four 
are present does not vary very much, Willstatter found a somewhat 
marked variation in the green alge, and a very different state of 
affairs in the brown alge. 

The green alga examined was Ulva lactuca. Here were found 
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the same four pigments as are present in higher plants, but the alga 

is comparatively richer in chlorophyll b and also contains, relatively 

to the chlorophyll, more of the yellow pigments than is present in 

the green leaves of land plants. Willstatter gives the following table 

for the pigments of Ulva, the numbers representing parts per 

thousand of fresh thallus :— 

Chlorophyll a... ae wy .. 0-16 

5 Ds ‘sk ben ww. O12 

Carotin sig sais 0 ve 0°02 

Xanthophyll ... oak aie ... 0:06 

The brown algz stand of course in great contrast to the green 

algee and higher plants as far as their external appearance goes in 

the matter of colour, and many views have been held in regard to 

the presence of pigments causing this colour. Thus Cohn (1865, 1867) 

supposed the cells of the Phaophycez contained a brown pigment 

called phzophyll nearly allied to chlorophyll. Molisch (1905) 

supported this view. In these brown forms he supposed the only 

pigment present to be a brown chlorophyll derivative which changes 

easily intoordinary chlorophyll when the thallus is immersed in warm 

air or water or is treated with organic solvents. Potassium hydroxide 

reacts with chlorophyll to produce a brown derivative which easily 

gives rise to green compounds, and with this brown derivative he 

compares phzophyll. 

The theory generally taught in this country, which is the one held 

by Tswett (1906, 1910) and Czapek (1911), is that chlorophyll is present 

in the plastids of the brown alge but that its presence is masked by 

yellow pigments. The well-known class experiment of putting the 

thallus of a brown algain boiling water which results in an immediate 

change of brown to green, is usually explained by supposing the 

brown covering pigment to be extracted by the water. Tswett 

suggests as an alternative explanation the alteration of the yellow 

pigment. 

The completion of the proof that chlorophyll is actually present 

in the brown alge has been made by Willstatter and Page (1914). 

These workers in dealing with the phzophyll theory of Cohn and 

Molisch show that if the alge contained a pigment similar to that 

produced by the action of potassium hydrate on chlorophyll it would 

give different derivatives when subjected to different treatments, but 

this is not the case. 

A second argument against Molisch’s view is to be found in 

spectroscopic examination of the pigments. The brown chlorophyll 

derivatives give a spectrum quite different from that of chlorophyll, 

there is no absorption in the red, but strong absorption in the green 
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and violet. The spectrum of the brown algal thallus on the other 

hand is not at all like this, but is not much different from that of 

the green leaf. On putting into boiling water a change in the 

spectrum is observed similar to that observed in the case of the 

green leaf and this can be explained in a similar way by supposing 

a change in the chlorophyll from the colloidal condition to a solution 

in fats and waxes. 

A microscopic examination of the thallus before and after 

treatment with hot water confirmed other lines of evidence. 

As regards the composition of the pigments in the brown alge 

some workers, including Tswett, have supposed a third chlorophyll 

to be present; Tswett, for example, speaks of chlorophyll y. 

Willstatter, however, could find no sign of such a substance when 

he treated fresh brown alge with cold solvents. But he has 

obtained this third chlorophyll derivative from stale or dried thallus. 

It is clear that the chlorophyll of the brown alge changes on 
standing, and the pigment is unstable in the dried plant. 

The result of Willstatter’s researches on the pigments of the 
brown algz is to show that the same pigments are present in their 
plastids as in the chloroplasts of the green leaf, and that a third 
yellow pigment, fucoxanthin is present in addition, a pigment with 
the formula C,,H,,0,. The green pigment is nearly all 
chlorophyll a; only traces of chlorophyll b were found. Willstatter 
gives the result of analyses of Fucus, Dictyota and Laminaria. The 
yellow pigments are much more abundant than in green plants. 
Instead of being present in the molecular ratio of 3 to 5 of green to 
1 part of yellow pigment as in higher plants, the ratio is here more 
nearly 1 to 1. 

Willstatter gives the following figures as the result of his analysis 
of Pucus pigments :— 

Chlorophyll... : wes eee 0°503 
(nearly all a, not more than 5% b). 

Carotin sive in a .-. 0089 
Xanthophyll ... aid sie - 0°087 
Pucoxanthin ... wee oo. 07169 

These numbers represent ne per 1,000 of the fresh thallus 
The molecular ratios are :— 

Chlorophyll... wes an .-. 364 
Carotin ote sie ane coe 1:08 
Xanthophyll oa ex --- 1:00 
Pucoxanthin ... i ae eee 175 
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In the following sections of this chapter we propose to deal 

more in detail with the chemistry of the pigments, their method 

of extraction and variations in their amounts. It must, of course, 

be understood that anyone wishing to obtain first-hand knowledge 

of these aspects of the subject must consult Willstatter’s book (1913) 

or his original papers referred to therein.'’ Most of the information 

given in the succeeding sections of this chapter is due to Willstatter 

and his co-workers. It is impossible to offer any criticism of the 

methods or the results of Willstatter, and in many cases in the 

following we have simply had to quote him without comment. 

In view of the information given by Willstatter’s researches it 

becomes unnecessary and would only be confusing, to enter into 

any discussion of the different results obtained by other continental 

investigators of this subject such as Hoppe-Seyler (1879, 1880, 1881), 

Gautier (1879) and Stoklasa (1907, 1909, 1913). It is sufficient to 

indicate that their results now appear due to their imperfect 

methods of extraction. 

The difficulties of isolating chlorophyll, partly because it 

changes so easily to other substances, and is so soluble in many 

solvents, has had the result of producing a very voluminous 

literature, but not even the most elementary questions had been 

solved before Willstatter’s researches. Thus it was not known 

whether there was one chlorophyll substance or more than one 

and as recently as 1906, Etard claimed to have found in one plant 

a whole series of different chlorophyll pigments, and an unlimited 

number of chlorophylls from different plants. Also the elementary 

questions of analysis had not been solved. It was not even known 

which elements were contained in the chlorophyll molecule. 

’ How little notice has been taken of Willstatter’s work by plant physiolo- 
gists can be made clear by reference to recent work involving the use of 
extracted chlorophyll. It is perhaps understandable that Wager in a paper 
published in 1914 should be unaware of Willstatter’s results, for not much 
more than half a year had elapsed since the publication of Willstiitter’s book ; 
yet even so, accounts of many of the researches summarised in that book have 
been easily accessible in original papers for some years. Again, in the paper... 
by Ewart (1915) already referred to, in which Wager’s work ts criticised, there 
is no evidence of close acquaintance with Willstatter’s work, for the author 
gives as the source of his information, the account of Willstiitter’s researches 
given by Haas and Hill (1913). This, however, may be explained by the fact 
that Ewart is working in Australia and some time is required for German 
publications to reach so far. But it is difficult to understand how Chodat, 
working in a country so near Germany as Switzerland, in a paper (1915) 
published three months after Ewart’s, should make no reference to 
Willstatter’s, but should recommend the methods of chlorophyll extraction 
worked out by Hoppe-Seyler which date back to the years 1879 to 1881. 
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Now, owing to Willstatter’s work, which is undoubtedly one of 

the most brilliant achievements of organic chemistry, our knowledge 

of the chemistry of chlorophyll is as complete as, or more complete 

than, that of any other plant substance. His researches have 

therefore cleared the way for a vast amount of plant physiological 

work of the greatest importance. It seems impossible that this 

unique work of Willstatter and his co-workers should not influence 

and stimulate work in plant physiology, and it is surprising how 

little this work has influenced plant physiological research so far, 

Thus, in some recent work (Ewart, 1915) where it is contended 

that Willstatter’s methods of extraction have been followed, it 

would have been more convincing if the author of the paper had 

stated what chemical tests he applied to test the purity of his 

extracted pigment, 

B. THe CHEMISTRY OF CHLOROPHYLL. 

Chlorophyll is a neutral substance which on treatment with 

alkalis yields salts of acids which are known as chlorophyllins. 

These salts of the chlorophylJins are soluble in water and are also 

green in colour like chlorophyll. In the production of chlorophyllins, 

a group which was bound to an acid radicle, has been split off from 

the chlorophyll molecule, that is, the chlorophyll has undergone 

saponification like an ester. 

The chlorophyllins which are formed by alkaline hydrolysis 

from alcoholic extracts of leaves are easily decomposed. They 

were, however, isolated by Willstatter, and were found on analysis 

to contain magnesium, which was bound to the nitrogen in a 

complex way. The magnesium cannot be electrolytically disso- 

ciated as in a magnesium salt. The magnesium containing group 

is very easily affected by acids, but is stable in presence of alkalis. 

On heating chlorophyllins with concentrated alcoholic alkalis, 

a series of decomposition products, phyllins, are obtained by 
removal of carboxyl groups, until in the final phyllin only one 

remains. The phyllins are also acids containing magnesium. On 

removal of the last carboxyl group a substance devoid of oxygen, 
ztiophyllin, is produced, having the composition C,,H,,N,Mg, in 
which also the magnesium is bound to the nitrogen. 

If mineral acids and acetic acid are allowed to act on the 
phyllins, these lose their magnesium. The series thus obtained 
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from the phyllins by the action of acids are called porphyrins. 

Thus zetiophyllin gives setioporphyrin, C,,H,,N,. 

While the action of alkalis on chlorophyll produces no change 

in the optical properties of the chlorophyll derivatives, with acids 

the colour becomes olive-green and the fluorescence becomes less. 

It is another group of the chlorophyll that is attacked, but the 

resulting substance is incapable of forming salts: no saponification 

has taken place. 

For instance, the action of oxalic acid or dilute alcoholic 

hydrochloric acid on an alcoholic extract of leaves is to produce a 

wax-like chlorophyll derivative called phzophytin. It contains no 

magnesium, and the replacement of that metal by hydrogen is the 

only change which takes place. The substance is not easily soluble 

in alcohol and so is precipitated easily. Its solution differs from 

that of chlorophyll in colour, but if a metal is introduced into the 

molecule again, it regains the chlorophyll colour. This may easily 

be effected with copper and zinc by adding their acetates to 

phzophytin. Magnesium is not so easily replaced, but Willstatter 

has succeeded in doing this by treating phzophytin with magnesium 

methyl iodide. 

If pheophytin is saponified with alkali, nitrogen-containing 

acids are produced and a nitrogen-free alcohol called phytol of the 

formulaC,,H,,OH. Willstatter has also shown that a—COOCH, 
group is broken up by this hydrolysis. 

From the results of the treatment of chlorophyll with alkalis 

and acids Willstatter has thus been able to write the formula of 

chlorophyll a as (C,,H,;,ON,Mg) (COOCH,) (COOC,,H,,), 

that of chlorophyll bas(C,,H,,0,.N,Mg)(COOCH,)(COOC,,H,,). 

When a mixture of chlorophyll a and b is saponified with alkali 

the green colour changes first to a deep brown (chlorophyll a 

changes to yellow, chlorophyll b to red). After a few minutes 

the colour changes back to the original green. Willstatter 

explains this as possibly due to the presence of a lactam ring 

CO—NH which is opened when the brown phase is produced. 

The reappearance of the green colour is supposed to be due to the 

formation of another lactam ring which is more alkali-stable. 

During the production of the brown phase the complex 

combination of the magnesium is affected. On the reproduction of 

the green colour the carboxyl group might combine with the same 

nitrogen group or with a different nitrogen group, or the nitrogen 
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might combine with another carboxy! group." 

Prom the formule of chlorophyll given above it will be observed, 

that the phytol component amounts to one-third of the weight of 

the chlorophyll. 

Now analysis of chlorophyll from different plants gave very 

various numbers for the phytol content, and plants yielding 

chlorophyll containing very little phytol were found to be excellent 

material from which to isolate chlorophyll in a crystalline form. 

According to Willstatter and Stoll the chlorophyll in plants is 

accompanied by an enzyme chlorophyllase, active in alcoholic media, 

which brings about the replacement of the phytol of the chlorophyll 

molecule by alcohol, so that one gets alcoholysis of the chlorophyll. 

The substances so produced were known formerly as crystalline 

chlorophyll. They constitute a group called chlorophyllides. Ethyl 

chlorophyllide (crystalline chlorophyll) is produced according to the 

equation 

(C,H, ,ON,Mg) (COOCH,) (COOC,,H59) + C,H,OH= 
C,,H,,0H + (C3,.H;,ON,Mg) (COOCH;) (COOC,H,). 

Phytol. Ethyl! chlorophyllide. 

Similar chlorophyllides are produced with other alcohols. 

Of much interest is the manner in which the presence of two 

chlorophylls in leaves was discovered. It has been mentioned 

already that the treatment of an alcoholic extract of leaves with 

dilute acid yields a wax-like substance called phzeophytin. It was 

observed by Willstatter that the decomposition of phzeophytin 

results in a considerable number of products, but that these consist 

of two distinct groups, one called the phytochlorins which are olive- 

green in solution, and another group, comprising those which give 

solutions of a beautiful red colour, called phytorhodins. These 

compounds were so numerous that they were simply differentiated 

by letters so that they were designated phytochlorin a, phytochlorin 

b, etc. 

The method by which they were separated by Willstatter and 

Mieg (1906) is based on the different distributions of these substances 

between ether and hydrochloric acid. The concentration of the 

hydrochloric acid determines how much of the substance is extracted 

by it from ether. Thus only traces of phezophytin a are extracted 
‘In alcoholic solution chlorophyll! undergoes a change which Willstatter 

calls allomerisation. He supposes the lactam ring is opened and another 
lactam ring formed. Such allomerised chlorophyll does not give the brown 
phase. This change does not take place in ether or chloroform solutions. 
It is accelerated in alkaline solutions but inhibited by small quantities of acid. 
Therefore, in the separation of the two chlorophylls, a small quantity of - 
oxalic acid is added. See section D (6), p. 23. 
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from an ether solution by an equal volume of 25% hydrochloric acid, 
while with 32% it is almost entirely extracted : again only traces of 
phytochlorin e are extracted by 05% acid, but it is almost entirely 
extracted with 4 to 5% acid. The “hydrochloric acid number” is 
the percentage content of that acid which by shaking removes 
approximately two-thirds of the dissolved substance from an equal 
volume of an ethereal solution. 

It was thus possible to separate the decomposition products of 
pheophytin by fractionating the mixture of them in ether with 
hydrochloric acid of different concentration. 

The formation of the large number of decomposition products 
of phzophytin is due to the instability of chlorophyll in alcoholic 
solution. By uniform treatment of material, however, Willstatter 

has been able to ensure obtaining only two, but never fewer, 
decomposition products from phzophytin: phytochlorin  e, 
C;3,H,,0N,(COOH),, and phytorhodin g,C,,H,.0,N,(COOH),. 

As the molecular weight of phzeophytin is of the same order 
of magnitude as that of phytochlorin e and phytorhodin g, and as 
these cannot be converted into one another, and as moreover they 
are formed in definite proportions by weight, it follows that they 
are formed from two different phzophytins and ultimately from 
two different chlorophylls. 

The summary on the next page may serve to make clear the 
action of different reagents on the chlorophyll molecule. In each 
case we have represented the actions with chlorophyll a. Similar 
reactions take place with chlorophyll b. 

Description of Chlorophyll. Chlorophylls a and b as precipitated 
out by petrol ether are microcrystalline. Chlorophyll a forms a 
blue black powder which makes a green mark. Chlorophyll b 
forms a green to green black powder. 

Chlorophyll a is easily soluble in ethy! alcohol, acetone, chloro- 

form, ether and carbon-disulphide, pyridin and benzene, moderately 

soluble in methyl alcohol and soluble with difficulty in 80% ethyl 
alcohol, 90% methyl alcohol (even warm) and petrol ether (even 

warm). It is practically insoluble in 80% methyl alcohol. 

Chlorophyll b has much the same solubility properties as 

chlorophyll a, except that the solubility is generally slightly less, 

It is completely insoluble in petrol ether and practically insoluble 

in 90% methyl alcohol. 

) For further information on the chemistry of chlorophyll see Willstatter 
and Stoll (1913). A short account of the chemistry of chlorophyll has also 
recently been published by Willstatter in English ; see Willstatter (1915a). 
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The ethyl alcoholic solution of chlorophyll a is blue green with 

deep red fluorescence, the colloidal solution in water is pure green 

and does not fluoresce. The alcoholic solution of chlorophyll b is 

greener, compared with a it is tinted a little yellow and the fluores- 

cence is red with a tinge of brown. 
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The different behaviour of the two chlorophylls on saponifica- 
tion has been mentioned previously. Chlorophyll a gives a pure 
yellow and b a red colour both of which change back subsequently 
to green. 
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C. THe Yraitirow PIicMmeEnts. 

Although the yellow pigments may have physiological import- 

ance in carbon-assimilation there is not much to be said in regard 

to their chemistry. They both give non-fluorescent yellow solutions 

stable in alkaline but very easily dissociated in acid media. 

Carotin is identical with the yellow pigment of carrots. It is 

an unsaturated hydrocarbon of the formula C,,H,, crystallising 

in rhombohedra with a lustrous blue surface, but appearing red in 

transmitted light. It is easily soluble in chloroform, carbon- 

disulphide and benzene, soluble with difficulty in petrol ether and 

ether, and in even boiling methyl and ethyl alcohol; in the cold it 

is almost insoluble. 

Characteristic of it is its distribution between petrol ether and 

methyl alcohol. If to a solution in petrol ether is added methyl 

alcohol containing a little water, the alcohol layer remains colour- 

less. 

It undergoes auto-oxidation. If it stands in air it becomes 

bleached and increases in weight by 35% in dry air and by 41% in 

moist air. With the halogens it forms addition compounds. 

It gives a red solution in carbon-disulphide and a deep blue 

solution in concentrated sulphuric acid. 

Xanthophyll has the formula C,,H,,O,. The crystals are 

pleochromatic often with a steel blue lustre. In transmitted 

light they are yellow and only red where two or more cross one 

another and in this way are easily distinguishable from those of 

carotin although the colour of the two pigments in solution is very 

similar. The behaviour of xanthophyll with sulphuric acid and 

halogens is the same as that of carotin. It is insoluble in petrol 

ether, the solvent is not even coloured; in methyl alcohol it is 

soluble with difficulty but more easily than carotin. It is also 

soluble with difficulty in carbon-disulphide. In ether it is more 

soluble, and is easily soluble in chloroform. Like carotin it under- 

goes auto-oxidation and a solution of xanthophyll bleaches in 

presence of air very quickly, much quicker than carotin. 

If a xanthophyll solution in methyl alcohol is mixed with 

petrol ether and a little water added, the greatest part of the 

pigment remains in the methyl! alcohol layer. 

Although carotin and xanthophyll give very similar solutions 

it is difficult to compare the colour intensities of the two because 

the colour varies with the solvent and the concentration. The 

carotin is always stronger and in dilute solutions they are not 
comparable because the shade varies. 

B 
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The alcoho! solution of carotin or xanthophyll has a spectrum 

with one band in the blue and another in the indigo blue and the 

end absorption commences in the violet. The bands in the case of 

xanthophyll are displaced a little towards the violet as compared 

with carotin. 

In carbon-disulphide solutions the difference between the two 

spectra is greater, and the absorption bands are displaced towards 

the red end as compared with those in alcoholic solution. 

D. Tue ExtTRAcTION AND PREPARATION OF THE PuRE PIGMENTS 

FROM THE LEAR, 

(1) The Choice of a species. In obtaining the pigments of the 

leaf in the free state it is obvious that the first question to arise is 

the choice of material from which the pigment should be extracted. 

This question immediately resolves itself into two: firstly, the 

choice of a species on which to work, and secondly, the preparation 

of the leaves for treatment with the solvent. 

In regard to the choice of a species, Willstatter divides plants 

into two groups. (i) Those rich in the enzyme chlorophyllase, 

which on extraction of the pigment give the substance known as 

“crystalline chlorophyll” (chlorophyllides). In this group are 

hogweed (Hervacleum sphondylium), hempnettle (Galeopsis Tetrahit) 

and the hedge woundwort (Stachys sylvatica). (ii) Those poor in 

chlorophyllase, which on extraction of the pigment give true 
chlorophyll. Of the plants in this group Willstatter recommends 
for use the nettle (Urtica sp.) which is very abundant, is rich in 
chlorophyll, and poor in enzymes. Nettles are easily dried and 
when dried they keep well. They have the disadvantage that in 
the process of extraction the chlorophyll is easily altered, but this 
disadvantage can be obviated by quick preparation. 

It is interesting, as Willstatter points out, that as long ago as 
1852, G. G. Stokes proposed the use of nettles as a source of 
chlorophyll. 

(2) The Preparation of the Leaves. ‘The earlier preparations of 
chlorophyll were nearly all made by boiling fresh leaves in alcohol, 
and for this purpose, on account of its abundance, grass was very 
commonly used. Sometimes the fresh leaves were first boiled with 
water, after which the pigment could be extracted with warm 
alcohol. Hoppe-Seyler first treated the leaves with ether in order 
to extract the waxes, before extracting the pigment with boiling 
alcohol. 
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Willstatter first dried his leaves and powdered them before 

extracting the pigment. The advantages and disadvantages of 

using fresh and dried leaves may be summarised as follows. 

Preparations from fresh leaves are important (i) for analytical 

purposes when small quantities only are necessary; (ii) when it 

is necessary to find the true proportions of the various pigments; 

(iii) when the action of chlorophyllase on chlorophyll is utilised for 

the preparation of crystalline chlorophyll. On the other hand 

fresh leaves have the disadvantages that (i) they are more difficult 

to divide finely; (ii) it is more difficult to prevent the alteration of 

the chlorophyll in fresh leaves than in the dry powder. However, 

this difficulty may be overcome by treating with a watery solution 

of methyl or ethyl alcohol of such concentration that no chlorophyll 

is extracted while at the same time the enzymes are destroyed. 

Willstatter himself used the dried powder of leaves for all 

ordinary extractions. The use of the dried powder has these 

advantages. (i) To obtain the same quantity of pigment a much 

smaller quantity of material is required than if fresh material is 

used. This allows of the use of smaller vessels for the extraction 

operations, a very important advantage when the small quantity of 

chlorophyll present in the crude material is considered. (ii) A 

saving in the solvents is effected. These are not diluted by the 
water content of the leaves which constitutes about 75% of the 

fresh leaves. (iii) As a leaf can be chosen the dried powder of 

which keeps well, the preparation of the pigments can be made 

independent of the season and growing place of the plants. 

The disadvantages of using the dried material are as follows: 

(i) Loss of chlorophyll owing to drying. If the drying is done 

properly this loss is very small. Thus Willstatter found in alcoholic 

extracts of dried nettle and of Galeopsis 95 to 96% of the chlorophyll 

in fresh leaves. (ii) Again, if the leaves are not properly dried, 

alteration of the pigments may take place. Some dried leaves are 

spoilt by being kept (e.g., Grass), others (e.g., Elder and Conifer 

leaves) are even spoilt by drying. But even in such cases the 

chlorophyll may be preserved unchanged if the leaves are dried in 

a vacuum desiccator over sulphuric acid. 

It should be mentioned that Willstatter has compared the 

pigments extracted from fresh leaves and dried leaf powder and 

has found them identical. 

(3) The Solvents. Por the various reasons given above 

Willstatter used the dried powder of nettle leaves for all ordinary 
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extractions of chlorophyll. Now it has already been pointed out in an 

earlier section of this chapter that the efficiency of a solvent for 

extraction is not necessarily conditioned by the solubility of extracted 

chlorophyll in it. Thus pure extracted chlorophyll is easily soluble 

in benzene, im-petrobether and in water-free acetone, as well as in 

alcohol, ether, and carbon-disulphide, yet chlorophyll is only very 

slowly extracted from dried leaf powder by pure alcohol, ether and 

acetone, and not at all by benzene, petrol ether and carbon-disulphide. 

On the other hand it is immediately extracted by methyl alcohol. 

The foundation then of Willstatter’s method of extraction is 

the use of solvents containing a moderate content of water. This 

latter forms a salt solution with some of the cell contents, and this 

salt solution effects an alteration in the condition of the chlorophyll 

which thus becomes easily soluble in the organic solvent. If the 

solvent contains the correct water-content the pigment is almost 

entirely extracted. The pure solvents are effective in the order, 

methyl alcohol, acetone, ethyl! alcohol, ether. When 1% water is 

added, acetone, ethyl alcohol and methyl alcohol are all equally 

effective as solvents. With a higher water-content acetone is 

better than any of the others. The best solvent is acetone contain- 

ing 15% (by volume) of water. Willstatter however, uses 80% 

acetone, because with this somewhat higher water-content, a 

quantity of accompanying substances are not extracted and the 

separation of the pigments becomes easier. If alcohol is used for 

chlorophyll extraction the most satisfactory solvent is one contain- 

ing 10% (by volume) of water. 

The earlier extractions of chlorophyll were always made with 

hot or at least warm solutions. All Willstatter’s extractions have 

been made in the cold, ie., at ordinary laboratory temperature, 

thus preventing any alteration in the pigments which might take 

place with rise of temperature. 

(4). The Method of Extraction of the Pigments. The nettle 
leaves having been collected, their stalks are removed and the leaves 
dried at air temperature. They are then powdered as finely as 
possible, and the resulting powder then dried at a temperature of 
30°C. to 40°C. A quantity of this powder, say 500 grams, is then 
put on a filter paper in a Buchner funnel 24 cms. in diameter and 
sucked to it by means of a strong water pump, or better, by a 
vacuum pump. Half a litre of solvent is now allowed to permeate 
the powder on the filter paper for five minutes without the use of 

? The quantities of material and reagents and the dimensions of apparatus 
quoted in this and succeeding sections are those given b illsté doll (1913), g g y Willstaétter and 
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the pump. Then 250 c.c. of solvent is added and slowly sucked 

through with the pump. After five minutes another 250 c.c. of 

solvent is added and sucked by the pump for ten minutes. This 

operation is repeated with two further additions of 250 c.c. of solvent, 

and finally the pump is allowed to work as strongly as possible and the 

powder is sucked dry. The 1,500 c.c. of solvent used gives 800 to 

900 c.c. of extract. It will be noticed that the solvent only passes 

once through the powder, and that the extraction is rather rapid. 

In order to obtain good results with small quantities of solvents 

in so short a time, a good deal of care is necessary. It is essential 

to have the powder dry and to get it sucked into a coherent mass 

on the Buchner funnel before commencing the extraction. The 

layer of powder on the funnel must not be too high: not more than 

5 cms. 

The amount of solvent required and the time necessary for 

extraction depend on the chlorophyll content and on the fineness 

of the powder, but at the end of the extraction the powder should 

remain colourless or coloured only slightly yellow. 

(5) The Separation and Purification of Chlorophyll. Various 

methods for the separation of the green pigments have been worked 

out by Willstatter and his co-workers. The most successful of 

these, of which we give a résumé below, is that of Willstatter and 

Stoll. 

The essentials of this method are, firstly, the transference of 

the pigment from acetone to petrol ether and the removal from the 

petrol ether solution of accompanying substances by washing with 

watery acetone. The xanthophyll is then removed by means of 

methyl alcohol. By washing the petrol ether solution with water, 

the last traces of acetone and methyl alcohol are removed. As 

chlorophyll is insoluble in pure petrol ether, it is precipitated, and 

so is filtered from the carotin which remains in solution. 

The details of the method are as follows. The extract from 

2 kilos of nettle powder is obtained as indicated in the preceding 

section. Four litres of petrol ether (S.G. ‘64 to ‘66) are put in a 

7-litre separating funnel and the extract added to this in two 

successive portions. With each of these additions is also added 

}-litre of water, and the funnel is gently rotated at the same time. 

The liquid separates into an upper deep green layer and a lower 

weak yellow green layer. The latter is run off. The remaining 

petrol ether layer is mixed with two successive litres of 80% acetone 

which removes impurities but very little chlorophyll. The acetone 
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is then removed by adding 4 successive $-litres of water, with 

gentle rotation of the liquid and running off the lower layer each 

time. (The first time 0°6 litre of acetone is removed and in 

successive removals 0°5, 0'4 and 0:2 litre). In the acetone thus 

removed are many of the impurities accompanying chlorophyll in 

the crude extract. 

From the solution remaining, the xanthophyll is first separated 

by shaking the solution with 3 successive additions of 2 litres of 

80% methyl alcohol. After each addition and shaking, the methyl 

alcoholic layer is removed, and if the last extract is still considerably 

yellow, one or two further additions of methyl alcohol are made. 

From these methyl alcohol extracts xanthophyll is prepared. 

From the petrol ether solution, which should now have a 

volume of 3°6 litres, the last traces of acetone and methyl alcohol 

are removed by washing with water four times, each time using 

2 litres of water. With the disappearance of the last parts of the 

acetone and methyl alcohol, the chlorophyll is precipitated as a 

suspension from the Aerial ether, which thus loses its fluorescence. 

This suspension ‘In petrol ether is shaken with some fused 

sodium sulphate and about 150 gms. of talc, and then filtered 

through a layer of talc on a Buchner funnel. From the filtrate 

carotin can be isolated as described later. 

The talc and chlorophyll on the Buchner funnel are washed 

with ordinary petrol ether until this runs off yellow in colour, and 

then the washing is completed with 300 c.c. petrol ether of B.P. 30° 

to 50°C. The talc is then sucked completely dry with the pump, 

and the chlorophyll in it dissolved in pure ether. The ether 

solution of chlorophyll so obtained is filtered through fused sodium 

sulphate, concentrated to 100c.c., filtered twice more, and evaporated 

to 25 c.c, 

Prom this solution the chlorophyll is precipitated by the slow 

addition of 800 c.c. of low B.P. petrol ether. The precipitate so 

obtained may be a blue black powder easily filtered, or it may be so 

fine that it has to be filtered on talc. 

The precipitate is again dissolved in ether, and the solution 
concentrated to 20 c.c. and dried in a dish in a desiccator. 

The pure chlorophyll so obtained consists of about 13 grams 
(i.e., 65 grams per kilo of dried leaves of mixed chlorophyll a and 
chlorophyll b) forming a thin shining steel blue crust. The yield is 
about 75% of the total chlorophyll content of the leaves. 
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(6) The Separation of the two Chlorophyll Components from one 

another, Although no doubt for many plant physiological purposes 

it will be sufficient to extract a mixture of the pure chlorophyll 

pigments, yet in other cases it will doubtless be of the first import- 

ance to obtain the two chlorophyll components isolated from one 

another. In order to make this review as complete as possible we 

have therefore thought it worth while to give Willstatter’s method 

of separation of chlorophyll a and chlorophyll b in spite of its 

laboriousness. 

The principle involved in the separation is that of the distribu- 

tion of the two components in petrol ether and methyl alcohol. In 

a mixture of these two solvents the a component goes to the petrol 

ether, the 5 to the methyl alcohol. 

Eight grams! of chlorophyll isolated according to the method 

described in section 5 are dissolved in 150 to 200 c.c. of ether, and 

filtered into a 7-litre separating funnel containing 4 litres of petrol 

ether (S.G. ‘64 to ‘66). The chlorophyll! begins to precipitate out, 

and 50 to 100 c.c. of methyl alcohol are added to clear it again. 

Before separating the components by fractionation the ether is 

first removed by washing with 2 litres of 80% methyl alcohol once 

or twice. 

The chlorophyll b is now separated by repeated extractions (14 

of them) with 2 litres of 85% or 90% methyl alcohol. The compo- 

nent a remains in the petrol ether. The methyl alcohol must first 

be saturated with petrol ether (5:5% and 10% respectively is required 

for this) and immediately before use it must be acidified with -01 

gram oxalic acid per litre. 

(7) Purification of Chlorophyll b. The first methyl alcohol extract 

is brought to a concentration of about 90% by the addition of a 

litre of methyl alcohol. It is washed with a litre of petrol ether, 

separated from it, added to 2 litres of ether and mixed with much 

water, by which means the chlorophyll b is brought into ethereal 

solution. 

The seeond methyl! alcohol extract is similarly mixed with a 

litre of methyl alcohol. It is shaken with the washed petrol ether 

of the first extract to which has been added another 4-litre of petrol 

ether. The solution containing component 0 is separated from the 

petrol ether and added to the ether solution of the first extract to 

which another 4-litre of ether is added. 

Each of the petrol ether portions used in washing is freed by 

1 See note on page 20. 
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means of water from its methyl! alcohol, whereon the pigment in it 

is precipitated. 

The third and fourth and fifth alcohol extracts are similarly 

treated. The content of component b is now considerably reduced. 

The sixth methyl alcohol extract is treated with 900 c.c. methyl 

alcohol, and each successive extract with 100 c.c. less, so that to 

the 14th extract only 100 c.c. methyl alcohol is added. 

These extracts are cleaned in pairs with 1 litre of petrol ether, 

for the second of each pair a further 4-litre of petrol ether is added. 

All extracts thus cleaned are added to the same ether solution 

which is increased by continual additions of ether, beginning with 

1 litre, and decreasing in amount to about 4-litre with the 10th 

extract.' 

A 15th and 16th extraction with methyl alcohol is made in 

order to free chlorophyll a from the last traces of chlorophyll b. 

The chlorophyll b solution is now freed from methyl alcohol by 

washing with water, it is dried with sodium sulphate and evaporated 

to 500 c.c., and then to 30 or 40 c.c. tx vacuo. 

The chlorophyll b is then precipitated by the addition of 

300 c.c. petrol ether of B.P. 30° to 50°C. and filtered on talc. The 

filtrate contains much chlorophyll a. It is purified by solution in 

ether and precipitation with petrol ether, which is repeated several 

times. It is finally filtered and dried in a vacuum desiccator. 

(8) Purification of Chlorophylla. The petrol ether solution, 

from which the last traces of chlorophyll b have been removed as 

indicated in the preceding section, is further purified by shaking it 

three times with 2 litres of 90% methyl alcohol. 

The methyl alcohol is removed and the petrol ether solution 

of chlorophyll a is washed with water until the chlorophyll is 

precipitated in quantity. Talc is added to the extent of from 30 to 

100 grams, and the whole filtered on a layer of talc on a Buchner 

funnel. The petrol ether should then run off colourless. 

The talc is washed with petrol ether of low B.P. and sucked 

dry with the pump till all petrol ether smell has disappeared, It 

is then transferred to a bottle and shaken with as little ether as 

possible. On filtration on a small Buchner funnel the beautiful 

deep blue ether solution of chlorophyll a runs through. The 

chlorophyll and tale are completely freed from one another by 
further filtration. 

' The large quantities of ether are necessary because the watery methyl 
alcohol dissolves much ether and the petrol ether which separates out on dilution 
makes it difficult to carry the chlorophyll over from methyl alcohol to ether. 
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Finally the ether solution is concentrated by evaporation and 

the concentrated solution put in a dish in a vacuum desiccator. 

On complete removal of the ether, the chlorophyll a is left as a 

blue black mass. 

(9) Purification of Nanthophyll. To the extract containing 

xanthophyll obtained as described in section 5,4 to5 litres of ether are 

addedand a quantity of water. Any chlorophyllb that may be present 

is removed by saponifying it to chlorophyllin by shaking with 30 to 

50 c.c. of methyl-alcoholic potassium hydrate. The chlorophyllin 

is removed by repeated washing with water. 

The ether solution of xanthophyll is dried with sodium sulphate, 

evaporated to 30 c.c., and 200 to 300 c.c. methyl alcohol added. 

Complete removal of the ether is effected by evaporating down 

further and filtering the hot solution. On cooling, xanthophyll is 

deposited in the form of crystals forming shining plates. Water 

may be added to make the separation of the xanthophyll complete. 

The yield of xanthophyll from 2 kilos of dried nettle leaves is 0:8 

gram. 

(10) Purification of Carotin. The carotin is easily obtained. 

The extract containing it, obtained as indicated in section 5, is 

evaporated in vacuo at 40°C., and the oily residue treated with 

300 c.c. of 90% alcohol. The carotin begins to separate out 

immediately in shiny steel blue crystals. Crystallisation is complete 

on standing in the cold. 

Any colourless impurity present in the crystalline mass is 

dissolved in petrol ether. 200 to 300 c.c. of this are therefore added 

and the carotin filtered from it. The purification is completed by 

treatment with a mixture of two parts of petrol ether to one part 

alcohol. The result is a yield of 0:25 gram of carotin from 2 kilos 

of dried nettles. 
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E. Simpce Lasporatory ExpkERIMENTS ON THE Lear PIGMENTS. 

As Willstatter truly points out, the experiments described in 

text-books of plant physiology for the demonstration in class 

work of the properties of chlorophyll are quite inadequate. 

In preceding sections of this chapter, we have described 

Willstatter’s methods for the extraction in quantity of the leaf 

pigments. It is quite obvious, however, that the length of time and 

large amount of material and reagents required for these extrac- 

tions, render their use scarcely possible for ordinary class work. 

We have therefore brought together in this place a number of 

easily performed experiments which amplify the collection of 

examples given in Willstatter and Stoll’s book. 

The performance of these experiments will not only lead the 

student to clearer ideas about the chemistry of the leaf pigments, 

but will also give an opportunity for that chemical and physical 

manipulation which is becoming increasingly necessary to the plant 

physiologist, but for the practice of which there is no great 

opportunity in most other parts of a plant physiology course. 

Preliminary. It will be found of great convenience for class 

work to collect in the summer every year a quantity of nettle 

leaves. These are dried at air temperature; they are spread out 

on sheets of paper and a sheet of paper placed on top of them to 

prevent dust from falling on them, and to prevent undue exposure, 

They are then ground up finely and dried completely for several 

days at a temperature of 30° to 40°C., in an incubator. 

The powder so obtained is kept in a stoppered bottle. So 

prepared, the powder retains for a long time the leaf pigments 

unaltered in quantity and quality. 

Any further drying required must be carried out by placing the 

leaf powder in a vacuum desiccator over sulphuric acid. This 

procedure is necessary for instance when it is required to show that 

pure solvents do not extract the pigments from dry leaf powder. 
In this case it is also necessary that the solvents should be as water- 
free as possible. Ordinary solvents may have to be redistilled over 
quick-lime, calcium filings, etc. 

Experiment 1, Extraction of the pigments. Required: small 
Buchner funnel with flask and a water pump; 20 c.c. 85% acetone 
or 90% alcohol. 
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Two grams of leaf powder are sucked to a filter paper on the 

Buchner funnel and a small quantity of the solvent added. This is 

allowed to soak into the powder for a few minutes. The fluid is 

then sucked through with the pump. The operation is repeated until 

all the 20 c.c. of solvent has been added, when the powder is sucked 

dry. A deep blue green solution, with red fluorescence, is obtained 

which contains all the four pigments from the leaf. Usually the 

powder will still be coloured green as the extraction is not generally 

complete. 

Experiment 2, Transfer of the pigments from an acetone solution 

to an-ether,or-te a petrol ether, solution. Required: 1 separating 

funnel; about 10 c.c. ether and 10 c.c. petrol ether; 5 c.c. acetone 

extract of leaves. 

Five c.c. of the acetone extract obtained in Experiment 1 are 

poured into double the quantity of ether contained in a separating 

funnel. An equal quantity of distilled water is added, this being 

poured gently down the side of the funnel in order to avoid the 

formation of emulsions. In the course of a few minutes, the ether 

layer separates out and now contains the pigments. The lower 

layer, which is slightly green, is run off. The addition of distilled 

water and subsequent removal of the lower layer is repeated about 

four times, in order completely to remove the acetone from the 

ether solution. If the ether solution should have become at all 

emulsified, it can be cleared by shaking with anhydrous sodium 

sulphate and filtering. 

A petrol ether solution may be obtained in the same way by 

using 10 c.c. of petrol ether in place of ether. 

Experiment 3. Demonstration of the two green pigments. 

Required: 10 c.c. petrol ether solution of mixed pigments ; 10 c.c. 

92% methyl alcohol ; 2 separating funnels. 

The petrol ether solution from the last experiment is shaken 

with 10 c.c. 92% methyl alcohol. Two layers are formed of which 

the petrol ether layer contains chlorophyll a andthe methyl alcohol 

layer chlorophyll b. The solution of chlorophyll a is blue green 

while that of chlorophyll b is a purer green, but the colour differ- 

ence between them is diminished owing to the presence of the 

yellow pigments, of which carotin is in the petrol ether, and 

xanthophyll in the methyl alcohol. 

A characteristic difference between the two green pigments is to 

be found in the phase which appears on saponification with methy! 
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alcoholic potassium hydroxide. This phase-test is best carried out 

in ethereal solution. The methyl! alcoholic solution is therefore 

poured from the separating funnel into another and, as described in 

Experiment 2 transferred to an ethereal solution. The petrol 

ether solution and ether solution are then used for phase tests as 

described in Experiment 4. 

The difference in the absorption spectra of the two chlorophylls 

is not easily observed unless the solutions are very pure. 

Experiment 4, Saponification of the green pigments. Required: 

5 c.c. of an ether solution containing the pigments. The petrol 

ether and ether solutions containing chlorophylls a and b obtained 

in Experiment 3; 10 c.c. methyl alcoholic potash. 

An ether solution of chlorophyll does not react with weak 

alkali as being an ester it is without acid properties. If however, 

strong alkalis are used, a brown colouration appears which changes 

back later to green. 

Pour a little of the ether solution from Experiment 2 into a 

test-tube and in a pipette take a little strong solution of potash in 

methyl alcohol (obtained by dissolving 30 gms. potassium hydroxide 

in 100 c.c. methyl alcohol). Place the lower end of the pipette at 

the bottom of the test-tube and allow the potash to run in below 

the chlorophyll solution. At the interface between the solutions 

there appears immediately a brown coloured layer which diffuses 

on shaking. In about ten minutes it changes back through an 

olive green colour to pure green. The chlorophyll has been 

saponified to the potassium salt of the acid chlorophyllin. This salt 

is insoluble in ether, so if water is added to bring about a separation 

of the two layers, the green colour is no longer present in the 

ethereal layer. 

The brown phase produced in this saponification of a mixture 

of the two chlorophylls is the resultant of a yellow phase produced 

by chlorophyll a and a brown-red phase produced by chlorophyll b. 

The phase test should therefore also be carried out separately with 

the petrol ether solution containing chlorophyll a and: the ether 

solution containing chlorophyll b obtained in Experiment 3. 

It should be observed that if water is added directly the brown 

phase appears, the greater part of the green pigment is soluble in 

ether, and will again give the brown phase on treatment with alkali. 

Note Willstatter’s theory of the lactam ring to explain the 

appearance and disappearance of the brown phase. 
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The phase test also applies to the chlorophyllides and phzeo- 

phytin and to the pheophorbides. It is not given with allomerised 

chlorophyll. 

This allomerisation takes place in alcoholic solution particularly 

when water-free (see Section B of this chapter). The chlorophyll- 

ides are also very easily allomerised and lose thereby their power 

of crystallisation, Small quantities of water and of acids protect 

the substances against allomerisation, while alkalis increase the 

velocity of the reaction. 

Experiment 5. Allomerised chlorophyll does not give the brown 

phase test. 

Dissolve a little crude chlorophyll, obtained by evaporating an 

ether solution, in absolute alcohol. Add a little alkali, and perform 

the phase test from time to time till at last the brown phase no 

longer appears. 

Experiment 6. Separation of the green and yellow pigments. 

Required: 5 c.c. ether solution of pigments; 2 c.c. 30% potassium 

hydrate in methyl alcohol; 5 c.c. ether. 

Shake 5 c.c. of the ether solution of the pigments with 2 c.c, 

of the strong alkali. After the green colour has reappeared, slowly 

add 10 c.c. water and then add a little more ether. Onshaking the 

test-tube two layers are produced of which the lower watery- 

alkaline one contains the saponified green pigments, while the | 

carotin and xanthophyll are contained in the upper ethereal layer. 

This test is employed in the examination of the purity of a 

chlorophyll preparation. If all the yellow pigments have been 

removed, the ethereal layer in this experiment should remain 

colourless after saponification of the chlorophyll. 

Experiment 7. Separation of the two yellow pigments. 

Required: The ethereal solution of yellow pigments from Experi- 

ment 6; 10 c.c. petrol ether; 30-50 c.c. 90% methyl alcohol; 1 

separating funnel. 

The ether layer obtained in the last experiment is washed with 

water in a separating funnel and evaporated down to 1 c.c. It is 

then diluted with 10 c.c. petrol ether and next mixed with 10 c.c. 

90% methyl alcohol. The methyl alcoholic layer is removed and 

the petrol ether layer is again treated with methyl alcohol and the 

methyl alcoholic layer again removed. This process is repeated 

until the methyl alcohol is no longer coloured. The methyl alcohol 

contains the xanthophyll, the petrol ether the carotin. 



30 Carbon Assimilation. 

It may be recalled that the yellow pigments in solution greedily 

absorb oxygen. Some observers, either unaware of this or 

assuming that the chlorophyll they used was free from yellow 

pigments without applying tests to prove it (Experiment 6), have 

mistakenly stated that chlorophyll greedily absorbs oxygen. 

In solution the two yellow pigments appear very similar. They 

can, however, be distinguished by means of their absorption spectra. 

(See section C of this chapter). 

Experiment 8. Phytochlorin and Phytorhodin. Required : 

5 c.c. ether solution containing both chlorophyll components 

(Experiment 2); 3 c.c. 30% potash solution in methyl alcohol; 

hydrochloric acid of various concentrations; separating funnel. 

Pive c.c. of an ether solution containing both chlorophylls a 

and b are evaporated to dryness in a test-tube, and the residue 

treated with 3c.c. of boiling, concentrated potash solution in methyl 

alcohol, and boiled gently for half a minute. A liquid with red 

fluorescence is produced, which consists of a solution of the 

potassium salts of isochlorophyllins. The solution is diluted with 

double its volume of water and concentrated hydrochloric acid is 

added until the solution is just acid. The liquid is then shaken 

with ether in a separating funnel; the dissociation products 

produced by the previous treatment go over to the ether solution 

which thus acquires an olive-brown colour, 

The ether solution is shaken twice, each time with 10 c.c. 4% 

hydrochloric acid, and the green-blue acid layer is separated and 

neutralised with ammonia and shaken with more ether, which then 

contains in solution phytochlorin e, the derivative of chlorophyll a 

The phytochlorin e gives to the ether an olive-green colour. 

The ether layer remaining in the funnel after the separation of the 

green-blue acid layer is now extracted with 10 c.c. 12% hydrochloric 

acid. The green acid solution so obtained is diluted with water 

and shaken with ether which then becomes coloured red and 

contains phytorhodin g, the derivative of chlorophyll b. 

It should be noted that saponification with hot alkali as in this 

experiment, produces changes in the chlorophyll compounds differ- 

ent from those produced by saponification in the cold. 

The potassium salts of the chlorophyllins which are produced 
by gentle saponification in the cold are not fluorescent, and under 
the action of acids pass over into the weakly basic phytochlorins f 
and g and phytorhodins k and i. 
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By saponification with hot alkali isochlorophyllins are formed 
which are fluorescent. They are complex magnesium compounds 
of phytochlorin e and phytorhodin g. On the addition of acid to 
the isochlorophyllins, these two important dissociation products 
are themselves formed. 

The process can also be effected by addition of acid first and 

subsequent saponification with hot alkali. 

The following scheme may help to make clear the relations 

between these various derivatives in the case of chlorophylla. An 

exactly similar scheme may be made for the case of chlorophyll b. 

[Mg N,C,,H,,0](COOCH,)(COOC, ,H,,) > (N,C,,H, ,0](COOCH,)(COOC,,H, 9) 

With acid 
chlorophyll a phzophytin a 
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(Mg N,C,,H,,0](COOH)(COOH) —————-_- 3 [N,,C, ,Hs,0](COOH)(COOH) 

With acid 
isochlorophyllin a phytochlorin e 

The relation between chlorophyll and isochlorophyllin is not 

as simple as that expressed in the above scheme as the alkali not 

only saponifies the two ester groups but also produces an alteration 

in the lactam ring grouping, as indicated by the appearance of the 

brown phase. 

Another difference between saponification with cold alkali and 

with hot alkali is that during the latter process the yellow pigments 

are destroyed. If water is added after the saponification and the 

solution shaken up with ether, the ether should remain colourless. 

We have gone into the explanation of the changes taking place 

in this experiment in some detail, because importance attaches 

to the two dissociation products phytochlorin e and phytorhodin g. 

It was the formation of these substances that led Willstatter 

to the discovery that phzophytin, and also chlorophyll, is a mixture 

oftwo components. The experiment, moreover, is also of importance 

as a modification of the method is used in the quantitative 

estimation of the green pigments in the leaf. 

Experiment 9. Substitution of other metals for the magnesium 

in chlorophyll. 

Two c.c. of an ether solution of chlorophyll are shaken with a 
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little 20% hydrochloric acid and then washed with water in a separat- 

ing funnel. In this way is produced in ether solution, a magnesium 

free chlorophyll derivative, phzeophytin. The solution is evaporated 

down on a water bath and the residue dissolved in 5 c.c. alcohol. 

Note the olive green colour of the solution. This is heated and a 

grain of copper acetate is added. The colour changes back to a 

brilliant green, but without the chlorophyll fluorescence. A copper 

compound of chlorophyll has been produced very similar to the 

magnesium compound, but much more stable. 

Por spectroscopic examination of this substance, see Experi- 

ment 15. 

Phzophytin combines very easily with acetates of some metals to 

form intensely coloured stable compounds. Ferric acetate gives, even 

in the cold, a greenish blue solution with a weak fluorescence. 

Zinc acetate gives a blue green solution with strong fluorescence. 

Not only pheophytin but all the chlorophyll derivatives devoid 

of magnesium, such as phzophorbide, phytochlorin, phytorhodin 

and the various porphyrins behave similarly towards the salts of 

certain metals (copper, zinc and iron) and form complex compounds 

all very stable in acid and alkaline media. The formation of these 

complex compounds is accompanied by such noticeable changes in 

colour that even the smallest traces of certain metals can be 

discovered in this way. Hence it is very difficult to prepare the 

magnesium free chlorophyll derivatives absolutely pure, as even the 

zine from the walls of glass vessels may disturb the molecule; for 

the same reason spatulas of ignoble metals must not be used. 

Also solvents may disturb the molecules of these derivatives 

owing to the impurities in them. Thus ‘pure’ methyl alcohol often 

contains a small quantity of copper which would be sufficient to 

affect the magnesium free derivatives. Willstatter uses this 

property in order to test the purity of methyl alcohol as regards 

copper, by dissolving some phytochlorin e in the methyl alcohol. 

After standing for some time, the chlorophyll derivative is carried 

over into ether and the excess of phytochlorin removed by washing 
with 10% hydrochloric acid. As the copper compound of phyto- 
chlorin e is stable in presence of this strength of acid, it remains in 
the ether layer to which it gives an intense blue-green colouration. 

The spectrum of these derivatives is also quite distinct from 
the metal free substances and more like the chlorophyll spectrum. 
See Experiment 15, b and c. 
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The compounds formed by the magnesium free derivatives 

with other metals are unstable towards acids, and require other 

conditions for their formation. Thus phytochlorin e in methyl 

alcoholic solution gives, with water-free barium hydroxide in excess, 

a barium compound. Even compounds with the alkali metals can 

be formed in a similar way, the compounds with potassium being 

the least stable of them all. 

The magnesium compound occupies a place in the middle of 

the series as regards stability, the two extremes being the copper 

and potassium compounds. 

Experiment 10. The action of chlorophyllase. 

Fresh leaves of a species rich in chlorophyllase (Heracleum, 

Galeopsis) are finely divided and put in a 70% acetone solution, 

3 c.c. of solution being used for every gram of leaf powder. The 

chlorophyll, by means of the chlorophyllase, is dissociated into 

phytol and the acid chlorophyllide. This can be demonstrated 

after about a quarter of an hour if the solution is diluted with water, 

transferred to ether and shaken with 0:05% sodium hydroxide. The 

sodium hydroxide takes up more colouring matter the further the 

enzyme action has progressed. 

Experiment 11. Destruction of chlorophyllase. 

If fresh leaves of a species rich in chlorophyllase are first 

steeped in boiling water for a few minutes before they are placed in 

the acetone solution, unaltered chlorophyll is extracted which does 

not react with dilute alkali. 

The action of the enzyme chlorophyllase consists in either an 

alcoholysis (in alcoholic media) or hydrolysis (in aqueous media). 

For instance, in methyl alcoholic media, the phytyl group is 

replaced by a methyl group according to the equation 

(C;,Hs.0N,Mg) (COOCH;) (COOC,,Hs,) + CH,OH = 

C,,H3,,0H + (Cz,H,,ON,Mg) (COOCH,) (COOCH,). 

Phytol. Methyl chlorophyllide. 

In aqueous solutions hydrolysis takes place with the formation of 

free acid chlorophyllide 

(C3,H3,ON4Mg)(COOCH,)(COOC,,Hs,) + H,O = C,,H,,0H 

+ (C3,H3,ON,Mg) (COOCH, ) (COOH). 

Chlorophyllide. 

Experiments 10 and 11 demonstrate the hydrolysis of chlorophyll 

and also indicate that it is an enzyme action. Chlorophyllase is a 
c 
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very stable enzyme; it is not even destroyed by boiling in alcohol 

for a short time. But if leaves are boiled in water the enzyme is 

destroyed. 

It should be noted that the enzyme on account of its insolubility 

remains in the leaf when this is extracted with solvents, 

By treatment with acids, magnesium is removed from the chloro- 

phyllides with production ofthe corresponding phzophorbides. Thus 

methyl chlorophyllide a (MgN,C,,H;,0)(COOCH,)(COOCH,) 

gives methyl phzophorbide a (N,C,,H,,0)(COOCH,)(COOCH,). 

The relations of these various substances may be made clear 

by the following scheme taken from Willstatter. 
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Experiment 12. Microscopic examination of ethyl chlorophyllide. 

Prepare sections of fresh Heracleum leaves and mount them 

in a drop of 90% alcohol. Leave the slide under a bell jar contain- 

ing a dish of alcohol. The section slowly dries in the course of 

half a day or a day. It is then examined under the microscope 

when there will be observed the characteristic triangular and 

hexagonal crystals of ethyl chlorophyllide (crystalline chlorophyll). 

Experiment 13. Production of methyl chlorophyllide in the leaf. 

Sections may be used as in the preceding experiment, or a 

piece of a leaf may be employed. In the latter case a test-tube 

with 4 c.c. 75% methyl alcohol is taken and 1 gram of fresh leaf is 

added to it. The leaf first becomes a darker green and then during 

the course of a few hours becomes yellowish. On holding the leaf 

to the light there can be observed with the naked eye a number of 

black points. If sections of the leaf be cut and examined under the 

microscope, these spots appear as aggregates composed of rhom- 

bohedral crystals, occurring only in certain cells. 

Experiment. 14, Extraction of ethyl chlorophyllide. 

Two grams of dry Heracleum leaf powder is left for a day in a 

test-tube containing 6 c.c. 90% alcohol. The extract is then 

filtered through a small Buchner funnel and the powder on the 

filter washed with a little acetone. The filtrate is washed with the 

same quantity of ether, and then with water. The ether solution is 

transferred to a separating funnel and washed with water, and then 

concentrated on a water bath to 4 or | c.c., and 3 c.c. petrol ether 

is added. On standing, the ethyl chlorophyllide is precipitated in 

the form of crystalline aggregates. It is freed from yellow pigments 

by shaking with a little ether, and can be further purified by 

redissolving in ether and precipitating again with petrol ether. 

Experiment 15. Spectroscopic examination. Required: small 

spectroscope and glass vessel with parallel sides of about 1 cm. in 

width; source of light (incandescent burner or Nernst lamp or 

sunlight). 

The following absorption spectra may be examined :— 

a. Chlorophyll spectrum from acetone extract obtained in Experiment 1, 

The extract is diluted with about five times its volume of 85% 

acetone. The spectrum shows a main absorption in the red at the 

Praunhofer line C. Then follow, towards the violet, three absorp- 

tion bands decreasing in intensity, and the end absorption in the 
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blue to violet parts of the spectrum. 

b. Pheophytin. By adding a drop of strong hydrochloric 

acid to the extract used in a, the magnesium is removed from the 

complex containing it and phzeophytin formed. 

There is now an intense absorption in the green just before 

the line E. 

c. Copper compound with phaophytin (see Experiment 9). 

The intense absorption in the green disappears and the spectrum 

is very similar to the chlorophyll spectrum. 

d. Carotin and xanthophyll. The absorption spectra of the 

yellow pigments has been described in section C. There is one 

band in the blue, another in the indigo blue and the end absorption 

in the violet. Unless the correct concentration is used there will 

either be complete absorption or none. By altering the concentra- 

tion it should be possible to obtain the correct strength of solutions 

for observing the bands. 

Spectroscopic analysis is, of course, very useful in work with 

chlorophyll and its derivatives, as most of the pure substances 

have characteristic spectra. But in class work where it is difficult 

to obtain even moderately pure substances, it will scarcely be 

possible to go much further in this matter than we have indicated 

in the preceding experiment. It should however be noted that one 

of the crucial tests for chlorophyll is its spectrum, as the breaking 

down of the magnesium-containing complex alters this. 

Experiments on the state of aggregation of chlorophyll. 

Experiment 16. Formation of a colloidal solution of chlorophyll. 

Evaporate down 10 c.c. of the acetone extract as obtained in 

Experiment 1 to about 2 c.c. A colloidal solution of chlorophyll is 

then made by pouring this acetone solution into a large volume of 

distilled water (20 to 100 c.c.) the liquid being continually stirred. 

This operation can be most conveniently done by taking the acetone 

solution in a pipette and allowing it to run out of the pipette while 

the latter is used as a stirring rod in the water. Note the change 

in colour to a purer green, and the disappearance of fluorescence. 

The principle involved in this method of preparation of colloidal 

chlorophyll consists in the replacement of the solvent (acetone) by 

a medium (water) in which the solute (chlorophyll) is insoluble. 

Thus a colloidal solution of sulphur can be similarly made. 
Sulphur is slightly soluble in warm alcohol, but insoluble in water, 
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If an alcoholic solution of sulphur is poured into a large volume of 

distilled water, a sulphur sol is produced. 

Experiment 17, To show the difference between a true and a 

colloidal solution of chlorophyll. 

Evaporate 10 c.c. of the acetone extract to complete dryness 

and test its solubility in ether, petrol ether and benzene. Now add 

these solvents to some of the colloidal solution prepared in the last 

experiment, and note that the chlorophyll does not dissolve in any 

of these solvents. If, however, some salt solution, e.g., a little 

magnesium sulphate be added, the chlorophyll is precipitated from 

its colloidal state and is now soluble in ether and other solvents. 

Experiment 18. To show that chlorophyll in the plant is 

probably in the colloidal condition.’ 

Some nettle powder is carefully dried, e.g., by keeping it at 

30°C. to 40°C. in an oven, and then further drying in a vacuum 

desiccator over sulphuric acid. Small quantities of this dry powder 

are put in test-tubes and different pure water-free substances such 

as acetone, ether, benzene and absolute alcohol are added. Note 

that these solvents are not coloured by the chlorophyll. It can be 

demonstrated that the extracted pigment is easily soluble in any of 

these substances. 

Repeat the experiment with nettle powder moistened with a 

few drops of water, and note that the solvents are immediately 

coloured. 

Experiment 19. Pure solvents are able to extract chlorophyll 

from fresh leaves. 

Crush 10 grams of fresh leaves of nettle, horse-chestnut or 

elder in a mortar with some clean sand, and put the crushed 

material on a filter paper in a Buchner funnel. Add 20 c.c. pure 

acetone and suck it through by means of a water pump. Repeat 

this several times. The pure solvent is here able to extract the 

pigment. 
It can also be observed that the leaf substance after 

extraction is brown, owing to the action of oxydases on the leaf. 

If therefore, the leaves are dipped first in boiling water, these 

oxydases are destroyed, and the leaf substance after extraction 

remains colourless. 

Experiment 20. Treatment of fresh leaves with boiling water 

changes the condition of the chlorophyll. 

1 Although Willstatter regards the facts upon which this experiment is 
based as a proof of the colloidal condition of chlorophyll in the leaf, in the 

writers’ opinion such a simple explanation will not cover the facts. 
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Dry a quantity of leaves which have been put in boiling water 

and examine their solubility as in Experiment 18. Note that the 

chlorophyll in this powder is soluble in pure solvents. 

It should be noted that colloidal chlorophyll is an electronega- 

tive suspensoid, and that it is a very excellent substance for 

demonstrating the properties of such colloids. It might even be 

worth while for this purpose to prepare a small quantity of pure 

chlorophyll (a -+- b) (see section D of this chapter). 

In most suspensoids it is difficult to see when the precipitation 

has taken place, but here where any precipitated chlorophyll can 

immediately be extracted by ether, the method is open for quantita- 

tive work of high accuracy. 

By the use of chlorophyll can be demonstrated such properties 

of colloids as the salt concentration required for precipitation, the 

effect on this of the valency of the precipitating ion, the stabilising 

effect of alkali and the reverse effect of acids, the action of protective 

colloids, etc. 

Crude colloidal chlorophyll contains, of course, a good many 

accompanying substances which vary in composition and quantity, 

so comparable data are not obtainable by the use of such 

chlorophyll. 

FP. Variations IN THE QUANTITY OF THE LEAF PIGMENTS IN 

DIFFERENT PLANTS AND UNDER DIFFERENT CoNDITIONS. 

The part of Willstatter’s work with which we have dealt so far 
concerns the characteristics of the pigments, their chemistry, and 
the methods for extracting them. Willstatter has further devised 
methods for the quantitative extraction and separation of the four 
pigments. Here, as in the aspects of the leaf pigments we have 
already considered, we are in the fortunate position of being able to 
neglect all earlier work on the subject, for it is now obvious that 
the methods employed by workers before Willstatter are imperfect 
and must give erroneous results. Thus, for instance, it is essential 
to separate the green and yellow pigments in order to obtain 
quantitative data as to the amount of chlorophyll present; and 
again other substances liable to be extracted with the pigments, 
particularly small quantities of plant acids, will cause considerable 
alteration in the pigments. These considerations apply equally ta 
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the colorimetric and spectroscopic methods of estimation hitherto 

employed.! 

Willstatter himself has so far used only colorimetric methods, 

for it is of no value to make measurements of a high degree of 

accuracy before possible errors in the extraction and separation of 

the pigments have been eliminated. When this has been done 

Willstatter suggests that quantitative spectroscopic analysis may 

prove very useful as a further refinement in the quantitative 

estimation of the pigments. 

We shall give in some detail Willstatter’s latest methods for 

the quantitative estimation of the pigments, more particularly as 

Willstatter in his latest publications (1915 b, 1915 c) applies 

them to plant-physiological work. 

It is scarcely necessary to emphasise the extreme importance 

of obtaining reliable methods for the determination of the 

quantities of pigments in leaves. While Willstatter’s earlier work 

in this respect, which is published in his book (1913), was mainly 

done in order to test the validity of his methods, yet he made also 

some estimations to determine whether there was any regularity in 

the variations in the quantity of the pigments in leaves, and these 

estimations yielded figures very suggestive with regard to the 

physiological function of the pigments. Now Willstatter has 

definitely taken up the plant physiological aspect of this question, 

but it must not be forgotten that his work in this regard has so far 

been very limited and undertaken from a purely chemical point of 

view. It remains for the plant physiologist and ecologist to take 

up the methods and apply them in their various departments of 

research. 

Of course the technique of these methods is not to be acquired 

without some trouble and practice, but their employment appears 

at present the only way to reliable results. 

It is not our intention to give an historical survey of the 

considerations which led Willstatter to the methods he ultimately 

adopted. They were developed for the purpose of comparing the 

pigment-content of various extracts and preparations. Thus, if for 

. For instance, in reference to a recent paper by Jacobson and Maren- 
lewski (1912) where the authors claim to have shown that climatic conditions 

play an important part in regard to the production of one or other of the 

chlorophyll components, Willstatter points out that some of the errors com- 

mitted by these workers were (1) only a fraction of the chlorophyll present 

was extracted, (2) an unknown portion of the extracted pigment was precipi- 
tated as pheophytin, and (3) only a portion of the pheophytin was isolated, 
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instance, one should want to compare the amounts of chlorophyll 

(a + b) in two different crude chlorophyll extracts, the simplest 

thing to do is to separate the green from the yellow pigments by 

saponification with alkali, and then to compare colorimetrically the 

two chlorophyllin solutions so obtained. Further, by the saponifica- 

tion of a solution of known chlorophyll content, which can be used 

as a standard, it is possible to obtain an approximate value for the 

chlorophyll content of the two extracts. 

If, however, one requires to find the ratio of the two chloro- 

phyll components, their derivatives phytochlorin e and phytorhodin 

g must be separated from one another and separate comparisons 

made. 

i, MEtTHOops. 

We shall describe first a simple method for the quantitative 

estimation of chlorophyll in a chlorophyll extract, and then the 

more exact method used for the estimation of the four pigments in 

fresh leaves. . 

(a) Quantitative Estimation of Chlorophyll (a + b) ina 

Chlorophyll Extract. 

Ten c.c. of an acetone, or alcohol, extract is diluted to 100 c.c. 
with ether and 10 c.c. of this is poured into a separating funnel and 
diluted with a further 40 c.c. of ether, 

An ether-diluted alcohol extract can be shaken at once with 4 

to 5 c.c. methyl alcoholic solution of potash and the brown phase 
will appear. If the solution contains acetone, however, this must 
be completely removed from the solution before saponification, as 
chlorophyllins are destroyed by acetone. In this case a little 
methyl alcohol is added and the solution washed thoroughly with 
water. 

After reappearance of the green colour, water is slowly added 
during gentle rotation of the separating funnel and the aqueous 
chlorophyllin solution is run into a 200 c.c. measuring flask. The 
ether solution of the yellow pigment is washed with a little more 
water to effect complete extraction of the chlorophyllins, and the 
watery layer added to that in the flask. The whole is made up 
with alcohol to 200 c.c. 

The chlorophyllin solution is then estimated in a colorimeter 
by comparison with the standard solution. 



Variations in Quantity of Leaf Pigments. 41 

(b) Quantitative Estimation of Pigments in Fresh Leaves. 

1, The Extraction of the Pigments. The chief feature of the 

quantitative estimation of the pigments in fresh leaves is the 

primary treatment of them with watery acetone, and subsequent 

extraction with acetone containing only a low percentage of water. 

The first treatment with weak acetone softens the leaves, 

removes plant acids, inhibits enzyme action, and at the same time 

removes no chlorophyll. 

The details of the method are as follows :—In a mortar, 25 cm. 

in diameter, are put 40 grams of fresh leaves with 50 c.c. 40% 

acetone; the leaves are quickly mashed with 0:5 gram of quartz 

sand. This serves the double purpose of facilitating disintegration 

of the leaf and of further diluting the leaf substances. 

There are now added 100 c.c. 30% acetone, and the whole 

filtered on a Buchner funnel through a thin layer of talc, which 

keeps back the slimy protoplasmic matter. 

After sucking the residue dry with the pump it is washed with 

30% acetone until the filtrate runs off colourless. The watery acetone 

is then sucked through. 

The leaf substance is now treated with pure acetone and again 

sucked dry. This is repeated until the acetone has removed all 

the pigment. Complete extraction will require from 400 to 600 c.c. 

acetone; towards the end of the extraction 5 to 10% of water is 

added to the solvent. 

As the extract is obtained it is poured, in quantities of 100 to 

200 c.c., into 200 to 250 c.c. of ether, and the acetone washed out 

with distilled water. 

Finally the whole of the ether solution is dried with anhydrous 

sodium sulphate. The extract is then divided into two equal parts, 

one of which is used for the determination of the green, the other 

for the determination of the yellow pigments. 

2. Separation of the Chlorophyll Components. The ether 

solution so obtained from 20 grams fresh leaves is converted into 

phzophytin by treatment with 0-5c.c. 2 N alcoholic hydrochloric 

acid in a boiling flask. 

The ether is then evaporated off, first in a vacuum in the cold 

and then at 60° for a short time under very Jowpressure. The residue 

is dissolved in 1 to 2 c.c. of pyridine and heated ona steam bath. 

While still heated there is added to the pyridine solution 25 to 30 c.c. 

of boiling, concentrated potash solution in methyl alcohol. This is 
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done so rapidly that the boiling of the pyridine solution is not 

interrupted. The brown phase appears and gives place rapidly to 

olive-green colour. 

A vertical condenser is now fitted to the flask which is heated 

for two minutes on the steam bath. 5c.c. water are added through 

the condenser and the boiling continued for another 1 to 14 

minutes. 

The flask is now cooled under the tap and its contents 

transferred to a 500 c.c. separating funnel with water and some 

ether. The liquid is then acidified with 20% hydrochloric acid, upon 

which the colour changes toa dull grey-green. 200c.c. of ether are 

added and the funnel shaken strongly for some minutes. A little 

ammonia is added to the dull coloured, watery layer which is shaken 

up with small quantities of ether until the last is no longer 

coloured. 

The mother liquor is made alkaline with ammonia on account 

of the flocks which separate out, and then acidified again in order 

that the ether may remove only a small quantity of the derivatives. 

If the flocks are again washed with ammonia and little pigment 

thereby goes into solution, no phytorhodin has been destroyed in 

the saponification ; otherwise this has taken too long a time. 

Before fractionation of the two chlorophyll derivatives the 

accompanying substances must be removed. 

To achieve this the combined ether solutions are extracted 2 

or 3 times with 30 c.c. of 12% hydrochloric acid and then with 10 to 15 

c.c. of 20% acid till the acid layer finally separates in a colourless 

state. Further flocks form at the boundary layer, but they 

usually contain no green pigment. Besides the carotin, the ether 

also contains brown coloured substances. 

The combined acid extracts are transferred to a 500 c.c. 

separating funnel with 200 c.c. of ether. They are neutralised with 

concentrated ammonia during gentle rotation until the watery 

layer is dull blue-violet in colour. The well-stoppered separating 

funnel is cooled under the tap and at the same time shaken first 

gently and then strongly. The watery layer is then usually pale 

blue and is run into a second separating funnel. By this method 

of neutralisation the last trace of the derivatives is brought into the 

ether. 

The ethereal solution of derivatives is freed from methyl 

alcohol and pyridine by washing with 200 c.c. of water three times, 

with] to 2 c.c. of 3% hydrochloric acid added, as pure water would 
remove phytochlorin. 
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The pbytochlorin is now separated by shaking 4 or 5 times 
with 3% hydrochloric acid, 400 c.c. being used altogether, and then 
several times with 5% acid until this is only feebly green. The 
extracts with the stronger acid require to be fractioned. This is 
effected by neutralising and extracting with 30 c.c. of ether, and then 

repeatedly extracting the ether with 3% hydrochloric acid until the 

volume of all the 3% hydrochloric acid extracts is brought up to 
500 c.c. This constitutes the phytochlorin solution. The remaining 

liquid contains the phytorhodin which is extracted 4 or 5 times 

with 12% hydrochloric acid until the ether remains only slightly 

reddish. 

3. The Preparation of the Xanthophyll and Carotin Solutions. 

The ether extract from 20 grams of fresh leaves is saponified with 

2c.c. of concentrated potash solution in methyl alcohol, the mixture 

being strongly shaken, first by hand and then for half-an-hour on a 

mechanical shaker. The liquid is then allowed to stand for some 

time and if it still fluoresces red it is skaken again and, if necessary, 

more potash is added. When the saponification is complete the 

solution is transferred to a small separating funnel and shaken 

with ether. A further 30 c.c. of ether is then added to the syrupy 

chlorophyllin salts. After shaking with water the upper ethereal 

layer contains the yellow pigments, the water the chlorophyllin salts. 

(Cf. Section E, experiment 6). After separation of the two layers, 

the watery layer may be again shaken with ether in order to 

determine whether the whole of the yellow pigments have been 

extracted. 

The two yellow pigments are then separated according to the 

principle used in experiment 7. The ether solution is washed with 

waterand methyl alcoholic potash to remove traces of chlorophyllins 

and small quantities of brown, acid, organic substances, and then 

twice more with distilled water. The ether is then evaporated at 

ordinary temperature under reduced pressure to a few c.c., and 

then transferred to 80 c.c. of petrol ether in a separating funnel. 

Prom this the xanthophyll is extracted by repeated extractions 

with methyl alcohol as follows. (1) 100 c.c, 85%, (2) 100 c.c. 90%, 

(3) two extractions with 92%. If the last extraction is not 

colourless, further additions of 92% methyl alcohol are made. 

In this way the xanthophyll in the methyl alcohol is separated 

from the carotin which remains in the petrol ether. 

The xanthophyll is transferred to 130 c.c. of ether, by adding the 

latter to the methyl alcohol followed by slow addition of water and 
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subsequent separation of the watery methyl alcohol layer. The 

methyl alcohol is completely removed by further washings with 

water. The xanthophyll solution is then passed through a filter 

into a 100.c.c. measuring flask. 

The solution is then cleared with a few drops of absolute alcohol 

and ether added up to the 100 c.c. mark. 

The petrol ether solution of carotin is similarly washed, cleared 

and made up to 100 c.c. 

4. The Standard Solutions. The Chlorophyll Components. 

The standard solution of the chlorophyll components are prepared 

by the saponification of a mixture of the methyl phzophorbides as 

follows : 

00369 grams Methyl phzophorbide a (half hydrate) 

(12 x 10—° gm.-mols. per litre) ; 

0-:0124 grams Methyl phzophorbide b (water-free) 

(4 x 10~* gm.-mols. per litre). 

The mixture is dissolved in 2 c.c. of pyridine and saponified with 35% 

methyl alcoholic potash in the manner described above, under (2), 

only as pure substances are used it is unnecessary to go through 

the treatment for purification with 12 and 20% acid. This gives 
about 500 c.c. phytochlorin e in ether saturated 3% acid, and of 

phytorhodin g in 12% acid. 

These solutions can be kept for about a week, but after a 

longer time the colours change somewhat. In such a case the 

comparisons are better if the experimental solution is allowed to 

stand for a day. 

The Yellow Pigments. The carotin solution is made up with 
petrol ether and the xanthophyll with ether, as follows : 

0:0134 grams carotin in 500 c.c. petrol ether containing a little 

ether (5 x 10~° gm.-mols. per litre). 

0:0142 grams xanthophyll in 500 c.c. ether (5 x 10-° gm.-mols. 

per litre). 

The carotin solution can be kept in a well stoppered bottle in 

the dark for at least three weeks. The xanthophyll solution must 

be made fresh every day as it bleaches quickly, perhaps on account 

of impurities in the ether. 

Instead of using solutions of the actual pigment it is possible to 

employ a solution of potassium dichromate as a standard solution. 

Willstatter gives the following thicknesses of aqueous potassium 
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dichromate solution and of the yellow pigments as corresponding to 
one another in colour intensity. 

Potassium dichromate 
Carotin. solution, 

0:0286 grams per litre. 2 grams per litre. 

100 mm. 101 mm. 

50 mm. 41 mm. 

25 mm. 19 mm. 

Potassium dichromate 
Xanthophyll. solution, 

0-0284 grams per litre. 2 grams per litre. 

100 mm. 72 mm, 

50 mm. 27 mm. 

25 mm. 14 mm. 

ii. RESULTS. 

1. The Total Content of Green and Yellow Pigments. 

As far as his observations go, Willstatter finds the chlorophyll 

content of leaves varies from 0°6% to 1:2% of the total dry weight, 

the greater number of leaves contain about 0°8% of chlorophyll of 
which three-quarters is chlorophyll a and one quarter chlorophyll 

b. Much bigger variations were observed between leaves from the 

same plant than between the mean contents of leaves from different 

plants. Shade leaves were found to be much richer in chlorophyll 

than sun leaves in proportion to the dry weight, but not in propor- 

tion to the leaf surface; for shade leaves, as is well known, are 

often very thin. 

The total content of the yellow pigments (xanthophyll and 

carotin) was found to vary in different leaves from 0:1% to 02% of 

the dry weight, the xanthophyll contributing from 0-07% to 0-12%, 

the carotin from 0:03 to 0:08%. 

Shade leaves were not found to contain a higher percentage of 

yellow pigments corresponding to their higher content of chlorophyll. 

Leaves collected at different hours of the day were examined ; 

the time of day was found to be without influence on the 

chlorophyll content or the ratio of the pigments. As this is of 

importance in regard to the function of the pigments in the 

processes of carbon assimilation we may quote here two tables 

taken from Willstatter’s book to show how slight this variation is. 
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TaBLe I. 

Grams of Pigment in 1 kilo. dried leaves at different times of day. 

Species. Chlorophyll. Yellow Pigments. 

4 a.m. 5 p.m. 4 a.m. 5 p.m. 
Sambucus nigra... ay 8-49 8-30 1:48 1:57 
Aesculus hippocastanum ... 9°58 8.75 2:07 191 
Platanus acerifolia... ‘ 6°82 6-21 1-06 1:35 

Tasie II. 

Ratio of Pigments in leaves at different times of day. 

Sede Chlorophyll a Carotin 

Species. Chlorophyll b Xanthophyll 

4am. 5. p.m. 4 a.m. 5 p.m. 
Sambucus nigra sits 2:77 2°85 0-621 07512 
Aesculus hippocastanum ... 2°89 2°82 0-699 0-699 
Platanus acerifolia ... 3°52 3:3 0:478 0:500 

2. Variations in the Proportions of the Two Chlorophyll Components. 

Willstaitter found that the composition of chlorophyll present 

in different plants, and in sun and shade leaves of the same plant is 

approximately, though not exactly, constant. 

The mean ratio of chlorophyll a is 2°85, the greatest difference 
chlorophyll b 

from the mean ‘7 to ‘8, 

The variations appear to be produced by the conditions under 

which the leaves are growing. Thus it seems that some plants are 

ill suited for growthin the shade. Leaves of Sambucus for example, 

living in the shade, show abnormal chlorophyll relations, whereas 

real shade plants such as the Beech exhibit a normal chlorophyll 

content. 

On the whole, shade leaves contain relatively less chlorophyll a 

than do normal leaves. For if shade leaves are excluded the 

chlorophyll a 
chlorophyll b 

this mean of ‘5 to -6. 

average ratio of is 2:93 with extreme variations from 

chlorophyll a : ee ‘61 + 
chlorophyll b of a6) S 

55, a number appreciably smaller than the mean for normal leaves. 
The time of day is found to have no influence on the ratio of 

Shade leaves give an average ratio of 

pigments. 
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3. Variations in the Proportions of the Two Yellow Pigments. 

The mean value of the ratio of carotin to xanthophyll was 

found by Willstatter to be 0-546 + 0°15 to 0:2. 

In the case of the yellow pigments, shade leaves show a wider 

divergence from the normal than they do in regard to chlorophyll. 

Thus normal leaves give an average ratio of __ SON gt OCS 
xanthophyll 

+ 0-1 corresponding to a molecular ratio of 1: 1:5 to 2. In shade 

leaves on the other hand, the average ratio of carotin to xantho- 

phyll was as low as 0:421 + 0:1. 

4. Relation between quantities of Green and Yellow Pigments. 

The average molecular ratio of the total amount of green to 

the total amount of yellow pigment is 3°56, varying from 3:07 in the 

case of sun leaves to 4°68 in the case of shade leaves. 

It will be observed that in the case of shade leaves the ratio of 

quantity of green to quantity of yellow pigments is raised. An 

exception to this rule was found in the Plantain. On the other 

hand in leaves well suited for growth in the shade values as high as 

6 have been obtained for the ratio of green to yellow pigments. 

It has been shewn above that in shade leaves the amount of 

chlorophyll a is raised in relation to that of chlorophyll b, while of 

the yellow pigments it is the xanthophyll which is relatively more 

abundant in these leaves: that is, of the green pigments the one 

poorer in oxygen is increased in amount, of the yellow pigments, 

the one richer in oxygen. 

No simple relation could, however, be found between the ratios 

chlorophyll a carotin 
chlorophyll b os xanthophyll. 

G. Finat REMARKS. 

In the preceding pages we have endeavoured to give the 

outlines of the work of Willstatter and his co-workers, and we 

have emphasised the value of this work as one of the most brilliant 

researches in organic chemistry. There has been in the past, 

and in spite of Willstatter’s work there will probably be in the 

future, much loosely performed work on chlorophyll and involving 

the use of chlorophyll, so that it may be well to emphasise the 

criteria of purity of this substance that are now available. 

These criteria are as follows: 

1. The ash should consist of pure magnesium oxide, and 

should weigh 4°5% of the weight of chlorophyll used. 
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2. The phytol content should be one-third of the molecule. 

3. The chlorophyll must contain no yellow pigments. On 

saponification as described in experiment 6, the ether layer must 

remain colourless. 

4. By saponification with alkali, the brown phase must appear 

(experiment 4) showing that the chlorophyll is not allomerised. 

5. Phytochlorin e and phytorhodin g must be given as 

dissociation products (experiment 8). 

6. In solution the chlorophyll must give the same spectrum 

as leaf extracts (showing there is no phzophytin present which 

would give absorption bands before the line E and between the 

lines E and P). 

We have earlier referred to Etard’s work in which the existence 

of a huge number of chlorophyll substances is asserted. There 

has now recently appeared a paper by Albert and Alexandre Mary 

(1915) in which the authors claim to have synthesised chlorophy!| 

from nitrous oxide and aniline. It is indeed surprising that these 

workers, as the result of the synthesis of a substance with a green 

colour and a complex absorption spectrum, should put forward 

conclusions so completely at variance with Willstatter’s work. But 

perhaps these authors have as much justification for their conclusions 

as Ewart (1915) who from the observation of a substance with a 

yellow colour and a simple absorption spectrum possessed by 

hundreds of substances, deduces the presence of xanthophyll in 

his preparations. It is perhaps significant that the “ pure xantho- 

phyll”” extracted by Ewart should have properties different from 

Willstatter’s. 

The conclusions of Albert and Alexandre Mary and of Ewart have 

perhaps as sound a basis as that of Wager (1914), who is of opinion 

that chlorophyll is an auto-oxidisable substance which “ in fact could 

replace pyrogallol in the quantitative estimation of the oxygen in 

the air.” The simple phase test described in experiment 4 in 
section E of this chapter would have shown in this author’s 
chlorophyll, the presence of the yellow pigments, which are of 
course autoxidisable (cf. experiment 6). 

It may be well here to point out that Willstatter’s researches 
only confirm the observations of the English physicist G. G. Stokes, 
whose work is mentioned by Willstatter with much respect. A few 
quotations from Stokes’ work will show how near he came to the 
truth. In a paper published in the Proceedings of the Royal 
Society of London for 1864 he writes, “I find the chlorophyll of 
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land plants to be a mixture of four substances, two green and two 

yellow, all possessing highly distinctive optical properties. The 

green substances yield solutions exhibiting a strong red fluorescence, 

the yellow substances do not. The four substances are soluble in 

the same solvents and three of them are extremely easily decomposed 

by acids or even acid salts, such as bis-oxalate of potash, but by 

proper treatment each may be obtained in a state of very approxi- 

mate isolation so far at least as coloured substances are concerned.” 

Although it is a matter of national pride that the discovery of 

the four leaf pigments should have been made by a British worker, 

yet on the other hand the almost complete neglect with which 

later investigators in this country have treated Stokes’ work is 

certainly very discreditable. When the obsession for demonstrating 

the presence of formaldehyde in the leaf (started by Baeyer’s 

hypothesis in, 1870, and first ‘experimentally’ investigated by 

Pollacci in ) began in this country with the work of Usher 

and Priestley in 1906, these writers neglected the presence of two 

green pigments and completely left out of consideration the yellow 

pigments in their theory of carbon assimilation. How much of the 

recent inconsequent work on the same subject might have been 

avoided if all these later writers had been aware of, and taken notice 

of, the work of Stokes. 

Again, the extraction and separation of the pigments without 

the aid of chemical action is due to Stokes. In a paper in the 

Journal of the Chemical Society for 1864, he says“ Por convenience 

and rapidity of manipulation, especially in the examination of very 

minute quantities, there is no method of separation equal to that 

of partition between solvents which separate after agitation. 

Bisulphide of carbon in conjunction with alcohol enabled the 

lecturer to disentangle the coloured substances which are mixed 

together in the green colouring matter of leaves.” 

The use of nettle leaves for extraction of chlorophyll was also 

recommended by Stokes in a paper published in Transactions of 

the Royal Society in 1852. 

Considering that these observations were only side issues of 

Stokes’ work, it is very remarkable that they should have been so 

correct. There can be no doubt that he did a great deal more 

work on chlorophyll than appears from his published work. He 

announced his intention of publishing work on chlorophyll, but it 

never appeared, and apparently nothing has so far been found 

among his papers referring in detail to these investigations. 
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It is well to remember that Willstatter’s work has not 

exhausted chemical investigation on the subject of leaf pigments. 

There is a great deal yet which is not clear, and much which is 

very hypothetical, as for instance, the relation between the two green 

pigments, the reactions occurring in the changes from chlorophy]l 

to chlorophyllin salts, the oxidations and reductions of chlorophyll 

derivatives, and above all, that which is of the greatest interest to 

us, the photo-chemistry of chlorophyll. On this last subject we have 

so far had no publication from Willstatter, although it is evident 

from his papers that he has been working at it and has realised that 

the phenomena of carbon assimilation such as we know them in 

living plants cannot be imitated by experiments with the four 

pigments “in vitro.” Knowledge of the photo-chemistry of chloro- 

phyll will probably help us to estimate the true significance of many 

of the observations which have already been made on chlorophyll 

outside the plant. 

We have so far mainly dealt with Willstatter’s work in organic 

chemistry, and in a later chapter we shall discuss Willstatter’s 

plant physiological work ; before concluding this chapter it must, 

however, be mentioned that Willstatter’s physico-chemical work, 

that on the state of aggregation of chlorophyll, for example, does 

not appear so brilliant and convincing as his work in organic 

chemistry. Although the extension of our knowledge of the 

colloidal state of chlorophyll must be regarded as a great advance, 

yet Willstatter’s arguments and experiments on this point are not 

very complete, and he seems intentionally to avoid any detailed 

discussion of the question. The reason for this may be found in 

the fact that before the subject is properly attacked, an investiga- 

tion of the colourless substances which accompany the pigments in 

the chloroplasts, as thorough and as detailed as that of the pigments 

themselves, is necessary. It is to be hoped that Willstatter or 

some other equally capable organic chemist will direct his attention 

to this subject which so much needs investigation. 

Willstatter’s work is one of those monumental pieces of 

research which are of permanent value. In the following chapters we 

shall deal with another piece of work which will always retain its 

value—the work of F. F. Blackman on the intake of carbon 
dioxide by the leaf. 
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Cuapter III. 

The Path of Gaseous Exchange. 

The passage of carbon dioxide from the outside medium into 

the leaf in the case of submerged water plants almost certainly 

takes place by diffusion in aqueous solution through the outer walls 

of the epidermal cells in the same way that substances will diffuse 

from cell to cell within the plant. 

In the case of lower plants like the mosses the path must be 

the same, as the surface layer of the leaf is uniform throughout. In 

the higher land plants, on the other hand, there are two paths by 

which gases might diffuse into and out from the leaf. There might 

be diffusion through the cuticle of the epidermal cells as in submerged 

water plants or mosses, or the diffusion of gases might be principally 

through the small perforations, stomata, which occur in varying 

abundance overone or both surfaces of the leaves of higher plants, but 

which comprise only a fraction of the total area of the leaf. Itisa 

possible alternative that both cuticle and stomata may be utilised 

for diffusion, in which case it becomes of interest to determine the 

relative importance of the cuticle and stomata in gaseous diffusion 

into the leaf. 

The work on the paths of gaseous exchange before the 

researches of P, P. Blackman, like the work on chorophyll before 

Willstatter’s, is all open to the criticism that the experimental 

methods used were imperfect. It is therefore not to be wondered 

at that a mass of contradictory results was obtained, and that none 

of the views of earlier workers had been established. It will be 

sufficient for us to refer here to the observations of Garreau (1850), 

Merget (1877-8), Wiesner (1879), Boehm (1889) and Wiesner and 

Molisch (1889), who have urged that the stomata are the path of 

gaseous exchange, while Boussingault (1868) and Barthélemy (1868) 

have advocated the contrary view, that the intake of carbon dioxide 

takes place through the cuticle. Mangin (1888) took up an inter- 

mediate position that diffusion through the cuticle is insufficient to 

account for the whole of the gaseous exchange. During assimilation 

he concluded that practically all the gaseous exchange takes place 

through the stomata as the pressure of carbon dioxide in the 

external air is insufficient to cause much diffusion through the 

cuticle. 

It is unnecessary for us to go into a detailed description of the 

results and conclusions of these workers nor into a criticism of 
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their results. It is enough to say that none of them have furnished 

indisputable evidence on the matter, and their work becomes chiefly 

of historical interest after the clearing up of the problem by 

P. F. Blackman in whose papers on the subject (1895 a, 1895b) a 

summary and criticism of earlier work is to be found. 

The essence of Blackman’s work, is the measurement of the 

quantity of carbon dioxide passing in and out of the two surfaces 

of living leaves on which the distribution of the stomata is known. 

For this work it was necessary to devise a special apparatus by 

which could be measured the small quantities of carbon dioxide 

with which one has to deal in such experiments. This apparatus 

is described in the first of Blackman’s papers (1895a). By its 

means a current of air either free from carbon dioxide or containing 

any desired concentration of this gas, ig passed over the surface of 

a leaf in a closed chamber and the intake or evolution of carbon 

dioxide by the leaf measured. This is effected by estimation of 

the carbon dioxide in the gas leaving the leaf-chamber by passing 

this through standard baryta solution which is subsequently titrated 

against standard hydrochloric acid solution. 

For details of the apparatus we must refer to the description 

in the paper cited above. It is especially noteworthy that although 

the apparatus is complicated yet the manipulation is exceedingly 

simple, consisting only in the turning of taps. The different parts 

of the apparatus are in duplicate so that two different surfaces of 

a leaf or two different parts of a plant, can be examined under 

exactly similar conditions at the same time. 

Special mention should be made of the plant chamber by means 

of which the two surfaces of a leaf can be examined simultaneously. 

This chamber consists of two circular rims of brass, 5 millimetres 

deep and 36 millimetres in diameter, to one face of each of 

which is hermetically cemented a plate of thin glass. Through 

the brass rim are drilled at opposite ends of a diameter two small 

holes, into each of which a copper tube of 1 millimetre bore is 
soldered. These form the channels by which the gas enters and 

leaves the chamber. Por convenience of handling one tube is curved 

half way round the rim of the half chamber so that it lies parallel 

with the other. The leaf to be examined is slipped between the 

two half-chambers and hermetically sealed to them by means of 

wax, and the leaf is then ready for experimentation. For leaves of 

different forms, plant chambers of different shapes may be used. 

Blackman experimented with various kinds of leaves, including 
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those where the stomata were limited to the lower surface only and 

those where the stomata were present on both surfaces. Usually 

the carbon dioxide evolved from the leaf into a current of air free 

from that gas was the quantity measured, but results were also 

obtained for the intake of carbon dioxide which show the path 

traversed by the gas is the same whether it is travelling into or out 

of the leaf. 

_ In the following table we have summarised the results obtained 

by Blackman for the ratios of the amounts of carbon dioxide given 

out from the two surfaces of the leaves of various plants. 

TaBce III. 

ye Stomatic ratio.] CO  respired. 

Plant. Peculiarity. Upper surface Upper surface 

Lower surface Lower surface 

‘ . ; ick icle gna tn, ees Nerium oleandet Very thick cut 00 00 , 100 

i a 0 0 4 
Prunus laurocerasus we My a i 106 , 100 

; 0 4 
Hedera helix in fee s aah 0 

, : nara . 0 3 
Platanus occidentalis Thin cuticle T00 Th 

‘ 0) 3 
Ampelopsis hederacea re ‘5 in in 

. 0 6 
Polygonum sacchalinense ‘ woe io sto 

Aquatic plant. ian ee 
. 135 100 , 100 

Alisma plantago More stomata on ia6 115113 
upper surface Too , 100 

F : . 100 105 110 Isobilateral leaf ea eee oe Iris germanica a0 10 , 100 

Stomata on both 

Populus nigra surfaces, fewer = 100 opu g 575 375 
on upper 

: 100 100 
Helianthus tuberosus 5 ore oa 

T 1 mais 100 100 
ropeeolum J % one 5a8 

The numbers in the foregoing table show haw constantly the 

path of carbon dioxide from the leaf follows the distribution of the 

stomata. 

absorbed in 

hederacea, 

assimilation. 

Platanus occidentalis 

Similar results were obtained in the case of carbon dioxide 

Thus, in the cases of Ampelopsis 

and Polygonum  sacchalinense, 

where all the stomata occur on the under surfaces of the leaves all 

the carbon dioxide was found to enter by the lower surface. None 
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was taken up by the astomatic upper surface. In the case of 

Alisma plantago, which has stomata on both sides of the leaves, 

there was found in every experiment performed a constant tendency 

for the absorption of carbon dioxide to be greater by the upper 

surface where the stomata are more frequent. Confirmatory 

results were obtained with Tropeolum majus and Acer platanoides. 

From these experiments the conclusion is drawn that the 

intake and evolution of carbon dioxide takes place through the 

stomata. ‘The only alternative explanation is that in the case of 

leaves with the stomata confined to the lower surface the cuticle 

on the lower surface is fifty to a hundred times more permeable to © 

carbon dioxide than the lower surface. It seems impossible to 

suppose this the case, especially as leaves with thin cuticles gave 

results exactly similar to those obtained with leaves possessing 

very thick cuticles. 

Although accepting Blackman’s results in regard to the 

exhalation of carbon dioxide in respiration, Brown and Escombe 

(1905 a) are of opinion that his method is not so well adapted to 

investigations of the intake of carbon dioxide in assimilation, chiefly 

because the amounts of carbon dioxide dealt with seldom exceeded 

0:1 c.c. with a possible experimental error of one-tenth of that 

amount. Brown and Escombe therefore performed some experiments 

similar to Blackman’s under conditions which admitted the 

measurement of carbon dioxide taken in by the two sides of a 

leaf on which the distribution of stomata was known. 

The following tables taken from Brown and Escombe’s paper 

exhibit their results. 

Taste IV. 

Respiration from the two Surfaces of various Leaves. 

CO» evolved | Ratio of CO2 | Ratio of stom- 
Plant Timein | Leaf area in in c.cs. evolved. —|atic distribution 

anes hours. sq. cms, Upper Upper Upper 

Lower Lower Lower 

Nate 8-41 100 100 
? “75 . eee — pete Canna indica 4:75 28:27 30°76 346 046 

5:55 100 
By 28 patties pura bes Gay 5-0 28°27 17-90 322 a 

3°04 100 
re 7 4:23 28°27 640 210 ” 

. 1:03 100 100 
: ne 59- Eas — laa Rumex alpinus 4-5 59-44 60 386 769 
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TaBLe V. 

Assimilation by the two Surfaces of various Leaves 

Uluminated on Upper Surface. 

CO, assimil- | Ratio of CO, | Ratio of stom- 
Time in| Leaf area] ated inc.cs. | assimilated Jatic distribution 

Plant: hours. |insq.cms. Upper Upper Upper 
Lower Lower Lower 

‘ 4:34 100 100 
Colchicum speciosum o75 59°44 526 72 19 

5 3-90 100 100 
Senecio macrophyllus 4:75 28°27 +60 7 iz6 

5°80 100 100 
” yy 4°25 28°27 420 79 126 

r 5°70 100 100 
Rumex alpinus 5:0 59°44 8-90 id 565 

7:50 100 100 
” ” 55 59°44 581 130 269 

2°20 100 100 
Nuphar advenum 2-0 76:97 0-00 7 5 

; ae 0-00 0 0 
Catalpa bignonioides 1°85 79:03 Sor 100 00 

0:00 0 0 
” ” 2 3 79 03 - 8-96 a 100 Too 

Brown and Escombe’s results confirm Blackman’s in regard to 

leaves with the stomata confined to one surface. With leaves 

bearing stomata on both surfaces, when illuminated on the upper 

surface there is always less intake of carbon dioxide by the lower 

surface than might be expected from the relative distribution of the 

stomata over the two surfaces, whereas the ratio of carbon dioxide 

respired from the two surfaces follows very closely the ratio of 

stomatal distribution. 

Brown and Escombe explain this result in the following way. 

During respiration, if there is a steady evolution of carbon dioxide, 

the rate at which this will escape from the leaf will be independent 

of the degree of opening of the stomata, for should the stomatal 

aperture decrease, the partial pressure of carbon dioxide inside 

the leaf will correspondingly increase and the rise in ‘diffusion 

potential ’ will counterbalance the effect of diminished stomatal 

aperture. 

In the case of assimilation, on the other hand, the * diffusion 

potential’ will remain constant, for the partial pressure of the 

carbon dioxide diffusing inwards varies constantly from 0-0003 

atmosphere outside the leaf to zero where there is complete 

absorption of the carbon dioxide. Hence, if the stomatal opening 



56 Carbon Assimilation. 

varies, the rate of intake of carbon dioxide must also vary and 

the results obtained may be due to the greater degree of opening of 

the stomata on the illuminated side. Brown and Escombe also think 

that as more energy is absorbed by the chloroplasts of the palisade 

parenchyma, carbon dioxide will be more rapidly utilised in that 

part of the leaf and consequently the diffusion gradient will be 

steeper in the intercellular spaces of the palisade into which the 

stomata of the upper surface open, which will also favour a more 

rapid intake of carbon dioxide by the stomata of the upper surface. 

Further evidence as to the path of carbon dioxide into and 

out of the leaf has been obtained by investigating the gaseous 

exchange when the stomata are artificially blocked. It had 

previously been asserted by Boussingault that the path of carbon 

dioxide intake was through the cuticle. This conclusion was 

based on an experiment in which leaves of Nerium were painted 

over with lard. In one the astomatic upper surface was so covered, 

in the other the lower surface, with the result that the leaf with its 

stomata blocked assimilated more. Blackman shows that this result 

is due to the use outside the leaf of too high a concentration of 

carbon dioxide (more than 30%). 

The results of Blackman’s own experiments with leaves of 

Nerium oleander are given in the subjoined table and show clearly 

the effect of increasing the carbon dioxide concentration. 

TasBie VI. 

Mean percentage COz in c.c. decomposed per Ratio of amount of CO, 

of CO present in unit area. decomposed per unit area. 
each experiment. 

Normal leaf. Vaselined leaf. |Normal leaf.| Stomata blocked. 

6 0:07 0-01 1 0-14 

6:3 0:055 0-01 i 0-20 

75 0-046 0-017 I 0-21 

14 0-18 0:04 1 0:37 

55 0-049 0-067 1 ia 
50 0-043 0-069 1 15 

97 0:033 0-060 1 1:8 

Some further experiments made with Nevium oleander show 

that more carbon dioxide passes through the vaselined under 

surface than through the unvaselined cuticle of the upper surface, 

so that coating the leaf with vaseline does not render it impervious 

to the passage of carbon dioxide. 
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Injecting the leaf with water has a similar influence on altering 

the ratio of CO,-intake by the two surfaces as coating the lower 

surface with vaseline. By such injection the intercellular spaces 

are filled with water and diffusion of carbon dioxide can then only 

take place in solution; hence the stomatal surface no longer 

possesses such an advantage over the upper surface in regard to 

the passage of carbon dioxide through it. The following table 

shows the relative amounts of carbon dioxide respired from the two 

surfaces of leaves under various conditions. 

Tasce VII. 

Relative output of CO3. 

Condition of Leaf. 
Upper surface. Lower surface. 

Normal leaf 1 39 

Injected ,, 1 10 

Vaselined under surface 1 3 

Blackman thus comes to the conclusion that the epidermis 

with its cuticle is slightly permeable to carbon dioxide, but that 

under normal conditions, by far the greater part of gaseous 

exchange takes place through the stomata. Under artificial 

conditions, such as waterlogging the intercellular spaces or 

blocking the stomata, the passage of carbon dioxide through the 

cuticle, though not actually greater, may become of relatively more 

importance. 

An extended series of experiments bearing on the same matter 

of the path of carbon dioxide into the leaf has been made by 

Stahl (1894). His method consisted in artificially blocking the 

stomata on parts of the leaf and showing that after exposure to 

light, starch formation is limited to the regions of the leaf where 

the stomata were unblocked. Some similar experiments were 

made independently by Blackman who confirms Stahl’s observations. 

The experiments of Blackman, Stahl and Brown and Escombe 

appear to show conclusively that the path of diffusion of carbon 

dioxide into the leaf is mainly or entirely through the stomata. 

But there are three facts which rendered difficult the acceptance of 

this evidence alone. These facts are (1) the large amount of carbon 

dioxide absorbed by a leaf during active assimilation ; (2) the low 

partial pressure of carbon dioxide in the atmosphere—the carbon 

dioxide only amounts to about 3 parts per 10,000 of the atmosphere ; 

and (3) the very small fraction of the leaf surface occupied by the 

stomata. 
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Brown and Escombe have shown that the leaf of Catalpa 

bignonioides can absorb from ordinary air 0:07 c.c. of carbon dioxide 

measured at N.T.P. per sq. cm. of leaf surface per hour. The area 

of the stomatal openings is only 0:09% of the total leaf surface. 

Hence diffusion through them must take place at the rate of 7°77 c.c. 
<< 

per sq. cm. per hour. 

Now experiments made by Brown and Escombe showed that 

a normal solution of sodium hydroxide exposed to moderately still 

air containing about 3 parts of carbon dioxide per 10,000 absorbs 

this gas at ordinary temperatures at the rate of about 0:120 c.c. 

per sq. cm. of absorbing surface per hour, and thisis only increased 

to a maximum value of 0-177 c.c. per sq. cm. per hour when the rate 

at which the air is passed “Over the absorbing solution is increased. 

Hence, if the diffusion of carbon dioxide into the leaf takes 

place entirely through the stomata, this absorption of carbon dioxide 

must take place about 50_times as fast as it would by a solution of 

normal sodium hydroxide of which the exposed surface had the 

same area as the stomata. 

Brown and Escombe were thus led to investigate the rate of 

diffusion of gases through small apertures ina septum. Their method 

of procedure was as follows: 200 c.c. of normal sodium hydroxide 

were placed in a flat-bottomed flask which was left open in 

comparatively still air containing the normal amount of carbon 

dioxide. The surface of the liquid was about 10 cm. in diameter. 

A very steady and uniform absorption then took place at the rate 

of about 0°25 c.c. carbon dioxide per hour. 

In order to obtain a suitably perforate septum between the 

absorbing liquid and the outer air, the neck of the flask was passed 

through the bottom of a small glass cup to which it was cemented. 

The annular space of the cup was then filled with mercury. A fiat- 

bottomed nickel crucible was inverted over the mouth of the flask so 

that the edges dipped into the cup of mercury, and in this way a 

perfect mercury seal was obtained. A hole of the desired size was 

made in the bottom of the nickel crucible. 

A number of such pieces of apparatus with variously perforated 

septa were prepared at the same time, and after displacing the air 

in them with air freed from carbon dioxide they were exposed to 

the atmosphere under the same conditions. As a result of these 

experiments, Brown and Escombe came to the conclusion that with 

small apertures the rates of diffusion are proportional, not to the 

areas, but to the diameters of the opening. The following table 
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summarises their results with regard to carbon dioxide. Similar 

results were obtained with water vapour. 

Taste VIII. 

Diffusion of carbon dioxide through apertuies of various sizes. 

Diameter of | CO, diflused per | “T22 cacm. | areas of | diametersof| difused ws unit 
apertures hour. per hour. apertures. apertures. time. 

on +2380 “0588 1-00 1-00 1-00 

12-06 “09280 “0812 “28 “Og “39 

12-06 “10180 “0891 28 “Do “42 

6-03 06252 -2186 07 “26 26 

5786 “035558 “2074 “066 “25 23. 

3:23 “03988 “4855 023 “l4 “16 

ora ‘03971 “4852 020 ld 16 

2412 02608 8253 “008 093 10 

2-00 02397 “7629 -007 “088 ‘10 

In order to explain this result, Brown and Escombe consider 

first the case of a disc capable of absorbing carbon dioxide and freely 

exposed tothe air. Ifthe latter is perfectly still, convergent streams 

of carbon dioxide will creep through the air towards the disc to 

replace that absorbed, and a steady gradient of density will be 

established, and if surfaces are drawn passing through all the points 

of the same carbon dioxide density, these surfaces will form ‘ shells ’ 

surrounding the disc. If the disc is a perfect absorbent of carbon 

dioxide, these shells will vary in density from zero at the absorbing 

surface to a maximum density which its that of carbon dioxide in 

air. This will theoretically be at an infinite distance from the disc 

but is practically reached at a point 5 or 6 diameters from the disc. 

Now Stefan has examined mathematically the exact converse of 

this case, namely, evaporation from a circular surface of liquid. 

Stefan obtained the following formula for the amounts of evapor- 

ation from such a surface :— 

P—p” 

P—p' 

Where M is the mass of liquid evaporated in a given time, k 

the coefficient of diffusion of the vapour, a the radius of the disc 

of liquid, P the pressure of the atmosphere and p' and p” the 

pressure of the vapour at the surface and at an infinite distance 

from it respectively. 

The formula given by Larmor for the absorption of carbon 

dioxide by a perfectly absorbing disc, assuming the formation of 

M = 4ka 
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such shells of equal density is essentially the same. It is :— 

Q = 2kpD, 

where Q is the quantity absorbed in any time, 

k the coefficient of diffusion of carbon dioxide in air, 

p the density of atmospheric carbon dioxide, 

D the diameter of the disc. 

Brown and Escombe explain their results in regard to the rate 

of diffusion through perforate septa as due to the same cause, 

namely, that when a gas is diffusing through such a_ perforate 

septum, shells of equal density are formed outside the perforation 

just as in the case of the absorbent disc, and the same ‘diameter 

Jaw ’ will hold. 

The accompanying diagrams show the various systems of 

shells. Fig. 1 is the case of the shells over a perfectly absorbent 

disc. The density of the diffusing gas varies from p at a remote 

distance from the surface to zero at the surface itself. In Pig. 2 

are represented the shells produced on the inner side of a perforated 

diaphragm opening into a large space in which the gas is rapidly 

absorbed and where the density of the gas at the perforation is 

kept at a maximum by a constant current of air. The density of 

the gas here varies from p at the diaphragm to zero at the surface. 

In Fig. 3 is represented the case of a perforated septum like the 

Pp ep ey 

an a wT 

Fig. 4, 

Fics. 1—4. 

Fics. | aNp 2. Diffusion ‘ shells ’’ formed outside and inside a perforation 
in a septum. 

Fic. 3. Diffusion ‘‘ shells” outside and inside a perforation in a septum 
in perfectly still air. 

Fic. 4. Lines of flow through a multiperforate septum. 
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case shown in Fig. 2, but in which there is perfectly still air 

outside, so that shells are produced outside as wellas in. Here the 

density of the gas will vary from p at a remote distance outside to 

p, at the perforation to zero at the absorbing surface. 

In the case of the leaf in still air, we are dealing with an 

approximation to this last case, but as in actual fact there will 

always be more or less movement of air outside the leaf there will 

be a corresponding approach to the conditions indicated in Fig. 2. 

If the partial pressure of carbon dioxide in ordinary air is called 

P, then in the last case, from Larmor’s formula, we have the quantity 

passing through any shell outside = 2k(P—P,)D, where D is the 

diameter of the perforation. Similarly, the quantity passing through 

any shell inside = 2kP, D. 

Now when a constant flow is established, these two quantities 

must be the same so that 

2k(P—P, )D = 2kP, D 

whence P—P, = P, 

or P= 2P, 

That is, in still air the pressure of carbon dioxide at the perforation 

will only be one half of the pressure of the gas there when this is 

kept constantly renewed. Consequently the diffusion gradients 

will only be half as steep in the former case and the rate of 

absorption will correspondingly be reduced to half. 

Similarly, in the case of the leaf, the rate of passage of carbon 

dioxide will be increased in the same way when the air outside the 

leaf is constantly renewed, provided that the cells surrounding the 

space into which the stomata open are perfect absorbers of the 

gas. Also, other things being equal, the velocity of flow through 

the stomata will be proportional, not to the areas of the stomata, but 

to their diameters. 

Since the surface of the leaf is perforated, not by one, but by 

many stomata, the researches of Brown and Escombe on diffusion 

through multiperforate septa become of great interest in relation 

to the intake of carbon dioxide. The multiperforate septa consisted 

of sheets of celluloid of thickness 0:08 to 0:1 mm. in which a series 

of holes at definite distances from one another were punched. The 

septa were fixed to the open ends of glass tubes containing sodium 

hydroxide. The following table gives some of Brown and Escombe’s 

results. In each case the area of cross sections of the tubes was 

measured and the diffusion through the perforate septum compared 

with that down an open tube. 
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TaBLe IX. 

Diameter of each hole 0-380 mm. 

Length of tube 1:0 cm. 

Distance of holes Number of holes per |Percentage area ofholes| Septum diffusion 
apart in diameters. sq. cm. of septum. on unit areaof septum. Open tube diffusion™ 100. 

2-63 100-00 11-34 56:1 

5:26 25°00 2°82 51:7 

78 Illi 1:25 40°6 

10°52 6°25 ‘70 31-4 

13-1 4-00 “45 20°9 

Lar? 277 “31 14:0 

It will be observed from these numbers that the obstruction 

offered to the diffusion of gases by a multiperforate septum is 

considerably less than the actual obstruction of area. Thus when 

the area of perforation was less than 3% of the whole area of the 

septum, the actual diffusion through the perforations was 51:7% of 

the diffusion taking place through an open tube of the same area of 

cross section. That is, the diffusion through the septum is nearly 

15 times as great as it would be if it were simply proportional to 

the area of the cross section. As the distance between the holes is 

increased, the efficiency of the area of the perforations increases 

until the holes are about 10 diameters apart. In this case and in 

cases where the distance apart of the holes is increased, the diffusion 

through the perforations is about 40 times as much as it would be 

if it were proportional to the area of cross section of the tube. 

The accompanying figure (Fig. 4) illustrates what Brown and 

Escombe imagine to be the lines of equal density and the lines of flow 

of gas through such a multiperforate septum. The lines of flow of gas 

diffusing towards the septum will be approximately parallel at some 

distance from the septum, but as they pass through the perforations 

they converge, the velocity of flow increasing at the same time 

owing to the production of ellipsoidal density shells round the 

opening. After passing through the opening, the lines of flow 

diverge and as lines of flow from adjacent perforations cannot 

cross each other (for otherwise there would be shells of different 

density crossing each other, which is impossible) they must bend 

round and become once more parallel, the velocity of flow at the 

same time diminishing. rom a consideration of Fig. 4, it is easy 

to understand how it is that the perforations under favourable 

conditions of distribution are so efficient for diffusion through them.! 

Brown and Escombe’s results lead them to the general 
1 Brown and Escombe’s work deals only with the simpler cases of diffusion 

through perforate septa. A fuller treatment of the subject in regard to the 
diffusion of water vapour has more recently been the subject of investigation 
by Renner (1910). 
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conclusion that “the interference of the density shells of small 

holes set at 10 diameters or more apart is small, each hole beyond 

this limit acting almost independently according to the diameter law.” 

Now in the leaf of Helianthus unnuus, for example, the 

stomata on the under surface are actually about 8 diameters apart. 

The stomata themselves open into cavities in which shells of 

diffusion may form. The under surface of such a leaf is therefore 

a multiperforate septum in which the perforations are so far apart 

that practically each single opening can exercise its full efficiency 

as regards diffusion through it, without interference from its 

neighbours. We may, therefore, expect the diameter law to hold, 

and the rate of diffusion of carbon dioxide through the stomata to 

be proportional to the linear dimensions of the stomata. 

Assuming the stomata to be circular in shape instead of 

elliptical as they actually are, Brown and Escombe have worked 

out the quantity of carbon dioxide capable of diffusing into the 

leaf under various conditions. Under the most favourable circum- 

stances, when the stomata are wide open and the carbon dioxide 

in the air outside the leaf is in constant motion so as to maintain 

the greatest possible pressure of carbon dioxide there, we have the 

following data :— 

Diameter of stoma, 0:00107 cm. 

Length of tube, 0:0014 cm. 

Number of stomata per sq. cm., 33,000. 

Area of cross section of stoma, 9°08 x 10.7 sq. cm. 

Under these circumstances the theoretical value for the quantity 

of carbon dioxide absorbed by the leaf is 2°578 c.c. per sq. cm. per 

hour. 

If, on the other hand, the air outside the leaf is perfectly still 

the maximum quantity of carbon dioxide entering the leafis 2:095 c.c. 

per sq. cm. per hour. 

These values are far higher than the observed quantities of 

carbon dioxide taken in by the leaf. Thus Thoday (1910) found 

a leaf of Helianthus annuus was capable of increasing in dry 

weight by about :17 milligrams per hour per sq. cm. which corresponds 

to an intake of carbon dioxide of only about 0°14 c.c. of carbon dioxide 

per hour measured at normal temperature and pressure. 

Hence, the stomata, in spite of the relatively small area of the 

whole leaf surface they occupy, could yet allow the diffusion 

through them of many times as much carbon dioxide as actually 

passes through. There is then, every reason to regard the results 

of Blackman and Brown and Escombe as affording definite proof 

that the path of intake of carbon dioxide into the assimilating 

aerial leaf of higher plants is mainly through the stomata. 
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CuHapTer IV. 

The Factors Influencing the Intake of Carbon Dioxide. 

A. GENERAL REMARKS. 

As we have already said in our introductory chapter, carbon 

assimilation is a complex of processes which probably obey quite 

different laws. Thus we know that one or more of these processes 

must be photo-chemical since light is required for carbon assimilation. 

Consequently one would hardly expect toexpress the relation between 

the amount of carbon dioxide used and the various factors which 

influence the intake of carbon dioxide in a simple way. 

It is the great merit of FP. F. Blackman that many years ago 

he called attention to the complexity of the processes of carbon 

assimilation, and showed that it was impossible to construct such 

a curve as a temperature-assimilation curve without regard to the 

possible effects of other factors. The result of Blackman’s analysis 

of the intake of carbon dioxide under various conditions is expressed 

in his principle of limiting factors, and summed up in his work 

‘Optima and Limiting Pactors’ in Annals of Botany for 1905, a 

paper with which every student of plant physiology should be well 

acquainted, as the considerations contained therein are so funda- 

mental for all biological processes. 

Before FP. F. Blackman’s publications, investigators dealing 

with the influence of a factor on any physiological process, spoke 

of the factor having minimum and maximum values, below and 

above which the process does not take place and an optimum 

value at which the process proceeds at its greatest rate. In carbon 

assimilation there was alleged to be an optimum value of temperature 

at which assimilation is greatest. Similarly, there was supposed 

tobe an optimum carbon dioxide supply and an optimum illumination 

for carbon assimilation. The optimum values obtained by different 

authors did not show any concordance, and Blackman pointed out 

that the method of experimentation in which, for instance, the 

influence of carbon dioxide and light are neglected when the effect 

of temperature is considered, is utterly illogical and cannot be 

expected to give results of any clear value. ; 

Blackman states the principle of limiting factors as follows: 

“« When a process is conditioned as to its rapidity by a number of 

separate factors, the rate of the process is limited by the pace of 

the ‘ slowest’ factor,” 
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Thus the rate of carbon assimilation in the leaf may depend on 

five obvious factors :— 

1. Carbon dioxide supply. 

2. Water supply. 

3. Intensity of illumination. 

4. The quantity of chlorophyll. 

5. Température. 

Any one of these might act as a limiting factor in assimilation. 

We may quote with advantage an illustration of the operation 

of limiting factors given by Blackman. A leaf is supposed to have 

so much light falling on it as would give energy sufficient to 

decompose 5 c.c. of carbon dioxide per hour. If, now, the leaf is 

subjected to such a pressure of carbon dioxide that 1 c.c. of carbon 

dioxide is assimilated by the leaf per hour, there is sufficient 

energy provided to enable the whole of this carbon dioxide to be 

assimilated. When the pressure is raised to double the amount, 

so that 2 c.c. diffuses into the leaf per hour, the energy is 

sufficient to bring about the assimilation of the whole of the carbon 

dioxide, and so on until the pressure has been increased to five 

times its original value. But if the carbon dioxide supply is further 

increased, no further increase in carbon assimilation will take place 

as the energy is only supplied at a rate sufficient to allow 5 c.c. of 

carbon dioxide to be assimilated in an hour. Whatever the value 

of carbon dioxide supply above this value, the amount of assimilation 

will always be the same, 7.e., the maximum possible for the value 

of light intensity. The curve connecting assimilation and carbon 

dioxide supply will therefore be of the form ABC (Fig. 5). On the 

other hand, if the light intensity be now increased to double its 

value, it will be sufficient to allow 10 c.c. of carbon dioxide to be 

assimilated in an hour, and increases in carbon dioxide supply, will 

result in a steadily increasing carbon assimilation with increasing 

carbon dioxide supply, until this latter gives an assimilation of 

10 c.c. an hour, when illumination will again put a limit on assimil- 

ation, and a curve of the form ADE will be obtained. With still 

stronger light, the curve APG would be produced. Thus it is 

impossible to investigate the relation between carbon dioxide 

supplied and the amount of assimilation without considering the 

factor of light. Similarly, other factors must be taken into account 

and care must be taken that a factor other than the one under 

consideration is not acting as a limiting factor. 
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The principle of limiting factors is, of course, of general 

application where a process depends on a number of factors. It 

is, indeed, rather an elaboration of the ‘ Law of the Minimum’ which 

had been applied to agricultural problems by Liebig as far back as 

1843, 
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Fic. 5. Scheme to illustrate the action of a limiting factor. (After F. F. 
Blackman). 

The question of the optimum value of a factor requires some 

consideration. 

As regards temperature we have already referred to the van’t 

Hoff rule that for every rise of 10°C the rate of a chemical reaction 

is doubled or trebled. If this law were followed throughout it is 

clear that there could be no optimum temperature for assimilation, 

which would increase more and more rapidly with increasing 

temperature. Asa matter of fact for several plant processes the 

van’t Hoff rule is followed between say 5°C and 29°C, but at higher 

temperatures it is quite clear that the rate of metabolic change in 

the organism slows down and the rule does not express the relation 

between temperature and the process. 

To explain this slowing down at high temperatures Blackman 

introduces a ‘time factor.” Thus at 25°C and lower temperatures 

the initial assimilation rate is maintained unchanged for a consider- 

able time, but at higher temperatures, 30°C and over, although the 

leaf after exposure to light commences to assimilate at a rate given 

by the van’t Hoff rule, this initial rate of assimilation cannot be 

maintained but falls off regularly, and the higher the temperature 

the more rapid the falling off. If then the assimilation at various 
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temperatures is measured over a considerable time it is certain 

that a temperature will be found at which assimilation is at a 

maximum. This apparent optimum temperature will however vary 

according to the time elapsing between the commencement of 

assimilation at that temperature and the actual measurement of 

assimilation owing to the rapid falling off in assimilation due to the 

time factor. 

We shall later discuss the time factor in more detail, but in 

this place we would comment on the use of such expressions as 

‘time factor.’ It is of course desirable that the same terminology 

should be used wherever possible in physiology as is employed in 

pure chemistry and physics. But while analysis of physiological 

processes has not proceeded far this is not always possible, and it 

is to the credit of F. F. Blackman that he has introduced the terms 

‘limiting factor,’ ‘time factor,’ which permit discussion of 

physiological processes without involving premature assumptions 

as to their nature. 

The work of PF. F. Blackman and his pupils has been largely 

concerned with the influence of the various factors temperature, 

light and carbon dioxide supply on the rate of carbon assimilation. 

Before the publication of his ‘Experimental Researches on Vegetable 

Assimilation and Respiration’ there had indeed been much 

work on the influence of these factors on assimilation, but as none 

of these previous workers had recognised the principle of limiting 

factors it seems uranecessary for us to discuss their results here. 

Again the search for an optimum value of the various factors has 

not helped to elucidate the problems. 

We shall first deal with the work of Blackman and his pupils 

on the relation between assimilation and the chief environmental 

factors, carbon dioxide supply, light intensity and temperature. 

Blackman expresses this relation as being such that “ the magnitude 

of this function in every combination of these factors is determined 

by one or other of them acting as a limiting factor. The identification 

of the particular limiting factor in any definite case is carried out 

by applying experimentally the following general principle. When 

the magnitude of a function is limited by one of a set of possible 

factors, increase of that factor, and of that one alone, will be found 

to bring about an increase of the magnitude of the function.” 

We give here (Fig. 6) the curves obtained by Blackman and 

Smith (1911 b) showing the inter-relationship between carbon 

assimilation and the three external factors in the case of Elodea, 
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Fic. 6. Inter-relation of environmental factors and assimilation in Elodea. 
(After Blackman and Smith). 

The first curve shows the relation between assimilation and carbon 

dioxide supply when this latter is the limiting factor; the second 

curve shows the amount of assimilation at different temperatures 

when temperature is the limiting factor, and the third the relation 

between assimilation and illuminatiori when the intensity of light 

is limiting. Prom these three curves we can obtain the minimum of 

carbon. dioxide supply, temperature and light intensity which are 

required for any quantity of assimilation. 
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B. Temperature. 

From the researches of van’t Hoff it is well known that the 

relation between temperature and the reaction velocity of a good 

many chemical reactions can be expressed in a simple way, revealing 

the fact that in miany cases the reaction rate at moderate temper- 

atures is increased 2 or 3 times for a rise of 10°C. On the other 

hand, animal physiologists have shown that although a smooth 

temperature-metabolism curve can be constructed which gives the 

relation between temperature and respiration, yet this curve does 

not obey the van’t Hoff rule. Similar curves have been obtained 

for plant respiration by Kuijper (1910) and for one aspect of plant 

growth (Leitch, 1916). Such a curve is shown in Fig. 7 and its 

relation to true van’t Hoff curves with different coefficients (Q, 4) 

exhibited. Some consider such a curve as made up of portions of 

several van’t Hoff curves having different constants (Pitter, 1914). 

Krogh (1916) points out that it is not very probable from a priori 

considerations that the van’t Hoff rule should be followed, as we 

have to do, not witha simple chemical reaction, but with a complex 

series of reactions possibly taking place in a heterogeneous system. 

And even if the difference between the heterogeneous system and 

a system in solution could be neglected, yet the shape of the 

curve would still be affected if a limiting factor were operative. 

Thus oxygen pressure in the tissues might be a limiting factor. 

Owing to Blackman’s recognition throughout his work of the 

effect of limiting factors, our knowledge of the relation between 

temperature and carbon assimilation is much clearer. Itis recognised 

by Blackman that in investigating the influence of temperature on 

carbon assimilation, no other factor must be limiting the rate of the 

process, as in such a case, the amount of the carbon assimilation is 

simply dependent upon the value of the limiting factor and is not 

related to the temperature. 

The influence of temperature on carbon assimilation is described 

in two papers, one by Miss Matthaei (1904) and a second by 

Blackman and Matthaei (1905). In these papers will be found a 

general account of the apparatus and method used. Isolated leaves 

of Cherry Laurel (Prunus laurocerasus var. rotundifolia) were used 

in most experiments, while for some, leaves of Helianthus tuberosus 

were employed. The leaves were carefully selected and after 
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picking were kept for 24 hours before experimentation at fairly 

constant temperature, with their stalks in water in covered beakers 

exposed to diffuse light. It was found that the previous history of 

the leaf, especially as regards nutrition and temperature changes, 

is very important in determining the amount of assimilation. The 

significance of this we shall refer to later. 

For each experiment a fresh leaf was employed and this was kept 

with the cut end of its stalk in water in order to keep down loss of 

water from the leaf through transpiration. The leaf was'contained in 

a chamber through which air containing a known quantity of carbon 

dioxide was passed at a known rate. Analysis of the outflowing gas 

gave the necessary data for determining the intake of carbon dioxide. 

As a source of light, incandescent gas or Keith high pressure gas 

was used. Por the work described in the second paper, sunlight 

alone was used. 

It is assumed that assimilation and respiration take place 

simultaneously in the leaf, and for this purpose the respiration at 

each temperature was obtained by measuring the output of carbon 

dioxide in the dark. On adding this to the value of the ‘apparent 

assimilation,’ the ‘true assimilation’ is obtained. 

At higher temperatures the respiration is more difficult to 

estimate, for oscillations occur much too big to be accounted for 

by experimental errors. Also, during an assimilation experiment, 

the respiration is constantly changing on account of the assimilation. 

An approximation to its value was therefore obtained by measuring 

it in the dark before and after an assimilation experiment and taking 

the mean value. 

Another complication has to be taken into account when high 

intensities of light are used. It was recognised by Brown and 

Escombe (1905) that light falling on a leaf would bring about a 

rise in temperature of the leaf, and they endeavoured to calculate 

this from a knowledge of other conditions of the leaf. Blackman 

and Matthaei (1905) show that the values obtained by Brown and 

Escombe depend on the values of six other quantities which are 

not all known, and hence values so obtained by calculation are not 

very likely to be correct. 

Blackman and Matthaei therefore made direct measurements 

of the internal temperature of the leaf by means of small thermo- 

couples of copper and constantan. One junction was embedded 

in the midrib of the leaf, and the other kept in a water bath. The 

internal temperature of the leaf was measured by bringing this water 
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bath to such a temperature that the E.M.F. of the combination of 

two thermocouples was zero. The two couples are then at the same 

temperature and the temperature of the water bath containing one 

junction is consequently the internal temperature of the leaf. 

In this way it was shown that the values obtained by Brown 

and Escombe for the rise in temperature of the illuminated leaf 

were much too small. The following table giving some of the 

values obtained by Blackman and Matthaei shows how much 

higher the internal temperature of the leaf may be above that of 

its surroundings when subjected to intense illumination. 

TaBLe X. 

Effect of Light in Raising Internal Temperature of Leaves. 

; ...| Temperature of Internal 
Source of Light. Relative Aatensity bath containing | Temperature 

of Light. 
Leaf Chamber. of Leaf, 

Keith high pressure o 
gas burners. 18 ie 6 

a 26 11°C 23°7°C 

3 45 13°5°C 30°5°C 

Brilliant sunlight : . . jul duily. —_ 18°6°C 22°4°-30°7° C 

In all experiments with high light intensities the internal 

temperature of the leaf was therefore measured. 

In all experiments 800 c.c. of air containing from 0°8% to 2°8% 

of carbon dioxide were passed over the leaf per hour. As this was 

never used up it was supposed that carbon dioxide was not a 

limiting factor. The experiment was allowed to run for 14 to 2 

hours before measurements were made, in order to render the 

conditions constant. The amount of carbon dioxide absorbed 

during consecutive hourly or two hourly periods was then measured. 

This gives the value of the ‘apparent assimilation’ to which is 

added the value found for the respiration in order to obtain the 

‘true assimilation.’ 

Assimilation at Low and Medium Temperatures. 

As unit intensity of light was used the light from a single 

incandescent gas burner when the front of the mantle was 130 cms. 

from the leaf. With this illumination, assimilation could be detected 

at as low a temperature as —6°C. With increasing temperature 

the assimilation rapidly increased up to 3°C, above which, increase 
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of temperature had no effect on the rate of assimilation. This remain- 

ed the same right up to 33°C. The accompanying curve (Fig. 8) 

shows the result obtained with unit intensity of light. It will be 

observed that it resembles the curves shown in Fig. 5 illustrating 

the action of a limiting factor. It is evident that this would be 

the result if the intensity of light were acting as a limiting factor 

over that part of the curve above 3°C. 

& 
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Fic. 8. Curve illustrating effect of temperature on assimilation of Cherry 
Laurel with unit intensity of light. The broken curve indicates the respiration. 
(After Matthaei). 

- Consequently, if the light intensity is doubled, one would 

expect tne first part of the curve to be much longer, and increase 

in temperature to produce a corresponding increase in assimilation 

until this has reached a value twice as great as that given by the 

horizontal part of the curve when unit intensity of light is 

employed. Similarly, if the light intensity is still further increased 

a yet higher temperature has to be employed before the limiting 

action of light will become evident. 

The curves shown in Fig. 9 illustrate this clearly. They show 

graphically the results obtained by Miss Matthaei for the relation 

between temperature and assimilation when 1, 2 and 4 units of light 

intensity were employed. They indicate that provided light is not a 

limiting factor and the carbon dioxide supply kept constant and in 

excess, the higher the temperature, the greater the assimilation. 

Increasing the temperature will, however, produce no change in the 

rate of assimilation if the light intensity is below a certain value and 

so acting as a limiting factor. 



74 Carbon Assimilation. 

Assimilation at High Temperatures. 

It is thus possible to construct a curve showing the relation 

between temperature and assimilation when neither light nor carbon 

dioxide supply is a limiting factor. Above 25°C, however, a fresh 

complication arises. Below 25°C the amount of assimilation 

remains constant hour after hour, but above this temperature the 

rate of assimilation decreases with time. The initial rate of 

assimilation cannot be maintained. In all the experiments the rate 

of assimilation during the first 13 hours was not measured ; 

measurements were then made of the assimilation taking place in 

successive hours. Finally the leaf was darkened and the respiration 

measured. The following tables show typical series of results for 

the assimilation of the leaf at a low temperature and at a high 

temperature during successive hours. 

TaBLe XI. 

Assimilation of Leaf of Cherry Laurel at 88°C. 

Area of Leaf 44:6 sq. cms. 

Light Intensity. | Time, | , Aprarent, | eat Assimilation per 
Unit 12.30-2.0 p.m. | Preliminary Preliminary 

es 2.0-4.0 ,, 00375 0023 

i 4.0-6.0 ,, 0037 00225 

Twofold 8.0-9.40 ,, Preliminary Preliminary 

a 9.40-11.40 ,, 00665 “0039 

a 11.40-1.40 a.m. “0066 “0039 

Pe 1.40-3.40_,, “00645 0038 

a 3.40-5.40 ,, 0065 “00385 

ma 5.40-7.40_,, “0065 “00385 

TaBLe XII. 

Assimilation of Leaf of Cherry Laurel at 37:5°C. 

Area of Leaf, 36:0 sq. cms. 

Respiration, 0°0019 grams perhour. 

Light Intensity. Time. enidlations |S oy. emis pee hour. 

45 10.80 a.m.-12.0 noon| Preliminary Preliminary 

$5 12.0 noon-1.0 p.m. 0154 0237 

‘3 1.0-2.0. ,, 0106} £0176 

se ; 2.0-3.0 |, ‘00795 0139 

Af 3.0-4.0_,, 0059 0109 
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These two tables show very clearly the different relation 

between assimilation and time at temperatures below and above 

25°C. Whereas the assimilation proceeds at a constant rate at 

88°C as long as the experiment is continued, at 37:5°C there is a 

rapid falling off in the rate of assimilation throughout the experiment. 

Atime factor comes into play. The facts observed in Miss Matthaei’s 

experiments indicate the three following laws in regard to the time 

factor (Blackman, 1905). 
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Fic. 9. Curve illustrating the effect of temperature on assimilation of 
Cherry Laurel under the influence of light of different intensities. 1, unit 
intensity of light ; 2, twofold intensity ; 4, fourfold intensity. (After Matthaei). 

I. At high temperatures the initial rate of assimilation 

cannot be maintained, but falls off regularly. 

2. The higher the temperature the more rapid is the falling 

off. 

3. The falling off at any given temperature is fastest at first 

and subsequently becomes less rapid. 

It thus becomes impossible to measure the highest possible 
assimilation at any temperature, but Blackman estimates this initial 

value of the assimilation by two methods. Firstly, below 25°C no 

time factor is involved and the assimilation numbers obtained 

therefore give a correct value of the initial values of the assimilation. 

The curve obtained from these numbers is a van’t Hoff curve in 

which the temperature coefficient for a rise of 10°C is 2:1. By 
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assuming that the van’t Hoff rule is followed above 25°C we can 

obtain by calculation the initial values for assimilation at higher 

temperatures. 

Secondly the initial assimilation at a high temperature may be 

determined from the values actually measured after various times. 

At any temperature the curve between time and assimilation is 

plotted and the curve continued back to a point where the value of 

the time is zero: the value corresponding to this is the initial 

assimilation. 

Blackman’s diagram illustrating these methods is shown in 

Fig. 10. The broken line is the temperature assimilation curve 
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Fic. 10. Curve showing initial assimilation maxima at different tempera- 
tures. For further explanation see text. (After Blackman), 
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obtained by continuing the van’t Hoff curve obtained for temperatures 

below 25°C. As to the second method estimations of the assimilation 

were made during four successive hours at 30°5°C, 37:5°C and at 

405°C, The values for assimilation so obtained are plotted against 

time on the same diagram (the abscissze now having a time signi- 

ficance) in the curves C,—C,, D,—-D, and E,—E, respectively, 

the points C,, C,, etc. giving the values of assimilation obtained in 

the experiments. These curves are continued backwards to a point 

representing zero time, which gives the initial assimilation. The 

curves are so arranged in the diagram that the position representing 

zero time in each case is that also representing the temperature of 

the determinations, so that if the initial values of assimilation are 

given by the van’t Hoff rule, they will fall on the curve drawn on 

that assumption. This is shown to be the case, so that as Blackman 

says, there is satisfactory evidence for a preliminary acceptance of 

the theory that the initial values of assimilation at high temperatures 

follow the van’t Hoff as well as at low temperatures, although above 

25°C the existence of the ‘time factor’ prevents the direct measure- 

ment of this maximum possible assimilation. The suggested form 

of the assimilation time curves at still higher temperatures are 

shown at F and G (Fig. 10). At G the temperature is supposed to 

be reached at which the assimilation falls at once to zero. 

Experiments conducted by Blackman and Matthaei (1905) in 

which natural illumination only was employed show that different 

leaves may have different temperature coefficients for assimilation. 

Thus whereas Cherry Laurel has a temperature coefficient of about 

2:1, that of Helianthus tuberosus was found to be about 2°5. The 

results are summarised in the accompanying diagram (Pig. 11). 

A further point brought out in these researches is that the 

assimilation rate is affected by the season of the year, thus leaves 

are more active in February than in April, and from January to 

March than from October to mid December. These facts are at 

present unexplained, but they have no effect on the temperature 

coefficient which is independent of seasonal variation. 

Owing to the more rapid falling off of the assimilation with 

time the higher the temperature, the temperature at which greatest 

assimilation is observed will depend upon the time which elapses 

between the commencement of the experiment and the measurement 

of the assimilation. Thus in the case of Miss Matthaei’s measure- 

ments the highest value of the assimilation for the first hour after 

the experiment had run its preliminary 14 hours ts given at 375°C, 
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while for the fourth hour it is given at 30°5°C. Thus the optimum 

value obtained will depend upon the time that has elapsed between 

the commencement of the experiment and the measurement of the 
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Fic. 1]. Curves of assimilation and respiration of Helianthus and Cherry 
Laurel at different temperatures. A, curve of initial assimilation maxima for 
Helianthus; B, the same for Cherry Laurel; -C, curve for assimilation of 
Cherry Laurel two hours after the initial moment of heating to the particular 
temperature; D and E, temperature-respiration curves for Helianthus and 
Cherry Laurel respectively. (After Blackman and Matthaei). 
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experiment. Obviously it would also depend on the previous history 

of the leaf as regards temperature. 

In regard to the existence of the time factor Blackman points 

out that the rate of hydrolytic action of enzymes always shows a 

marked optimum temperature effect, and he cites Kjeldahl (1879) 

who showed that malt diastase hydrolysed increasing quantities of 

starch up to about 63°C after which the action fell off quickly, 

becoming nothing at 86°C, this being due to the destruction of the 

enzyme by heat. The apparent production of an optimum is thus 

due to two opposed processes, the hydrolytic action of the enzyme 

and the destruction of the enzyme by heat. 

This characteristic of enzyme actions was later elaborated by 

Tammann (1892, 1895) and by Duclaux (1899) and it has come to 

be called Tammann’s principle. Fig. 12, taken from Duclaux, 

illustrates clearly how the optimum is produced. The curve AB shows 

the relation between temperature and the enzyme action if the 

enzyme activity remains unimpaired, the curve CD represents the 

relation between temperature and quantity of enzyme, and the 

curve AOE represents the actual curve between temperature and 

the enzyme action. 

Recently some Continental writers (Kanitz 1915, Rahn 1916) 

have talen the trouble to point out the application of Tammann’s 

principle to Blackman and Matthaei’s results. Not only did 

Blackman himself point out the similarity of his results with those 

in the case of enzyme actions, but he also recognised that the 

matter was probably more complex. Thus he says “ Physico- 

chemical finality is not to be attained in this matter, but special 

research might at least show how far the recorded optima for 

assimilation and respiration are real metabolic truths and how far 

they are illusions of experimentation.” 

With the further criticism of Rahn we need not deal, as it 

attempts to explain why Blackman did not get a result which as a 

matter of fact he actually obtained. 

Kanitz also criticises Blackman on account of the manner in 

which the curve of initial assimilation values at high temperatures 

is obtained. He points out that the number taken by Blackman 

for the temperature coefficient of assimilation in the case of Cherry 
Laurel was quite arbitrary; that it might have been 2-4 equally 

with 2:1. However, an examination of Miss Matthaei’s figures are 

sufficient to show that the choice of 2°1 as the temperature coefficient 

between 5°C and 25°C was fully justified. Below 5°C the temperature 
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coefficient increases with decreasing temperature. This may be due 

to some other factor coming into play and it is a general phenomenon 

in life processes (cf. ¢.g., Krogh’s temperature-metabolism curve in 

Pig. 7). Again in the case of many chemical reactions the temper- 

ature coefficient gradually decreases with rise of temperature, and 

this may perhaps be the case in carbon assimilation. In any case 

Blackman was more justified in assuming as an approximate 

temperature-coefficient at temperatures above 25°C the value 

obtained from 5°C to 25°C than the value between —6°C and 5°C., 

It must be kept in mind that the theoretical curve of initial assimi- 

lation maxima is necessarily an approximation. 

B 

TEMPERATURE. 

Fic. 12, Curves showing the relation between temperature and rate of 
enzyme action. (After Duclaux). 

Kanitz further criticises the method of obtaining the initial 
assimilation values obtained by carrying back the time-assimilation 
curves to zero time. He asserts that the numbers so obtained give 
the amount of assimilation which actually takes place during the 
first hour of the experiment, whereas the number actually required 
is the assimilation which would take place in an hour if the initial 
rate of assimilation remained constant throughout that hour, This 
criticism also is due to imperfect consideration of Blackman’s 
curves. The first measurements of assimilation were made by Miss 
Matthaei from 14 hours to 2} hours after the experiment was 
started. The number so obtained can be taken as approximately 
representing the rate of assimilation 2 hours after the commencement 
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of the experiment. Blackman actually continues his curves back 

for 2 hours, not 14 hours, and the value so obtained should therefore 

represent approximately the initial rate of assimilation, Kanitz’s 

criticism is thus founded on a misconception. 

The further criticism of Blackman's work offered by Kanitz is 

based on the assumption that Blackman’s construction (Fig. 10) 

and the application of the time law for enzyme action are mutually 

exclusive. This is evidently not so. Blackman himself realised 

the resemblance between his results and those obtained for enzyme 

actions, but preferred to express his results in a non-committal form 

to making assumptions which were unproved by experiment. 

With the criticisms of Blackman’s construction offered by 

some other continental writers we need not deal, as they amount 

to no more than the expressions of personal opinion. 

Kanitz points out how from a consideration of Duclaux’s curve 

(Fig. 12) it is obvious that the position of the optimum is no fixed 

point, but must depend on the quantity of enzyme present, which 

will also depend on the previous history of the system: on its 

previous temperature, on the velocity with which it is brought to 

the optimal temperature, etc. It is interesting in this connection 

to recall that Miss Matthaei found it necessary, in order to obtain 

uniform results, to take particular care that all leaves used in her 

experiments were subjected to the same treatment for the 24 hours 

between their removal from the tree and the commencement of the 

experiment. 

It may also be mentioned here that some investigators regard 

the optimum temperature as the highest temperature which can be 

maintained continuously without a depression of the function 

resulting, and recently Miss Leitch (1916) has adopted this idea 

for the case of growth. It is clear, however, that if it is really 

Tammann’s principle or something strictly analogous to it that is 

involved in ‘time factors’ in carbon assimilation and growth, the 

position of the optimum, as Kanitz points out, is not a definite fixed 

point, but depends upon other factors which will only remain 

constant if the plants are subjected to the same previous history. 

C. Licur. 

The effect of light on the intake of carbon dioxide has been 

indicated in the previous section of this chapter. Reference was 

there made to Miss Matthaei’s experiments in which it was shown 

that intensity of light may limit the intake of carbon dioxide, in 

F 
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which case increase of temperature produces no effect on the rate 

of assimilation. The results have already been shown graphically 

in Fig. 9, 

Blackman and Matthaei (1905) have also made extensive series 

of observations on assimilation under different conditions of natural 

illumination which show strikingly the influence of light as a limiting 

factor. The general arrangement of the experiments was similar 

to that employed previously and referred to in the previous section 

of this chapter. The leaves experimented upon were contained in 

a leaf chamber as before through which a current of carbon dioxide 

was passed such that the supply of carbon dioxide never limited the 

intake of the gas. The experiment summarised in the following 

table may be regarded as typical. 

TaBLe XIII. 

Assimilation by a Leaf of Helianthus tuberosus under 

Natural Illumination. 

Area of Leaf 70-1 sq. cms. 

800 c.c. of air containing 2:5% CO, passed over the leaf per hour. 

Date: July 30th, 1904. 

Temperature 18:0° to 18-3°C. 

Assimilation at this temperature when light is not limiting is 

0093 gims. per 50 sq. ctns. per hour, 

: Real assimila- ; Temp. | CO, in grams|..~". 
ne Illumination. of absorbed by oc ep aes 

we Bath. leaf. 2 per-50'sq. 
cms. per hour. 

12.30-1.30 _— = Preliminary | Preliminary 

1.30-2.30 Heavy laden clouds 18-2 0:0011 0:0015 

Violent thunderstorm 
2.30-3.30 at first ; then slowly 18-3 0-0032 0:0030 

clearing up 

3.30-4.30 Brighter ; no rain 18-3 0-:0073 0-0059 

Sun at first, then clouded ‘ . 
4.30-5.30 over ; storm driving up 18°3 0-0050 0-0043 

Overcast, steady rain ; : : 
5.30-6.30 6-10, heavy storm 18-0 0:0007 0-0010 

It will be observed that the intake of carbon dioxide is in none 

of these measurements near the value given when light is not 

limiting, and in each case the assimilation must be a measure of 

the light only, The assimilation shows marked variations parallel 

with the light conditions, 
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Besides a large number of similar determinations by Blackman 

and Matthaei made at various temperatures with light the limiting 

factor when natural illumination was employed, afew confirmatory 

measurements were made with the water plant E/odea by Blackman 

and Smith (1911 b); the results have already been shown graphically 

in this chapter (see Fig. 6). These writers have also shown that 

Pantanelli’s results (1903) rightly interpreted, indicate that assimi- 

lation is directly proportional to the intensity of light used until 

either carbon dioxide supply or temperature becomes a limiting 

factor. The earlier experiments of Reinke (1883) also support the 

conclusion. 

From the results of his experiments Blackman concludes that 

where temperature and carbon dioxide supply are in excess the rate 

of assimilation is proportional to the intensity of illumination. 

There is thus for every temperature a minimum value of the light 

intensity which is sufficient to allow the maximum assimilation rate 

to take place at that temperature always presuming no other factor 

is limiting. By using perforated screens in front of the leaf to cut 

off part of the sunlight, Blackman and Matthaei were able to show 

what proportion of sunlight was required to give the maximum 

possible assimilation at 29°5°C. Thus it was shown that in bright 

sunlight during the middle of the day in August the maximum 

assimilation possible at 29:5°C in the case of Cherry Laurel was 

given by 0°36 of full sunlight and in the case of Helianthus by 0°69 

of full sunlight. It would be expected that Helianthus was therefore 

capable of a much higher rate of assimilation than Cherry Laurel 

at the same temperature, and this is indeed the case (cf. Fig. 11). 

Indeed Blackman and Matthaei show that when light is the 

limiting factor equal areas of different plants equally illuminated 

produce the same amount of assimilation. Blackman and Smith 

(1911 b) have shown that the same law holds with water plants 

(cf. Fig. 13). 
With the bearing of these results on the general question of 

energy in regard to assimilation we propose to deal later. 

D. Carson Dioxipe Suppty. 

The influence of carbon dioxide supply upon assimilation has 

been investigated by Blackman and Smith in the case of submerged 

water plants. Elodea was chiefly employed for this purpose, but 

experiments were also made with a water-moss Fountinalis, and a few 

isolated observations were also made with Ceratophyllum and 

Potamogeton, 
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In order to examine the intake of carbon dioxide by submerged 

water plants, a stream of water containing carbon dioxide dissolved 

in it was passed over the leaf. By estimations of the carbon dioxide 

that had passed over the leaf in a definite period the rate of intake 

of the gas could be measured. The procedure employed with land 

plants was somewhat modified. A description of the method is 

given in the eighth paper in Blackman’s series of researches 

(Blackman and Smith, 1911 a). 

With small-leaved plants such as Fontinalis and Elodea, sprigs 

of the plant were used instead of single leaves as in experiments 

with Cherry Laurel or Helianthus. In most of the experiments 

medium temperatures and medium illumination were employed. 

The value taken for the carbon dioxide supply is the mean value of 

the carbon dioxide concentrations of the liquid before and after 

passage through the chamber. The ‘real’ assimilation was 

calculated as in the experiments with land plants already described. 

The results obtained with both Fontinalis and Elodea are 

shown in the accompanying curves (Fig. 13). In the weaker 
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solutions of carbon dioxide, the assimilation increases directly 

with increase of carbon dioxide supply. Neither light nor temper- 
ature are limiting. In each case, however, a point is reached where 
increase in carbon dioxide supply is no longer accompanied by a 
corresponding increase in assimilation. The latter remains constant 
however much the carbon dioxide supply is increased. Here, 
either temperature or illumination is limiting the rate of assimilation. 
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In order to obtain a greater assimilation, either the light or the 

temperature would have to be increased. In this particular case 

it can be shown by increasing either light or temperature that it is 

light which is the limiting factor. Some earlier experiments of 

Treboux (1903) and Pantanelli (1903) also show clearly the 

proportionality between carbon dioxide supply and assimilation until 

light becomes a limiting factor. 

Another noteworthy point is that where carbon dioxide supply 

is the limiting factor, Fontinalis assimilates only about half as much 

carbon dioxide as Elodea for any particular concentration of carbon 

dioxide. It suggests that the difference is due to there being less 

obstacle to the diffusion of carbon dioxide up to the chloroplasts in 

EBlodea than in Fontinalis. Moreover, as values obtained with 

Ceratophyllum and Potamogeton are of the same order as those 

obtained with Elodea, it appears to be a class distinction between 

Bryophytes and Phanerogams. 

It is to be observed that no depression of assimilation occurs 

even with such a high concentration of carbon dioxide as 0:0536%. 

This is 33-92% of saturation, and constitutes an environment as 

rich in carbon dioxide as is an atmosphere containing 30% of the 

gas. With higher concentrations, however, the ‘real’ assimilation 

becomes much depressed. This is not to be regarded as evidence 

that there is ‘a primary optimal amount’ of carbon dioxide for 

assimilation. Blackman regards the depression of assimilation in 

high concentrations of carbon dioxide as due to a narcotic effect of 

the strong carbon dioxide upon protoplasm, which has been 

previously shown by many workers (cf. Chapin, 1902). The 

depression has no direct relation to carbon assimilation. Blackman 

thus concludes that “in the curve expressing, in any given light, 

the relation of assimilation to the whole range of CO,-concentrations 

from zero to saturation, we may separate off the falling end-part of 

the curve as an effect of narcotic poisoning. The third and last 

phase thus contrasts with the first two phases, which are specific 

assimilation effects, the first rising in a straight line where the CO, 

is limiting and the assimilation proportional to it, and the second 

a horizontal line where the assimilation is limited by the light (or the 

temperature) and is independent of increase of the CO,-supply.” 

e 



86 Carbon Assimilation. 

E. CHLoROPHYLL CONTENT. 

So far we have dealt with environmental factors. It has been 

seen from Blackman’s analysis that the laws governing the intake 

of carbon dioxide in relation to these factors cannot yet be expressed 

in simple physical and chemical terms, but the experimental facts so 

far obtained can be conveniently expressed in terms of the action 

of limiting factors. 

Nor would it seem any more probable that an enquiry into the 

relation between an internal factor, e.g., chlorophyll, and the intake 

of carbon dioxide should yield results of any greater physico- 

chemical definiteness. In this section we shall deal in some detail 

with investigations made with a view of determining the relation 

between assimilation and chlorophyll content, and more particularly 

with the recent work of Willstatter and Stoll (1915) At present 

only preliminary accounts of the extensive work of these investigators 

are available; consequently it is difficult to form a correct judgment 

of the value of the work and the validity of the arguments put 

forward in support of the hypotheses advanced. 

There is a strong contrast between Willstatter’s and Blackman s 

expression and generalisation of experimental results. While 

Blackman carefully avoids premature conclusions and tries to find 

non-committal expressions which will embody all his experimental 

results, Willstatter advances a simple definite hypothesis and 

attempts to obtain experimental data which will support his theory. 

In this section we shall only give Willstatter’s experimental 

data, in a later chapter we shall deal with the various theories of 

carbon assimilation which he has advanced. 

The main result of his work is a demonstration of the complexity 

of the processes of carbon assimilation ; an opinion which has often 

been expressed by earlier workers. Por instance Pfeffer (1897) 

says that the chloroplasts “are only capable of assimilatory activity 

when all the component parts co-operate in an appropriate manner, 

and that the final result is produced not by a single reaction but by 

the agency of a complicated and self-regulatory mechanism.” 

Ewart (1896, 1897) and Pantanelli (1903) have published data 

which also tend to show that chlorophyll is not the only internal 

factor in the processes of carbon assimilation, 
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Wilstatter, however, expresses this opinion in a far more 

dogmatic way, postulating that the chloroplast is the seat of a photo- 

chemical reaction and that the product formed in this reaction is 

subjected to an enzymatic action which takes place at the boundary 

between chloroplast and plasma. In this latter process oxygen is 

supposed to be evolved. His contention is that the efficiency of the 

assimilatory process depends not only on the amount of chlorophyll 

but also on the amount of enzyme, and in his investigation he has 

examined extreme cases where either chlorophyll or enzyme are in 

excess. 

The very great importance of Willstatter’s work lies in the fact 

that for the first time quantitative estimations of the pigments have 

been made; in an earlier chapter we have stated in some detail the 

methods employed by Willstatter and also pointed out how unreliable 

were the estimations of all of the earlier workers. The principle 

used in the analysis is the saponification of the leaf extract with 

alkali and the subsequent abstraction of the yellow pigment with 

ether. The chlorophyllin solution is then compared colorimetrically 

with standard solutions. Thus the disturbing influence of the 

yellow pigments is avoided; however, it must be pointed out that 

the information obtained only holds for the chromogen complex ; 

as regards the phytol part of the chlorophyll molecule which is 

split off in the saponification we do not get any information. 

Willstatter’s experience from earlier investigations where the 

pigments were estimated in leaves collected at various times of the 

day and at various seasons led him to the conclusions that the 

amount of pigment is not altered during the processes of assimilation; 

this view is confirmed here, for Willstatter finds no appreciable 

difference in the amount of pigments as the result of assimilation, 

Of course it has been assumed before Willstatter’s time that 

the assimilation varies with the amount of chlorophyll, but it had 

not been possible definitely to estimate the chlorophyll content or 

to differentiate between the part played by the chlorophyll and the 

part played by the plasma. 

Thus, for instance, Weber (1879) found that equal areas of the 

leaves of dffferent plants under the same conditions had different 

assimilatory powers. Haberlandt (1882, and see 1914) explained 

Weber’s results by determining the number of chloroplasts per 

unit area in the plants used by Weber and showing that there is a 

parallelism between the assimilatory activity and the number of 

chloroplasts. His results are exhibited in the following table. 
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TaBLe XIV. 

Relation between Assimilatory Activity and Number of Chloroplasts. 

Assimilatory Number of 
Species. Activity Chloroplasts 

per unit area. per unit area. 

Tropoeolum majus a9 tee ae 100 100 

Phaseolus multiflorus ... ah Ae 72 64 

Ricinus communis aes ase wes 118°5 120 

Helianthus annuus whe wes sis 124:5 122 

But of course there is no evidence or even probability that all 

chloroplasts contain the same amount of chlorophyll, so that this 

attempt to correlate assimilatory activity with quantity of chloro- 

phyll is extremely crude. 

While we have no criticisms to offer in regard to Willstatter’s 

chemical analysis of the pigments, it appears from his preliminary 

account that the experimental arrangements in his assimilation 

experiments may be open to considerable criticism. As, however, 

he promises a detailed paper in which “many remarkable details 

in the experimental arrangement” are to be described, it seems 

desirable to defer such criticism to a later period. 

The main principle of his method of experimentation is the 

same as that used by earlier workers, ¢.g., Kreusler (1885_1890) 

and Blackman. The noteworthy features of Willstatter’s method 

are: 

(1) The carbon dioxide is determined by weight in an absorption 

apparatus. 

(2) The high intensity of illumination. He uses a} watt Osram 

lamp of 3000 candle power at 15-25 cm. distance from the leaf 

chamber (corresponding to a light intensity of 48,000 to 130,000 ux). 

(3) The vapid stream of carbon dioxide (4:5 litres per hour), 
(4) The method of temperature measurement. The temperature 

of the gas in the leaf chamber is measured (presumably by a mercury 

thermometer) ; it is obvious, in view of Blackman’s experiments, 

that this is indeed very unsatisfactory, particularly when such high 

light intensities are employed. 

The experimental conditions used by Willstatter are such “ that 

the assimilation of a normal well assimilating leaf cannot be increased 

by increasing the carbon-dioxide concentration or the light iutensity,.” 

The temperature, which is kept constant, generally 25°C, is 

“ favourable to assimilation.” 
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Expressing this in terms of Blackman’s principle it must mean 

that neither light nor carbon dioxide is a limiting factor. The 

amount of carbon dioxide assimilated can then only depend on 

internal factors and the temperature. 

The ratio between the quantity of chlorophyll and the 

carbon dioxide assimilated in a certain time is termed by 

Willstatter the assimilation number (assimilation number = 

amount of CO, assimilated in one =e) 

chlorophyll content. 

Approximately constant values of the assimilation number 

would indicate that the assimilation depended only on the amount 

of chlorophyll, if variable values are obtained it means that other 

factors come into play. 

It is to be regretted that only the tables which ilustrate the 

conclusions are given by Willstatter; none of the preliminary work 

necessary for the justification of the conclusions is quoted. 

Normal Leaves. 

In Table XV we give the results obtained by Willstatter for 

normal leaves. 
TaABLe XV. 

Assimilation Numbers of Normal Leaves. 

Concentration of CO,, 5%. 

Rate of Gas Current, 4°5 litres per hour. 

sees emp. | “itt |Sesves] wetdeesurtice| shih | see! | As. 
: in Lux.] gm. gm. |sq.cm. ne | sg No. 

Rubus Eubatus~... | 25° | 48000] 5:0 | 1°80] 356 | 16:2 | 0-094] 5-8 

Syringa vulgaris... | 25° | 48000] 12:0 | 3-45 | 371 | 14:1] 0-091] 6-5 

Sambucus nigra”... | 25° | 48000] 8:0 | 2°20 | 343 | 17°8]0-117] 6-6 

Ulmus is «| 25° [48000] 8:0} 2°35 | 421 | 13:0 | 0-089] 6-9 

Prunus Laurocerasus | 30° | 75000] 10:0 | 3-40 | — 12-2 | 0-098] 8-1 

Primula ee «| 30° | 75000} 10:0 | 0:90 | — 11-4 | 0-105] 9-1 

Hydragea opuloide 30° | 75000] 10-0} 1:20]; — 9:2 10-060; 65 

Pelargonium zonale | 30° | 75000/ 10:0 | 0:96 | — 12-5 |0:093| 7:4 

From the numbers given in this table there would seem to be 

a rough parallelism between the amount of chlorophyll and 

assimilation. But in all the cases given the leaves were in the 

same stage of development and all were rich in chlorophyll. On 

the other hand leaves from the same plant, but in different stages 

of development, exhibit much wider variations in the assimilation 
number, as the following table shows. 



90 Carbon Assimilation. 

TaBLe XVI. 

Assimilation Numbers of Leaves from the same Plant, 

but in different Stages of Development. 

25° 5% CO, 48000 lux. 

Weight} py | Leaf | Chloro- {CO ; A f f ry ea oro ~ 2 ass. A as 

Species. faeeat Leaves bee a Suskace eh i a No. 

Acer 4-6 leaf at 

pseudo- the top of the . ' ; : 
platanus branch 60 a0 sae 5 Dee | TS 

23rd June 

leaves from 

the base of | 6.0 | 215 | 469 | 24 | o124| 5:2 
same day 

Tilia young light 
green leaves 8-0 2°05 421 5:2 0-074 | 14-2 
25th June 

lower dark : 
green leaves |° 8:0 2°55 530 | 22:5 0-148 | 66 
26th June 

Taxus young 
baccata branch 20 5°65 _ 27°6 0-131 4:7 

27th June 

last year’s 
branch 20 7:05 _— 47°5 0-102 2-1 

28th June 

It will be observed from this table that the chlorophyll! content 

increases with the age of the leaves ; so does the assimilatory power, 

but notin the same degree. Consequently the assimilation numbet 

decreases. ~~ 

Further data in regard to the variation of the assimilation 

number with the state of development of the leaves are given in the 

following table. 

Table XVII shows clearly that after a time, although the 

chlorophyll content increases, yet the assimilation number 

diminishes. From this fact Willstatter concludes that the chloro- 

phyll is present in excess, while some other internal factor (enzyme) 

is limiting the rate of assimilation. 

—_—_—_~ 

Autumn Leaves. 

In autumn leaves the conditions are very complex. The general 

rule is that with decreasing chlorophyll content the assimilation 

decreases as is shown in Table XVIII. Leaves rich or poor in 
chlorophyll give the same assimilation number, 
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TaBLe XVII. 
Assimilation Numbers of Leaves of the same Species 

at different Times in Spring. 

25° 5% CO, 48,000 lux. 

Weight! ey | Leaf |Chloro-| CO. | 4 
Date. Species. eaves Weight|Surface] phyll | per hr. NE 

gm. “) gm. cm?, mg. gm. Os 

29th April... Aesculus 8 1-68 |} 211 8-1 | 0-090} 11-1 

7th May sisi Hippo- 8 1°65 | 374 | 12-1 | 0-146] 12-1 

3rd June ae castanum 8 2°35 | 386 | 19°8 |0°127| 6-4 

4th May ge Tilia 6-0 | 1°31 | 344 5:0 | 0-053} 10-6 

12th May... cordata 6-0 | 1:29 | 463 6-9 |0-110} 16:0 

5th June sibs 60 | 2:31} 421 | 17-3 |0°123} 7-1 

Taste XVIII. 

Assimilation Numbers of Autumn Leaves. 

Weight Dry, | Lent psig tos a 
Date. Species. of Leaf] Weight|Surface : 

gm. gm. | cm2, oi i a No. 

14th July... Sambucus nigra 80 | 2°05 | 359 | 188 | 0-116] 6-2 

14th October Sambucus nigra 
(leaves easily 8-0 | 1°64} 356 8-2 | 0-049] 6-0 
detached) 

2nd November | Populus pyramidalis 8-0 | 2:55 | 376 | 15-2 |0-152] 10-0 
(dark green leaves) 

2nd November | Populus pyramidalis 8-0 | 2-35 | 363 3-9 |0-031| 7:9 
(yellow green leaves) 

In many cases, as will be seen from the next table, the 

assimilation number increases at the beginning of autumn and 

diminishes later. 
TaBLe XIX. 

Asswnilation Numbers of the same Species at 

different Times in Autumn, 

: Chloro- Weight} Dry Leaf co, A By. le hyll Ans; 
Date. preys al Laat Weuht Saise conten aan Ree 

30th July... a a 40 | 1°55] 271 | 19-7 |o-080| 4-1 

17th September green 40 | 1:55 | 336 | 125] — 66 

Sth October ... oiow ae 4-0 | 1-45] 344 | 7:8 |0-064] 85 

19th October ... almost yellow 4:0 | 1:35 | 337 2-1 {0010} 4:8 
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Some leaves which remain green until they fall off keep their 

assimilatory power, so that in spite of the lateness of the season 

and high chlorophyll content, the assimilation numbers are still 

high. Yet in other cases where the chlorophyll content of the 

leaves in autumn is still high the assimilation numbers are remark- 

ably low, while there is a considerable difference between the 

assimilation numbers of young and old leaves from the same plant. 
' 

These results are given in Tables XX and XXI. a% 

TaBLe XX. 

Autumn Leaves with high Chlorophyll Coutent and 

Normal Assimilation Numbers. 

Weight| Dry } Leaf |Chloro| CO | 
Date. Species. of Leaf| Weight|Surface af 7 t aah No. PAL am | emz, [content] per r. o. 

g mg. gm. 

26th October ... | Cydonia japonica | 10-0 | 4°50 | 301 | 16-3 [0-119] 7.3 
var. Moerlosii 
(falling leaf) 

27th October ... Clerodendron 62 | 1-28 | 211 9°3 | 0-115} 12:3 
trichotomum 
(fallen leaf) 

14th October ... | Lonicera tatarica | 4:0 | 1°20} 299 3:3 |0°020] 61 
(fallen leaf) 

TaBLe XXI. 

Autumn Leaves with same Chlorophyll Content but 

different Assimilation Numbers. 

; Weight! Dry | Leaf Chleros CO, A 
Date. Species. of Leaf] Weight|Surface| _P?Y nes: oe tent hr.| No. gm. gm. cm?, "eng pot ° 

1ith November Ampelopsis 70 | 1:50] — 6-8 |0:014] 2:0 
tricuspida 
Veitchii 

(fresh, green) 

16th October ... Ampelopsis 50 | 1°05 | 251 | 6:4 | 0-006] 0:9 
quinquefolia 
(older, green) 

17th October ... Ampelopsis 5:0 | 1:15 | 325 | 6-4 | 0-050) 7:9 
quinquefolia 

(younger leaves 
from apex of shoot) 

The low assimilation number after exposure to low temperatures 

is rapidly increased on exposure to higher temperatures. Thus in 

the case of leaves of Ampelopsis Veitchit gathered at 4°C the 

assimilation number gradually increased from less than 0°8 to 26 . 

after 14 hours at 25°C, and increased up to about 4 when it remained 

constant. 
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Leaves poor in chlorophyll (Yellow Varieties). 

Leaves poor in chlorophyll, e.g., yellow varieties with a chloro- 

phyll content of from 15% to 3%, or even less, of that of the leaves 

of the normal green varieties, exhibit a marked deviation in the 

proportionality between chlorophyll and assimilation. The numbers 

given in Table XXII for the yellow varieties are not maximal values 

of the assimilation, for it was found impossible to use the maximum 

light intensity without injuring the leaves. Under certain conditions 

it was found that at 15°C instead of 25°C the absolute amount of 

carbon dioxide absorbed by equal surfaces of yellow and green 

varieties can in the former reach a value as high or even higher 

than that taken in by the leaf of the normal variety. 

TaBLe XXII. 

Assimilation Numbers of Leaves of Green and Yellow 

Varieties of Elm. 

Ulmus, 5% CO,, 3000 candle power at 35 cm. distance (24,000 lux). 

CO, | CO, 
Weight D Chloro-|_ Leaf 

Variety. Temp. of Leaf Weight phyll Su thie oohe pases ae 
gm. gm. mg. | cm?. Pail gen: 3 

Chlorophyll poor ... | 25° 8:0 2:0 0-95 | 321 | 0°075| 2°3 79 

the 9% ‘i ‘ : 4 
do. 15° same: leatl = 0 0°95 | 321 |0:056] 1-7 59 

Chlorophyll rich ... | 25° 8-0 2°35 | 13-0 | 421 | 0-089} 2-1 6:9 

do. 15° 8-0 2°35 | 13-0 | 421 | 0-059} 1:4 4:5 

Willstatter points out that from this table it may be observed 

that the assimilation of chlorophyll-poor and chlorophyll-rich leaves 

is very similar at lower temperatures, but that the quantity of 

assimilation per unit quantity of chlorophyll is much greater in the 

yellow varieties. 

Willstatter seems to indicate that the conditions in the yellow 

varieties are of great importance in judging the factors which 

influence the assimilation. As temperature variations do not 

influence the assimilation in such leaves, while decrease in light 

decreases the assimilation, he concludes that in this case the 

enzymatic system is more developed than the chlorophyll system, 

which thus controls the rate of assimilation. The reaction of the 

chlorophyll system being photochemical it may be assumed to have 

a temperature coefficient not far from unity, while the enzymatic 

process has a temperature coefficient of «a magnitude of 2 to 3. In 

the normal leaf the chlorophyll system is more developed and the 

enzymatic process limits the rate of assimilation, Consequently 
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here variations in light intensity are without influence on the 

assimilation, while temperature variations influence the rate of 

assimilation considerably. However, no experimental results are 

given which justify these conclusions, and however interesting they 

may be they can at present only be accepted as postulates. 

Etiolated Leaves. 

The complexity of the processes involved in carbon assimilation 

is also made clear by examination of the behaviour of etiolated leaves. 

On this subject observations were made by Miss Irving (1910 

at Blackman’s suggestion. Blackman assumed that in the case 

of etiolated leaves “the whole assimilatory apparatus might be 

efficiently developed except the green pigment, and as this increased 

by degrees, so the power of photosynthesis would increase. Thus 

the amount of chlorophyll present would then be the limiting factor 

for assimilation, and interesting data might be looked for relating 

the amount of pigment present to the amount of photosynthesis 

that could be effected.” 

This expectation was not confirmed by the preliminary experi- 

ments carried out by Miss Irving, who found not only that etiolated 

shoots possessed no power of assimilation, but that shoots that had 

developed a considerable green colour did not possess the power. 

In Miss Irving’s experimental arrangement the plants were 

supplied with their own respiratory carbon dioxide, and the light to 

which they were exposed was the feeble light from a north window. 

Willstatter, using a much stronger light intensity (48,000 lux) 

and 5% carbon dioxide, obtained results which justified Blackman’s 

expectations that chlorophyll is really a limiting factor. There is a 

possibility that in Miss Irving’s experiments light was a limiting factor. 

TaBLe XXIII. 

Assimilation Numbers of Etiolated Leaves becoming Green. 

Phaseolus vulgaris. 

Temperature 25'C, 5% carbon dioxide. Light intensity, 48,000 lux. 

Weight! Dry | Leaf |Chloro-) CO2 
Light. Appearance, |of Leaf| Weight|Surface phyll | ass. in| Ass. 

gm. gm. cm?, |content] 1 hour| No. 
mg. gm. 

Not previously Pure yellow | 5:0 _ — |<0-1 | 0-007 [>70 
illuminated 

llth June, after 6 Greenish 4-4 jas one 0-3 | 0-040! 133 
hrs. illumination yellow 

29th May, after 2 Yellow- 5:0 | 0-70] 216 | 4-0 |0-096] 24 
days’ illumination green 

31st May, after 4 Grass green} 5:0 | 0°74] 260 | 7-8 |0:104| 13°3 
days’ illumination 
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It will be observed that the assimilation numbers are very high, 

indicating that it is the chlorophyll which is limiting assimilation. 

Chlorotic Leaves. 

Willstatter has also examined chlorotic leaves and finds, in 

spite of the low chlorophyll content, comparatively low assimilation 

numbers showing that the chlorophyll is only partially utilised. 

Of course one would not expect if one of the essential elements 

(iron) were wanting, that the assimilatory apparatus should be 

properly developed. Willstatter considers that the fact that in 

chlorotic leaves even a small amount of assimilation takes place, 

makes the assumption of B. Moore (1914), that iron plays an 

important part in the assimilatory process, even more improbable 

than ever. 

Although it is premature to attempt to summarise the results 

of Willstatter’s plant physiological work, it seems reasonable to 

conclude that under certain circumstances when no other factor 

is limiting, the amount of chlorophyll determines the intake of 

carbon dioxide by the leaf. Further it is clearly brought out by 

Willstatter’s experiments with leaves in different states of develop- 

ment, yellow varieties, etiolated leaves, etc., that besides chlorophyll 

other internal factors are operative. This idea is not novel, as 

it has been expressed for instance by Pfeffer and Blackman, but 

Willstatter, for the first time, determines the relation between 

quantity of chlorophyll and assimilatory activity. The novelty 

which Willstatter claims for his researches lies in the exposition of 

carbon assimilation as consisting of two different processes, one 

photochemical and one enzymatic, the complete experimental proof 

of which Willstatter has not yet brought forward. For plant 

physiologists there should be nothing new in this view, as from 

Blackman’s experiments it was seen that carbon assimilation had a 

temperature coefficient between 2 and 2'5 and consequently the 

photochemical reaction must be coupled with chemical reactions. 

But it would indeed be noteworthy if the famous German chemist 

should succeed in convincing plant physiologists that in what 

Blackman terms the “katalytic honeycomb of the cell” only two 

processes are concerned in assimilation. 

‘Willstatter’s theories of carbon assimilation, both those 

expressed in his book and in his more recent papers, we shall 

refer to later, 
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CuHapTerR V. 

The Products of Carbon Assimilation. 

A. GENERAL REMARKS. 

In this chapter we propose to deal with the production of 

substances in the leaf as a result of the assimilatory processes. 

We shall confine our attention here to q consideration of the 

substances known to be produced; later we shall deal with the 

theories of carbon assimilation advanced to explain the production 

of these substances. 

The substances which are known to be produced as a result 

of carbon assimilation are oxygen” and carbohydrates, and the 

evolution of oxygen by the green plant in sunlight was one of the 

earliest known facts of plant physiology. 

Although a few workers have made investigations on the laws 

governing the evolution of oxygen in sunlight, notably de Saussure 

(1804), Bonnier and Mangin (1886) and Maquenne and Demoussy 

(1913), yet the subject is one which has probably received less 

attention than any other aspect of carbon assimilation, and of 

recent years seems scarcely to have attracted that attention which 

it deserves. 

The formation of carbohydrates in_the leaf as a result of. 

assimilation was not recognised until the classical researches of 

Sachs_(1862) established this fundamental fact. Since then the 

production of carbohydrates in the leaf has been the subject of 

almost continual research, notably by English workers, yet it 

cannot be claimed that even now our knowledge of the organic 

products of carbon assimilation is very definite. 

Although the production of oxygen and of carbohydites in the 

leaf are merely two different aspects of the same process or set of 

processes, yet the two have always been investigated quite 

independently of oneanother. It is therefore convenient to discuss 

these two questions separately, and we shall therefore in the 

following section of this chapter review our present knowledge 

regarding the evolution of oxygen from the assimilating leaf, before 

passing on to consider the various questions raised in connection 

with the formation of organic material. 

B. Tue Evovution of OxyGeEn. 

That green parts of plants under the influence of light evolve 

oxygen, was established by Priestley, Senebier and Ingenhouss 

towards the end of the eighteenth century, but it was de Saussure 
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(1804) who first attempted to obtain quantitative data as to the 

relation between the amount of oxygen evolved and the carbon- 

dioxide absorbed by the assimilating plant. 

Saussure found that the volume of oxygen evolved in a given 

time by the plant was less than the volume of carbon dioxide 

absorbed, and he came to the conclusion that part of the oxygen 

of the carbon dioxide was used i in assimilation. It is str ange that 

Saussure should be so often quoted as the discoverer of the fact 

that the volume of oxygen given out by the assimilating plant is equal 

to the carbon dioxide absorbed. Thus even Sachs (1882 or see 1887) 

says ‘“Agan essential point, it is at the same time to be insisted 

upon here that the volume of oxygen evolved is equal to the volume 

of the carbon dioxide taken in, as de Saussure and, later and more 

exactly, Boussingault have already established.” It is therefore 

worth while to quote Saussure’s conclusion in his own words, “ II 

résulte de toutes ces expériences, que les plantes, en décomposant 

le gaz acide carbonique, s’assimilent une partie du gaz oxygéne qui 

y est contenu.” 

As Saussure’s work is perhaps not always easily accessible, it 

may be worth while to give his actual results here. 

Saussure placed a suitable number of plants in a large vessel 

containing an artificial atmosphere comprising about 21% oxygen 

and the rest nitrogen, to which was then added carbon dioxide. 

The plants were then exposed to sunlight on a number of successive 

days (6 to 18) and at the end of the period the gas in the vessel 

was analysed. 

The following numbers were obtained with 7 plants of periwinkle 

(Vinca minor). 

Before. After, 

Nitrogen ay 4199 c.c. ee 4338 c.c. 

Oxygen 6 1116 ,, — 1408 ,, 

Carbon dioxide 431 _,, aie 0 ,, 

5746 5746 

Oxygen evolved ... ais ve 292 c.c. 

Carbon dioxide absorbed oie 431 _,, 

Oxygen absorbed by plant sea 139 ,, 

In the following table are summarised all Saussure’s experi- 

ments on this subjeet. 
G 
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TaBLe XXIV. 

Oxygen evolved in Assimilation (de Saussure). 

Species. Oxygen evolved.| CO, absorbed. ey ae 

Vinca minor als ae 292 c.c. 431 c.c. 139 c.c. 

Mentha aquatica oe 224 ., 309 ,, 86 ,, 

Lythrum salicaria oss 121 ,, 149 ,, BT 

Pinus genevensis aia 246 ,, 306 ,, 60 ,, 

Cactus opuntia ... sae 126 ,, 184 ,, 57 ,, 

Such experiments as these, of course, take no account of the 

respiration of the plants which is certainly going on in the intervals 

between the illuminated periods and is generally assumed to 

continue concurrently with assimilation during the illuminated 

periods as well. The same criticism is to be levelled against the 

experiments of Boussingault (1864) and others, who obtained a ratio 

of oxygen evolved to carbon dioxide taken in, of approximately 

unity, and to those of Schloessing (1892, 1893), who obtained 

oxygen 

CO, 

to 1:33). Similar numbers were also obtained for lichens by 

Jumelle (1892), and for mosses by Jonsson (1894), 

numbers for the ratio considerably greater than unity (1:05 

It was Bonnier and Mangin (1886) who attempted to separate 

the gaseous exchanges due to assimilation and respiration. For 

this purpose they employed four different methods. 

1. By successive exposure of the same green tissue to darkness 

and light in a closed vessel and measurement of the change in 

content of oxygen and carbon dioxide of the vessel in which the 

tissue is enclosed during each period, it is possible to obtain data 

for the gaseous exchange due to assimilation alone. 

Thus if in any time 

c' is the carbon dioxide evolved in the dark and 

o' 4, 4, oxygen absorbed in the dark 

The respiratory coefficient nae = =) =r 
2 Oo 

Similarly if in the same time 

o is the oxygen evolved in the light and 

¢ ,, 4, carbon dioxide absorbed in the light 
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Then the total oxygen produced by the assimilatory 

process in the given time is o -+ 0' 

and the total carbon dioxide absorbed in assimilation 

isc yc 

And the true assimilatory coefficient is 

o+0' _O 

coe 
2. The second method employed by Bonnier and Mangin is 

based on Bernard’s observation (1878) that by the use of chloroform 

the assimilation may be suppressed and respiration alone takes 

place. By comparison of the gaseous exchanges taking place in 

two similar quantities of leaves exposed to light under the same 

conditions, but in which one was anesthetised with ether, and the 

other not, the gaseous exchange due to assimilation may be 

estimated. 

3. Bonnier and Mangin’s third method is based on the’ 

suppression of assimilation by removal of all carbon dioxide from the 

neighbourhood of the leaves. Two similar vessels contain equal 

weights of similar leafy tissue; one of the vessels contains 

concentrated barium hydroxide solution, the other an equal volume 

of pure water. In the former, not only is the carbon dioxide 

of the atmosphere removed and assimilation prevented, but the 

carbon dioxide evolved in respiration is absorbed by the baryta. So 

that, as in the second method, the difference between the oxygen 

content and carbon dioxide content of the two vessels at the end 

of the experiment, gives the true values for oxygen and carbon 

dioxide eyolved and absorbed respectively in assimilation. 

4. The fourth method depends on the measurement of the 

gaseous exchanges in branches of the same plant which are 

unequally green. Thus a yellow branch of Euonymus japonicus on 

exposure to light evolved 2°89 units of car ‘bon dioxide and absorbed 

2:11 of oxygen, while in the same time a green branch evolved 2:27 

of oxygen and absorbed 0:54 of carbon dioxide. 

The four different methods gave concordant results. The 

results obtained by Bonnier and Mangin for a number of species at 

different times of the year are shown in Table XXV. It will be 

observed that the true assimilatory coefficient is always greater than 

unity, whereas the respiratory coefficient is below unity. The 

consequence of this is that the apparent assimilatory coefficient, 

which neglects the respiration, is always lower than the real 
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assimilatory coefficient. Thus Bonnier and Mangin explain the fact 

that Boussingault obtained a ratio of a of about unity. 
2 

TaBLB XXV. 

Assimilatory Coefficients for Different Leaves (Bonnier and Mangin). 

. Agsinni lates peyoy Apparent 
Species. Month. Coefficient CO Assimilatory 

oO, i Coefficient. 

co, Qs 

Tobacco ... ... | November 1:12. 0:73 1-00 

Ivy es aes 3 1:09 9-86 1-00 

” eed as 3 1-08 0-80 1:01 

Bramble ... one ae 1:06 0:84 0-91 

Ivy ns ... | December 1-06 O-sd 0:88 

Butcher’s Broom me 1:08 0:78 0:92 

Broom... i March 1-16 0°87 1-09 

Pinus sylvestris +5 1:17 0°80 0:88 

a “ a 1:12 0°85 1-04 

Chestnut ... sit June 1:06 0:83 0-99 

Lilac we a - 1-06 0-96 1:05 

7 a oe i 1-05 0-93 1-02 

Holly a .» | February 1:24 0-75 1:13 

Chestnut .. ate April 1.16 0°82 0-91 

Broom... .. | February 1:16 0°85 0:92 

] 

In an extended series of observations on the respiration and 

assimilation of succulents, Aubert (1892) has obtained similar 

values for the assimilatory coefficient of ordinary plants, but much 

larger values for succulents. He concludes that the Os. exchange 
CO, 

due to assimilation is greater than unity for all plants. For ordinary 

plants the ratio is not very far removed from unity, but for succulents 

it may be much larger. For ordinary plants the ratio varied from 

1:05 to 1-23, numbers which agree closely with Bonnier and Mangin’s 

observations. Some of the values obtained by him for succulents 

are given in the accompanying table. The values quoted for Sedum 

Telephium and Opuntia tomentosa show that at different times the 

ratio for the same plant may vary greatly. 

Having regard to the peculiar metabolism of succulents, 

however, the relation of these assimilatory coefficients to the 

assimilatory process is doubtful. 
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TaBLe XXVI, 

Assimilatory Coefficient for Succulents (Aubert). 

Species. Date Temperature. oe 

Aloe spinosa ... on tie 23 July 24°C 2:45 

Crassula arborescens spe Das s2°C 3°57 

Mammilaria Newmanniana ... ‘i 9 351 

Opuntia tomentosa... wae i i 4°68 

" ” 23°C, 24°C 7-59 

Sedum carneum ing iene 2 3, 32°C 1:55 

» veflexum ties ae . 4% 1:40 

» Telephium nue see v% a 1:24 

ny 4 23 Ci, 24°C 1°34 

Recently Maquenne and Demoussy (1913) have calledin question 

Bonnier and Mangin’s results. As with all other workers on this 

subject, these investigators used a closed vessel as plant chamber 

connected to a reservoir containing 8 or 10 parts of carbon dioxide 

to 100 of air, from which the leaf chamber was filled after 

evacuation. 

The leaf chamber was exposed to light and after a convenient 

time the gas in the chamber was analysed. 

The respiratory and assimilatory coefficients of a large number 

of species were measured; the results are given in the following 

table. 

TaBLe XXVII. 

Respiratory and Assimilatory Coefficients (Maquenne and Demoussy ). 

. Apparent 
Species. ee Assimilatory 

; Coefficient. 

Ailanthus_... aa aioe ase ost 1:08 1:02 

Aspidistra... aie nis ass ie 0:97 1:00 

Aucuba ee ule ais ofr 7 111 1:10 
Begonia wei = way sis Sa lll 1:03 

Cherry Laurel on aie bate iid 1:03 0:97 

Chrysanthemum... dé ite ase 1:02 1-01 

Dahlia... or ae wisi cia este 1:07 1:07 

Haricot ~ cg ae Ss is 111 112 
“ys ne aes att aoe va 1:07 1:07 

. ae ante sd aay aa 1:08 1:00 

Lilac ate anit se eis G18 “a 1:07 1:03 

Lily... ae ‘ies a a8 a 1:07 1:00 

Mahonia (autumn) ... es sa wee 0:95 0:99 
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TABLE XXVII—continued. 

Speci Respiratory Fae aes 
ecies. ; ssimilator 

Coefficient. Cetin 

Maize ... 1:07 1:05 
Oleander 1.05 1-01 

Pes 1:07 1:04 
Pear 1:10 1-u8 
Poppy 1:09 1:09 
Privet ... 1:03 rod 
Rhubarb 1:02 1.00 
Ricinus 1:03 10s 
Rose di 1:02 1-00 
Spindle-tree ... 1:08 1:02 
Sorrel ... 1-04 1:04 
Tobacco 1:03 1:04 
Turnip... 1-11 1:06 
Vine 1-01 0-99 
Wheat... 1:03 1:02 
Wild Grape 1-00 1-01 

From their results Maquenne and Demoussy conclude that the 

value of the apparent assimilatory coefficient lies between that of 

the respiratory coefficient and unity, especially as the leaves were 

probably at a higher temperature during the assimilatory period 

than in the dark, so that as the respiratory coefficient rises with 

temperature, higher respiratory coefficients probably correspond 

with the assimilatory coefficients given. 

They therefore conclude that the real assimilatory coefficient 

approximates to unity. 

For if c is the volume of oxygen evolved in assimilation alone, 

and if d is the volume of carbon dioxide absorbed: in assimilation 

alone, 

And if ais the volume of carbon dioxide evolved in respiration, 

and if b is the volume of oxygen absorbed in respiration during the 

same period, 

= = m, the respiratory coefficient, 

and cs = the apparent assimilatory coefficient. 

—b 

—a 

When, as in the general case m > 1 

We see that is between 1 and m. 

then also s— > 1 

whence I—S < 2 (m—1) 

and whenm <1 



The Carbohydrates of the Leaf. 103 

and fb 
d—a 

<1 

b ve have I—L> 2(m— we have tT? a (m—1) 

Now 1—. is the difference between the real assimilatory 

coefficient and unity and ? (m—t) is actually not greater than 0°01 

in the first case, nor less than —0:01 in the second. Hence the 

real assimilatory coefficient differs from unity by a quantity less 
than 0-01, 

Prom the results we have collected together in this section it 

becomes quite clear that the relation between the oxygen evolved 

in assimilation and the carbon dioxide taken in, is by no means 

definitely determined. Yet this is a matter of great importance 

in regard to the problems of carbon assimilation, for in the determin- 

ation of the nature of a reaction or series of reactions, it is of first 

importance to know the quantitative relation between the initial 

substances and the products of the reactions. 

C. THe CaAarBoHypRATes OF THE LEAF. 

The presence of starch in the leaf was recognised by von Mohl 

as long ago as 1837, but it was Sachs (1862, 1864) who ‘identified 

this starch as a product of assimilation by showing that it appeared 

in the chloroplasts after exposure to light and disappeared in the 

dark, and he also showed that chlorophyll was necessary. Sachs’ 

conclusion that starch produced in the chloroplast is the first 

visible product of assimilation is well known. The method of 

detection of starch by decolorisation of leaves by alcohol and 

subsequent treatment with an alcoholic solution of iodine is still the 

current method of detection of starch in the plant. 

It was later recognised that many leaves never elaborate starch 

and A. Meyer (1885) classified plants into classes according to the 

quantity of starch their leaves contain. Leaves forming little or no 

starch were known to yield extracts which reduced cupric solutions 

and which were optically active, and it was therefore concluded that 

such leaves contained reducing sugars. In addition the non-reducing 

disaccharide cane sugar was actually extracted in a crystalline form 

from leaves of Vine by Kayser (1883). 

Brown and Morris (1893) justly pointed out that there was no 

proof that the cupric reducing substances in the leaf were sugars, 

and they therefore tested for different sugars. They state that the 



104 Carbon Assimilation. 

only sugars they found were sucrose, glucose, fructose and maltose. 

Pentoses were tested for, but not found. It is to be regretted that 

Brown and Morris do not state definitely what tests they applied for 

the various sugars, as their results have been accepted without ques- 

ion by most later workers. The presence of cane sugar seems quite 

definitely established, as leaf extracts after treatment with invertase 

increase in reducing power and change in optical activity, and this 

change is not very different from that which would result ifthe increase 

in reducing power were due to the inversion of cane sugar into glucose 

and fructose. They were also able to show the presence of maltose 

by obtaining maltose phenyl-osazone from leaf extracts. Similarly 

glucose phenyl-osazone is produced, but no evidence is given as to 

why it is concluded that d-glucose and d-fructose are the only 

hexoses present, beyond the fact that they could obtain no other 

phenyl-osazones. It should be noted that d-mannose gives the 

same osazone as d-glucose and d-fructose, while the / forms of these 

three hexoses, which are always stated to be absent from the leaf, 

give a phenyl-osazone of the same crystalline form and the same 

melting point as the d forms of the sugars (see e.g., Tollens, 1914). 

More recent work, however, has never succeeded in revealing the 

presence of any hexoses other than d-fructose and d-glucose, though 

on the other hand it must be admitted that no definite evidence 

has so far been brought forward in favour of the absence of all 

other hexoses. For example, Parkin (1911) was unable to obtain 

any osazone from extracts of snowdrop leaves other than glucose 

phenyl-osazone, and hence concludes that galactose and mannose 

are both absent. This argument is satisfactory for galactose, but 

it does not hold for mannose, as that sugar gives the same osazone 

as glucose and fructose. 

Moreover, the recent work of Davis, Daish and Sawyer (1916) 

has cast grave doubt on the presence of maltose in leaves, which 

these authors find only present in estimable quantity as a result of 

enzyme action in leaves not instantaneously killed. Contrary too, to 

Brown and Morris, these later workers conclude that free pentoses 

are present in leaves. 

They base this conclusion (Davis and Sawyer, 1914) on the 

fact that leaf extracts contain substances soluble in 80% alcohol 

which are not precipitated by basic lead acetate, which are 

unfermentable by ordinary yeasts and which exercise a cupric- 

reducing power after other sugars have been fermented away, 

There are of course many sugars which would fulfil these conditions, 



The Carbohydrates of the Leaf. 105 

as the only hexose sugars fermented by ordinary yeasts are d-glucose, 

d-mannose, d-fructose and less easily d-yalactose, while numerous 

disaccharides with ctupric-reducing power are not fermented by 

yeasts, as well as the pentoses, while there is always the possibility 

of the presence of substances with cupric-reducing properties other 

than sugars. 

The further evidence of the presence of pentoses is derived 

from the fact that these purified plant extracts on subjection to 

distillation with hydrochloric acid according to the Kréber-Tollens 

process (see Tollens, 1914) yield a weight of phloroglucide which 

would be given by practically the same amount of pentose calculated 

as a mixture of /-arabinose and J-xylose. It must be admitted that 

the concordance is not very striking and Kluyver (1914) has pointed 

out that the presence of hexoses and disaccharides in such a solution 

is a source of error, as on distillation with hydrochloric acid these 

also give small quantities of furfural-like compounds which yield an 

insoluble phloroglucide, so that the method could not give any very 

accurate value for small quantities of pentose in presence of large 

quantities of other sugars. Davis and Sawyer admit the truth of 

this criticism, but point out that the error actually introduced in 

this way is small (about 18%). 

Nevertheless the evidence that the on/y sugars present in the 

leaf are sucrose, d-glucose, d-fructose and pentoses does not carry 

complete conviction. 

Besides sugars and starch Davis, Daish and Sawyer have 

estimated the complex derivatives of the pentoses, the pentosans, 

by distillation of the leaf-matter insoluble in alcohol by the Krober- 

Tollens method. 

The table overleaf may therefore be regarded as summing up 

our knowledge in regard to the presence of carbohydrates in the 

leaf. 

The absence of d-mannose, which is closely related to d-glucose 

and d-fructose in chemical constitution and in its behaviour as 

regards fermentation by yeasts appears to have been generally 

accepted without the production of any sound evidence in support 

of the opinion. It is also generally assumed that the / forms of the 

hexoses are completely absent from the leaf. Thus E. P, Armstrong 

(1913) says: “In spite of frequent search it has never been possible 

to detect J-glucose or /-fructose in the leaves of plants, and the 

work of Brown and Morris leaves hardly any doubt that hexoses of 

the d-series and their polysaccharides are the only products of 
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assimilation.” However, it is not clear how Brown and Morris’s 

work leads to this conclusion. The hexoses of the /-series are not 

fermented by yeasts and there is no evidence in Brown and Morris’s 

paper that these workers tested for hexoses of the /-series after the 

d-hexoses had been fermented away. Davis and Sawyer, on the 

other hand, show that if this is done there still remain cupric- 

reducing and optically active substances which they conclude are 

pentoses, and they seem inclined to regard them as a mixture of 

l-arabinose and J-xylose, and they support this contention with 

determinations of pentoses by the Krober-Tollens method in the way 

we have already described, but without showing any great concord- 

TaBLe XXVIII. 

Carbohydrates of the Leaf. 

Group. Compound. Evidence of Presence. 

Polysaccharides?| Starch .. | Test with Iodine Solution (Sachs). 

Hydrolysis ‘with Diastase (Brown and Morris) or 
with Taka-Diastase (Davis, Daish and Sawyer). 

Pentosans. ... | Leaf matter insoluble in alcohol yields furfural on 
distillation with concentrated hydrochloric acid 
(Davis, Daish and Sawyer). 

Dextrin ... | Leaf matter insoluble in alcohol but soluble in water 
which possesses optical activity and reducing 
properties after treatment with taka-diastase 
occurs sometimes in Potato (Davis and Sawyer). 

Disaccharides... | Sucrose .. | Extracted by Kayser from Vine leaves. 

' Inverted with invertase and weak acids (Brown and 
Morris). 

? Maltose ... | Production of maltose phenyl-osazone from leaf 
extracts (Brown and Morris). 

Microchemical test by production of osazone. 

Presence denied by Davis, Daish and Sawyer. 

Hexoses «.. | d-Glucose i Cupric reducing power of plant extracts. 

{ Production of glucose phenyl-osazone from plant 
d- Fructose extracts (Brown and Morris, Parkin). 

. Purified alcoholic extracts of leaves yield furfural 
? J-Ar Bete a : : 

Pentoses |? Catabinose on distillation with concentrated hydrochloric. 
acid (Davis and Sawyer). 

? l-Xylose 
Presence denied by Brown and Morris. 

’ Exclusive of cellulose and pectin substances. 
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ance between the values obtained by this method of estimation and 

that of the reducing power. 

The problem of determining the different sugars in the leaf is 

one of extraordinary difficulty owing to the large number of members 

of the group and the similarity of their properties. At present we 

cannot regard as settled even the question of what sugars are 

definitely absent from the leaf. This question is nevertheless of 

much importance in the quantitative estimation of sugars in the 

leaf and as the results of such analyses are likely to be used in 

connection with theories of assimilation, the exact identity of the 

leaf sugars may be of fundamental importance in obtaining an 

understanding of the assimilatory process. 

It seems to us, therefore, that before forming a final judgment 

as regards the carbohydrates of the leaf and before accepting in all 

their details the results of quantitative analyses already made, there 

is required a thorough investigation that will settle which carbo- 

hydrates are present and which are not, as definitely as Willstatter 

has settled the question of the leaf pigments. 

In the following sections of this chapter we summarise the 

analytical methods employed for quantitative carbohydrate analysis 

of the leaf and the results obtained by their means, but it should 

be understood that some of these results may have to be modified 

when fuller knowledge is obtained of this important but extremely 

difficult subject. 

D. Quantitative EstIMATION OF THE CARBOHYDRATES 

oF THE Lear. 

The quantitative estimation of the carbohydrates of the leaf 

was first seriously undertaken by Brown and Morris for Tropeolum ; 

their results are given in their well-known paper in the Journal of 

the Chemical Society for 1893. Since then the most noteworthy 

contributions to the subject are those of Parkin (1911) on the 

snowdrop (Galanthus nivalis L.) which embodies the results of a 

cureful series of observations extending over several years, and the 

recent work at Rothamsted of Davis, Daish and Sawyer who have 

called attention to several sources of error in the methods of earlier 

workers. With the results obtained by these different investigators 

we shall deal in the next section of this chapter. We shall here 

devote a little space to the description of the methods evolved by 

these various workers for this extremely difficult analysis. 
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1. Preparation of Material. 

In order to obtain correct results in the estimation of substances 

so liable to change by enzyme action as carbohydrates, special care 

has to be taken to avoid such change in the preparation of the 

material for analysis. 

Brown and Morris (1893) therefore dried the leaves rapidly at 

from 75°C to 80°C before estimating starch, and for estimating 

sugars the leaves were dried on wire-bottomed trays in a steam 

oven. Parkin (1911) used a similar method. The leaves were air 

dried at a temperature sufficiently low to prevent discoloration. In 

both cases the dried leaves were then powdered. That the sugars 

are extracted unchanged by this method was shown by Parkin by 

estimating them in material so prepared, and in leaves killed by 

immersion in liquid air which were subsequently ground up while 

frozen and then thrown into boiling water (containing a few drops 

of ammonia to neutralise any acid from the leaf) in order to kill the 

enzymes. 

The following table shows that the two methods give almost 

identical results. 

The numbers for two separate examples (I and II) are given. 

TABLE XXIX. 

Comparison of Sugars in Air-dried Leaf and in Leaf 

treated with Liquid Air. 

Leaf treated with . P 
= liquid air: Air-dried Leaf. 

I II I Il 

Sucrose 12°84 10°46 12-74 10°42 

Reducing Sugars 5:94 12°87 5:67 12:38 

Total Sugar ... ves 18°78 23°33 18-41 22°8 

Sucrose 
“Wexese 1: 0-46 1: 1:23 1: 045 1: 1:19 

From the leaf powder of Tvopeolum Brown and Morris 

extracted fat and chlorophyll with ether. The residue was then 

twice extracted for 24 hours with 80% alcohol at 40°C. The 

alcoholic extract was used for the estimation of sugars, the residue 

contained the starch. 

In the case of the Snowdrop where the leaf contains no starch, 

Parkin extracted the sugars by four extractions with cold water 
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which removed about 97% to 98% of the sugars. 

Davis, Daish and Sawyer (1916) consider this method of treat- 

ment is unsatisfactory in the case of moderately thick leaves such 

as that of the mangold, where heating up may be slow and a certain 

amount of enzyme action is possible before the enzymes are 

destroyed. They therefore adopt the following method in their 

work. About I kilo. of freshly picked leat material is dropped in 

small quantities at a time into 2 litres of boiling 95% alcohol con- 

tained in a large zinc beaker to which 20 c.c. of ammonia of S.G. 

0880 is added in order to neutralise the acids present in the leaf. 

After boiling the alcohol for half an hour the further extraction of 

the alcohol-soluble contents of the leaf is carried out in an extraction 

apparatus on the principle of the Soxhlet extractor. The extraction 

is complete after 12 to 18 hours. The final separation of the 

extract from the residue is effected in a Buchner press. The 

residue is dried on paper trays in a steam oven for 18 hours and 

from it the total insoluble matter, the starch and pentosans are 

estimated. The alcoholic extract is analysed for total soluble 

matter, sticrose, maltose, glucose, fructose, and pentoses. It can 

be kept in a waxed-corked bottle for 3 to 6 months without any 

change occurring in the sugars if about 10 c.c. to 20 c.c. of toluene 

are added. 

2. Estimation of Starch. 

Brown and Morris estimated the starch in their dry leaf powder 

by O’Sullivan’s method (1884) which consists in converting the 

starch into a mixture of dextrin and maltose by means of diastase. 

The leaf material usually contains tannins, amino-acids, etc. which 

influence the optical activity and reducing power of a solution and 

these accompanying substances have therefore to be removed by 

precipitation by means of basic lead acetate. Davis and Daish 

(1914) find that this method does not give correct results 

because some of the dextrin is carried down with the precipitate 

and so is lost to the analysis. It is estimated that as a result .- 

of this the starch estimations in leaf material made by O’Sullivan’s 

method may be 15% to 20% below the actual starch content. 

Davis and Daish therefore treat the plant material with taka- 

diastase which converts starch wholly tnto maltose and dextrose 

which are then estimated by measurement of the cupric reducing 

power and the optical activity. The leaf material is first treated 

for 24 hours at 38°C with about 20 times its weight of water con- 
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taining 1% by volume of toluene which removes certain optically 

active leaf substances, among them dextrin if it is present. The 

residue, say 10 grams, containing the true starch, is then boiled with 

200 c.c. of water to gelatinise the starch. Itis then left for 24 hours at 

38°C after addition of 0°1 gram of talta-diastase and 2 c.c. of toluene. 

After destroying the enzyme with 2 drops of concentrated sodium 

hydroxide and filtering, basic lead acetate is added (about 2:5 c.c.) 

and the volume made up to 500 cic. The slight excess of lead is 

removed by the addition of the exact quantity of solid sodium 

carbonate necessary. After filtration the reducing power and optical 

rotation of the solution are determined. From these values the 

quantity of starch is calculated on the assumption that the only 

reducing and optically active substances present are glucose and 

maltose. In measuring the cupric-reducing power of all sugars 

examined the standard conditions laid down by Brown, Morris and 

Millar (1897) are employed, and their tables of the reducing power 

of maltose, glucose and fructose used. Similar tables for /-arabinose 

and /-xylose have been compiled by Daish (1914). 

3. Estimation of Dextrin (“ Soluble Starch”). 

It was found by Davis and Sawyer (1916) that the leaf material 

from potato, after extraction with 80% alcohol contains large 

quantities of a substance readily soluble in water and having a high 

positive optical rotation. This and the reducing power were 

determined, and again after treatment with taka-diastase and basic 

lead acetate, and from the change in reducing power and rotation 

thus brought about, the dextrin was calculated. 

4, Estimation of Pentosans. 

These were estimated by Davis, Daish and Sawyer by distilling 

1:0 to 1:5 gram of the oven-dried leaf material with hydrochloric 

acid by the Krober-Tollens method and weighing the furfural 

produced as phloroglucide. 

5. Preparation of the Leaf Extract for Estimation of Sugars. 

Before estimating the sugars in the leaf extract containing 

them, the alcohol in the case of an alcoholic extract is replaced by 

water by evaporation of the alcohol and subsequent dilution with 

water. Davis, Daish and Sawyer evaporate the alcohol under 

reduced pressure (20-30 mm.) in a special distillation apparatus 

(Davis, 1913), By this means 3 litres of extract is reduced to 150 c.c. 

and diluted with water to 500 c.c., a little hot alcohol or toluene 
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_ being used to wash out the flask if much chlorophyll or fat is present. 

It is now necessary to remove tannins, amino-acids, basic 

substances, etc. This is effected by addition of the exact quantity 

of basic lead acetate required to precipitate the whole of these 

substances. Any excess of lead is removed by hydrogen sulphide 

(Brown and Morris) or by solid sodium carbonate (Davis, Daish and 

Sawyer). A solution so prepared can be kept for several weeks if a 

little toluene is added, provided no excess of basic lead acetate is 

presentand that the solution is just alkaline. Any excess of basic 

lead acetate or much alkali brings about a rapid destruction of 

fructose. 

6. Estimation of Sugars. 

The methods employed by various workers for the estimation 

of sugars vary in details, but the general principles underlying all 

of them are the same. We will consider first the method used by 

Parkin, for as this worker concluded that sucrose, glucose and 

fructose are the only sugars present in the snowdrop leaf, his 

analysis is simpler than that of Brown and Morris, and Davis, Daish 

and Sawyer who analysed their extracts for other sugars as well. 

(a) Parkin’s Method. The cupric-reducing power and optical 

rotation of a definite volume of the purified extract is first measured. 

The cupric-reducing power is due to the hexoses alone, the optical 

rotation to the hexoses and sucrose together. A further volume of 

the extract is inverted with invertase and the cupric-reducing power 

and optical activity again measured. The increase in reducing power 

and change of optical activity must be due to the inversion of the 

sucrose, and from these numbers the quantity of sucrose is obtained. 

From the reducing power and optical activity due to the hexoses, 

the quantities of fructose and glucose can be calculated. 

Parkin also found that after fermentation with brewers’ or 

bakers’ yeast, the cupric-reducing power and optical activity 

became negligible. This indicates the absence of pentoses and the 

1 forms of the hexoses. 

(b) Method of Brown and Morris. 

(i.) The cupric-reducing power and optical rotation are first 

measured. 

(ii.) For the estimation of cane sugar the solution is inverted 

with invertase at 50° to 55°C. The increase in cupric-reducing 

power and change in optical rotation will both give the quantity of 

sucrose. 

(iii.) 50 c.c. of the 1% solution is heated with 3 c.c. of concen- 
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trated hydrochloric acid for 3 hours on a boiling water bath. 

This results in the hydrolysis of both the cane sugar and maltose, 

and the increase in cupric-reducing power and change in optical 

rotation as compared with the numbers obtained after inversion of 

cane sugar, give the quantity of maltose. 

The cupric-reduction and optical rotation methods do not give 

concordant numbers for maltose. Davis and Daish (1913) suggest 

that this is due to the destruction of fructose. 

(iv.) The cupric-reducing power and optical rotation of the 

original purified extract not accounted for by sucrose and maltose 

are due to glucose and fructose, the quantities of which can be 

calculated from these values. We discuss the reliability of the 

glucose and fructose numbers later (pp. 113-114). 

(c) Method of Davis, Daish and Sawyer. These workers 

estimate sucrose, maltose, glucose, fructose and pentoses. Their 

methods are essentially the same as those of Brown and Morris, 

but they eliminate several sources of error and introduce some 

important modifications. 

(i.) As with previous workers the cupric-reducing power and 

optical rotation of the purified extract is measured. The cupric- 

reduction is due to glucose, fructose, maltose and pentoses. 

(ii.) For the estimation of cane sugar the solution is inverted 

with dilute acid or invertase. But Davis and Daish (1913) find that 

with 2% citric acid, inversion of cane sugar is not complete in plant 

extracts. For this reason they conclude that the earlier results of 

Campbell (1911), for example, must be completely withdrawn, as an 

error in the estimation of cane sugar results in an error in maltose 

and hexoses as well. In the case of Parkin’s experiments, however, 

they consider that any error arising from this cause was small. 

Davis, Daish and Sawyer therefore invert the slightly acid 

solution by boiling it with 10% citric acid for 10 minutes, or by 

treating it with 1-2 c.c. autolysed yeast (containing invertase) for 

24 hours at 38'-40°C. ‘The increase of reducing power or the change 

of optical rotation both give the quantity of sucrose present. As the 

two numbers do not give approximately the same value for sucrose, 

it is assumed that there are optically active substances other than 

sugars which vitiate the values obtained from optical rotation data. 

The values obtained by cupric-reduction are therefore the ones 

assumed to give the true value for cane sugar. 

(iii.) In order to estimate maltose, the lead in the extract (p. 111) 

is completely removed by treatment with hydrogen sulphide. The 

excess of this is removed with ferric hydroxide. The solution 
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becomes acid owing to the presence of free acetic acid which is 

removed by the addition of dilute sodium carbonate solution until 

the extract is faintly acid to litmus. 

Portions of the extract are then fermented with yeasts which 

do not contain the enzyme maltase, namely, Saccharomyces 

marxianus, S. anomalus, S. exiguus. Two other portions are 

fermented with bakers’ yeast. The yeast is allowed to incubate 

for 21 to 28 days at 25°C, by which time fermentation is complete. 

After addition of alumina cream and filtration, the cupric-reducing 

power is measured. The differences between the cupric-reducing 

power of the extracts fermented with maltase-free and maltase- 

containing yeasts, must be due to the gkucose-resulting-from-the 

hydrolysis-ef maltose, and so the proportion of maltose in the extracts 

may be calculated. 

(iv.) The pentoses are estimated by distillation with hydro- 

chloric acid and weighing the furfural produced as phloroglucide. 

(v.) The reducing power of the maltose and pentose is 

calculated, and from the reducing power of the original extract, the 

reducing power of the hexoses can be calculated. The optical 

activity of the sucrose and maltose is calculated, and that of the 

pentoses on the assumption that they consist of /-xylose and 

l-arabinose in equal proportions. By comparison of these data and 

the optical activity of the original solution, the optical activity due 

to the hexoses can be calculated. From this and their cupric- 

reducing power, the quantities of glucose and fructose can be 

calculated on the assumption that these are the only hexoses 

present. 

It will be observed that the accuracy of the determinations of 

glucose and fructose depend upon the accuracy of the following 

assumptions :— 

(i.) That sugars are the only cupric-reducing and optically active 

substances in the purified extracts. 

(ii.) That the only sugars that can be present in the extracts 

are sucrose, maltose, d-glucose, d-fructose and pentoses. 

(iii.) That the pentoses present are only l-arabinose and /-xylose, 

and that these are present in equal quantities. 

In regard to this last assumption, Davis, Daish and Sawyer 

show that the error involved is not very large (about 7%) if the 

whole of the pentose is either /-arabinose or /-xylose. 

The accuracy of the glucose and fructose estimations also 

depends upon the accuracy of the following operations :— 

(i.) The completeness of the extraction of sugars. 



114 Carbon Assimilation 

(ii.) The completeness of the inversion of cane sugar. 

(iii.) The completeness of the fermentation of sugars other than 

pentoses by bakers’ yeast. 

(iv.) The completeness of the fermentation of sugars other than 

maltose and pentoses by maltase-free yeasts. 

Finally the accuracy of the glucose and fructose determinations 

depends upon the accuracy of the following determinations :— 

(i.) The reducing power of the original plant extract. 

(ii.) The optical rotation of the original plant extract. 

(iii.) The reducing power of the extract after inversion. 

(iv.) The reducing power of the extract after fermentation 

with maltase-free yeasts. 

(v.) The reducing power of the extract after fermentation 

with bakers’ yeast. 

(vi.) The estimation of pentoses by the Krober-Tollens method. 

As the accuracy of the glucose and fructose determinations thus 

depends on the accuracy of 13 separate assumptions, operations and 

determinations, it is not to be expected that the results given for 

glucose and fructose are likely to have a high order of accuracy. 

Indeed, Davis (1916) points out that the extracts probably contain 

optically active substances other than sugars, e.¢., amino-acids and 

amides. As Davis himself says, “the values given as dextrose 

and lzevulose probably do not, in most cases, represent real values”; 

he therefore prefers to designate them as “ apparent dextrose ” and 

“apparent lzevulose.” 

A method by which it may be possible to make more 

satisfactory estimations of fructose is suggested in a recent 

publication of Miss Wilson and Atkins (1916). The sucrose is first 

estimated by measuring the reducing power and optical rotation of 

the solution of mixed sugars before and after treatment with 

invertase. After inversion, fructose may then be estimated by 

oxidising other sugars (glucose and maltose) by means of bromine. 

Under certain definite conditions, the glucose and maltose are 

destroyed by this means, and the fructose remains almost entirely 

unchanged. The method is not very exact, but it is possible that 

further research on it may render it more accurate, and in any case, 

the results obtained by its means are not open to all the objections 

of the indirect method previously described. It is, moreover, 
considerably more rapid. 

Although Miss Wilson and Atkins worked out the method in 

order to apply it to the analysis of leaf extracts, no account of work 

involving its use is as yet available. 
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E. VariaTIONS IN THE CARBOHYDRATE CONTENT OF LEAVES. 

1. Garden Nasturtium (Tropeolum majus) (Brown and Morris). 

Tropeolum majus possesses a leaf which forms much starch. 

Brown and Morris analysed three sets of leaves of Tropeolum majus 

by their methods indicated in the last section. One set of leaves 

was picked at 5 a.m. and quickly dried in the steam oven; the 

second set was picked at the same time and kept in sunshine for 

12 hours with the petioles in water before drying; the third set 

was picked at 5 p.m. after 12 hours insolation, The results of the 

analysis are given in the following table. 

TABLE XXX. 

Variation in Starch and Sugar Content of Tropeeolum Leaves, 

August 23rd. 

The values are given in percentages of the dry weight. 

1 5 

Carbohydrate. Pee Kept insoketed ae oo 

water until 5 p.m. 

Starch ... 238 1:23 3-91 4:59 

Sucrose ... is 4:65 8:85 3°86 

Glucose ... fee 097, 1-20 0:00 

Fructose an 2:99 6:44 0°39 

Maltose ... i 1:18 0-69 5°33 

Total Sugars ... 9-69! 17-18 9°58 

In a further experiment one set of leaves was picked and dried 

at once while another set was placed in water in the dark for 24 

hours after picking. The results of the carbohydrate analysis were 

as follows :— 
TaBLe XXXI. 

Carbohydrate Content of Leaves before and after 24 hours in the 

Dark, 

Leaves picked and Leaves kept in the dark for 
Carbohydrate. dried at once. 24 hours after picking. 

Starch ... sha sits 3°693 2-980 

Sucrose ... Wa ae 9-98 349 

Glucose ... He eas 0-00 0:58 

Fructose 1-41 346 

Maltose ... ae sits 2°25 1:86 

Total Sugars ... ws 13°64 9-39 

1. This is the number given by Brown and Morris. 
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From these results Brown and Morris conclude that cane 

sugar is the first sugar formed in the leaf and that this functions as 

a temporary reserve which accumulates during active assimilation, 

When the concentration of cane sugar reaches a certain amount, 

any excess of sucrose is converted into starch in the chloroplast. 

The cane sugar, on being translocated from the leaf, is inverted into 

glucose and fructose, while the starch is hydrolysed and translocated 

as maltose. That it is not hexoses that are the first sugars formed 

in the assimilatory process is indicated by the fact that after 

assimilating all day, leaves still attached to the plant contain no 

glucose and very little fructose. The cane sugar, on the other hand, 

has remained almost constant while starch and maltose have both 

decreased. In the case of the cut insolated leaves it is supposed 

that translocation is to all intents stopped. Under these circum- 

stances the cane sugar and starch both increase greatly, but the 

glucose very little. 

The results given in Table XXXI indicate that in the dark 

the cane sugar and starch both decrease in amount, while the 

glucose and fructose have both increased in amount. As presumably 

the sucrose is hydrolysed into equal quantities of glucose and 

fructose, and the latter appears much in excess of the former, 

Brown and Morris conclude that glucose is largely used for’ 

respiration in the leaf. 

However, from what we have already said on the reliability of 

the measurements of glucose and fructose, it is extremely doubtful 

whether the recorded values of glucose and fructose have any 

meaning. Moreover, Davis and Sawyer (1916) have been unable 

to find maltose in Tvcpeolum majus and they conclude that the 

maltose found by Brown and Morris in their extracts resulted from 

the degradation of starch by diastatic enzymes after maltase in the 

leaf had been destroyed. 

2. Snowdrop (Galanthus nivalis, L) (Parkin). 

The snowdrop possesses the very usual monocotyledonous 

characteristic of not forming starch in the leaves. Hence 

as already indicated, the analysis of sugars is simplified. 

Parkin’s results were obtained from observations made over a 

number of years. In most cases only the values of sucrose and 

hexose are given, no attempt being made, except for a special 

purpose, of distinguishing between the hexoses. Parkin’s results 

are the most clearly stated of all the accounts we have of leaf 

carbohydrates and it is possible from the numbers he gives, to 
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realise the degree of accuracy of the results. He realises, for 
instance, that “ this branch of physiological chemistry is as yet in 
the tentative stage.” He prefers to make a large number of 
analyses with a moderate degree of accuracy to a few with many 

precautions taken, and he draws conclusions only from wide 

differences in sugar contents. 

As a result of his analyses, Parkin finds that during any single 

day iu spring the percentage of hexose sugars in the leaf remains 

fairly constant, whereas the sucrose fluctuates greatly, increasing 

during the day and diminishing at night. Tables XXXII and 

XXXIII exhibit some of the actual numbers obtained. The values 

are given in percentages of the dry weight. 

TaBLte XXXII. 

Comparison of Sugars in Snowdrop Leaves picked in the early 

Morning and in the late Afternoon. 

March 7th, 1906, Cambridge. 

Maximum shade temperature 19-4°C. 

Minimum temperature, previous night 61°C. 

9a.m. 3.30 p.m. 

Sucrose ae an ne 11°22 14.65 

Hexose ae tes ose 6°35 5:48 

Total Sugars aes eee 17°57 20°13 

Tape XXXII. 

Comparison of Sugars in Snowdrop Leaves in the Evening 

aud the following Morning. 

March 30th and 31st, 1905, Carlisle. 

Maximum shade temperature 9:7°C. 

Minimum temperature 3°3°C. 

5°30 p.m. 8 a.m. 

Sucrose wes an wih 15:46 10°84 

Hexose sis re ls 11-41 12°64 

Total Sugar ... ee oe 26°87 ae tet 
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As the season advances, the hexose sugars in the leaf increase 

in proportion to the sucrose, as the following table shows. 

TaBLE XXXIV. 

Seasonal Variation of Sugars in Snowdrop Leaves. 

Date of Time of | | Max. shade Ber 100g diy leat | -guetose. 
picking. picking. temp. Sucrose, | Hexose, Hexose. 

Feb. 16, 1906 3 p.m. 9-4°C 19-8 3°56 1:02 

1, 26, 1907 4-5 ,, E2 % 15:07 2°53 1. 0-2 

Mar. 7, 1906 3.30-4 p.m. 19-4, 14:55 5°69 1: 0-2 

3, 30, 1905 5-6 ,, 96,, 15°5 11-4 1:07 

Apr. 5, 1906 4-4.30 p.m. 156 ,, 14:64 11-17 1. 08 

sy +5 1907 Pe 14°4,, 14-64 11°61 1.08 

s, 24, 1905 is 10°6,, 14-84 17-29 Aa 12 

May 4, 1905 3-38.30 ,, 11-7,, 10-3 12°78 1: 1:2 

Parkin considers that his results strongly support Brown and 

Morris’ view that sucrose is the first recognisable sugar to appear 

in the leaf, and that glucose and fructose arise from it by inversion. 

He also brings forward evidence in support of Brown and Mortis’ 

contention that fructose is generally present in excess of glucose. 

Thus, out of 54 analyses, in 47 cases fructose was in excess of 

fructose 1 1 
aac “EO. Yee 

‘glucose 0-4 ~ 0-76 
in only 7 cases was the reverse the case and then the glucose was 
only slightly in excess, the fructose : glucose ratio varying from 
1: 1:01 to1:1:06. As there is a greater tendency for the fructose 
to be destroyed by the careless use of basic lead acetate, these 
7 results are probably due to experimental error. 

glucose, the proportion varying from while 

Parkin considers 
therefore with Brown and Morris, that glucose contributes more 
readily than fructose to the needs of the leaf. 

3. Mangold (Beta vulgaris, L., var. Sutton’s Yellow Globe). 
Davis, Daish and Sawyer have attempted to obtain information 

in regard to the sugars in leaves and leaf stalks of the mangold at 
different times of the day and night and at different seasons by an 
extensive series of analyses carried out at Rothamsted. 

Collections of leaves were made from plants growing in the 
field at 2-hourly intervals over a 24 hour period. 

measurements were made at three different times. 

I. Stage of early growth. 6a.m., August 26—4 am., August 
27, 1913. 

Such series of 
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I]. Stage of intermediate growth. 10 a.m., September 10— 

8 a.m., September 11, 1912. 

III. Final stage of growth. 9 a.m., October 11—7 a.m., 

October 19, 1912. 

In each case, the leaves and leaf stalks were treated separately. 

In the first series the upper and lower parts of the leaf stalk were 

dealt with separately ; in the second series, the midribs of the leaves 

were subjected to a separate analysis; in the third stage of growth 

the midribs and leaf stalks were treated together. Their results 

are all calculated in terms of the total vacuum dried matter of the 

leaf. 

It may be mentioned at once that Davis and his collaborators 

found starch was absent from the leaves and petioles of the mangold 

at all stages of growth except the very earliest. Similarly, no maltose 

was ever found in either leaves or petioles of this plant at any time. 

The quantities of other carbohydrates present in the leaf are 

indicated in the accompanying figures, which are based on the 

numbers and curves given in Davis, Daish and Sawyer’s paper. 

Fig. 14 shows the variation in content of the sugars of the 

mangold leaf found during 24 hours on August 26-27, 1913. The 

most noteworthy features of these results are :— 

1. Both hexoses and sucrose increase rapidly in quantity 

after daybreak and reach a maximum about mid-day, after which 

the quantity present falls off fairly regularly and rapidly until the 

following dawn. Practically the whole of the hexose sugar disappears 

and about half the sucrose. These changes are closely parallel to 

the temperature curve (and probably also to the curve of light 

intensity). 

2. The quantity of sucrose is always greater than that of 

hexose. 

3. The variations in the quantity of cane sugar are small, the 

limits being between 3:11% and 1:5%, whereas the hexoses vary 

between 0:77% and 2:16%. 

4, The quantity of pentosan remains practically constant 

throughout the day, the fluctuations being probably within the 

range of experimental error. The same holds for the matter 

insoluble in alcohol. Davis and his co-workers consider the 

increase they found in the values of these substances to he really 

significant, but if this were so, there should be either a sudden fall 

in these values at sunrise, or the proportion of them in the leaf 

should go on increasing from day to day. As a matter of fact, in 
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the second series of these workers, measured a fortnight later in 

the season, the proportion of pentosan is exactly the same as at the 

earlier period, while the proportion of matter insoluble in alcohol 

has actually decreased trom about 60% to 50%. Nor is there any 

better evidence for the second alternative, for at this intermediate 

stage, where the measurements were taken before and after sunrise, 

the results obtained show actually a slight increase of these 

substances after sunrise. The most reasonable explanation is 

therefore that the differences recorded are simply within the range 

of experimental error. Similar considerations apply to the variations 

in the pentose content. 
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Fic. 14. Variation in Content of Various Carbohydrates in the leaf of 
Mangold during 24 hours, Aug. 26—27, 1913 (After Davis, Daish and Sawyer). 

It is indeed regrettable that Davis, Daish and Sawyer give no 

data which enable one to judge the likely limits of error of their 

determinations. They do indeed, under the heading “ Probable 

Error of the Analyses and Methods of Sampling,” show that the 

reduction method and optical rotation method give values for sucrose 

which differ by about 20%, and they also give the analyses of hexoses 
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and sucrose in two samples collected at the same time, in which the 

hexose determinations in the two cases differ by 6%. The only 

information this gives us is that there is possibly a considerable 

error due to the variability of different samples, but two samples 

alone can give us no idea whatever of the actual magnitude of the 

probable error, which Davis and his co-workers have not determined. 

It is therefore misleading to give these two analyses under the sub- 

heading “ Error of Sampling.” 

In Fig. 15 are summarised the results of analyses of leaves in 

the second period. Here the hexoses are in excess of the sucrose 

Both curves show synchronising maxima at 2 p.m., 6 p.m. and 2 a.m. 

Whether these maxima have any meaning, or whether they are 

merely the result of differences in sampling, it is impossible to say. 

The fact that the hexoses and sucrose always show unusually high 
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Fic. 15. Variation in Content of various Carbohydrates in the Leaf of 
Mangold during 24 hours, Sept. 10--11, 1912 (After Davis, Daish and Sawyer), 
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values in the same samples is suspicious, and the most likely 

explanation is that in some cases, at any rate, they are apparent 

maxima and minima, due to errors in sampling. This is especially 

so in the case of the maxima at 2 p.m., which appear owing to the 

minima at 4 p.m. Thus, if the minimum value found for hexoses in 

this case were increased by 7%, the minimum on the hexose curve 

would disappear, and we have already cited the instance in which 

the hexose content of two samples collected under similar conditions 

differed by 6%. 

It seems reasonable to conclude from Davis, Daish and Sawyer’s 

figures that the hexose and sucrose in the leaf increase during the 

day and then gradually decrease during the night. The maximum 

in these sugars in the middle of the night, at 2 a.m., is extremely 

difficult to account for on any other ground than error in sampling, 

for the leaf manufactures no fresh material, and yet the total 

carbohydrate in the leaf (pentosan, sucrose, hexose and pentose) has 

increased from 19:53% to 22:13% of the total dry matter of the leaf 

according to Davis, Daish and Sawyer’s complete analysis. These 

authors suppose this increase is due to the breaking down of a 

water soluble gummy substance in the leaf into carbohydrates. 

The relative variations in sucrose content are similar to those 

in August, although the percentage of sucrose is more than twice 

as great. The total hexoses present is about the same amount by 

weight as sucrose, and is much more than is present earlier in the 

season. 

The pentose content varies little throughout the day ; it appears 

to diminish somewhat during the night. 

The results obtained for the last stage of growth are similar to 

those obtained for the intermediate stage. They are shown 

graphically in Fig. 16. As before, the sugar content is greater 

during the day than during the night. In this case, hexoses and 

sucrose show two maxima during the night, at 7 or 9 p.m. and at 

3am. As we have already indicated, the data furnished by the 

experiments of Davis, Daish and Sawyer are insufficient to enable 

us to judge whether such night maxima in sugar content actually 

exist in mangold leaves, or whether their appearance in the curves 

is simply due to a sampling error. 

The results obtained by Davis, Daish and Sawyer in regard to 

carbohydrates in the mangold leaf may be summarised as follows :— 

(i.) All the sugars in the leaf increase in quantity from the first 

to the final stage of growth. 
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(ii) 

(iii.) 

already been brought forward very clearly by Parkin in the case of 

The pentosans form a larger and larger proportion of the 

matter insoluble in alcohol as the season advances. 

Of the total sugar, the hexoses form a progressively 

increasing proportion as the season advances. 

the snowdrop (see Table XXXIV). 

This point has 
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(iv.) In the first stage of growth, practically all the reducing 

sugars and about half the sucrose disappear from the leaf during 

the night. As the season proceeds, a less proportion of the sugar 

in the leaf disappears each night. It is especially the hexoses 

which increase in the leaf owing to this. These results are 

summarised in the following table. 

TasBLe XXXV. 

Seasonal Variations in Carbohydrate Content of Mangold Leaves. 

Date. Temp. Sucrose. Hexoses. | Pentoses. | Pentosans. 

Aug. 26-27 |7°2—23:9°C | 1:-50—3-11 | 0:20-2:16 | 0:36—0°52 | 5°19—5.96 

Sept. 10-11 | 6:1—10°C | 4:24—8:27 | 5:38—8-90 | 0°34—0°76 | 4:42—5-90 

Oct. 11-12 |-0°6-16:1°C| 4°98—9-52 | 9°39—12-41} 0-61—0°92 | 6:21—7°15 

The observations made by Davis, Daish and Sawyer on the 

sugars of midribs and petioles, show that these always contain a 

higher percentage of sugars than the leaves, and this percentage 

increases with the season. The hexoses are always much in excess 

of the sucrose, and the ratio of hexoses to sucrose is always much 

greater in the petioles than in the leaf lamina, These results are 

comparable with Parkin’s observations that the sugar content of the 

snowdrop leaf increases from above downwards, and that the ratio 

of hexose to sucrose also increases. The conclusion drawn from 

this by both Parkin and the Rothamsted workers is that sucrose is 

the first sugar formed in the leaf and that this is converted into 

hexoses for translocation purposes. In support of this they also 

adduce the fact that the cane sugar is always present in relatively 

high proportion in the leaf, especially early in the season when it is 

present in excess of the hexoses. They suppose the cane sugar is 

gradually inverted by means of the enzyme invertase which is 

secreted or distributed on the surface of the sieve tubes. 

We have already referred to the unreliable character of the 

determinations of glucose and fructose, an unreliability which is 

quite realised by Davis, Daish and Sawyer. As, therefore, it is not 

at all clear what the quantities they term “apparent dextrose” and 

“apparent levulose” really represent, we do not think any useful 

purpose would be served by discussing the values they obtain for 

these quantities. 



Variations in the Carbohydrate Content. 125 

4. Potato (Solanum tuberosum, var. King Edward VII). 

Davis and Sawyer have made analyses also of the carbohydrates 

of a leaf which forms starch, that of the potato. ‘The samples were 

gathered at 2-hourly intervals, from 6 a.m., July 16th to 4 am,, 

July 17th, 1914. Separate analyses were made of the stalks. Their 

results are summarised in Fig. 17. It will be observed that sucrose 

is the chief sugar present, as was found to be the case also in the 

early stage of growth of the mangold. The sucrose content of the 

leaves rises during the day until 2 p.m., and then falls off regularly 

until dawn the next day. The hexoses show much variation 

throughout the day and night, and here again it is impossible 

through absence of data, to judge whether these variations are 

anything more than differences due to sampling. The hexose 

content is, on the whole, higher during the day than at night. The 

pentoses show little variation. 
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Fic. 17. Variation in Content of various Carbohydrates in the leaf of 
Potato during 24 hours, July 16—17, 1914 (After Davis, and Sawyer). 

The starch content shows a decided maximum in the late 

afternoon (6 p.m.) and at the same time a quantity of dextrin 

(soluble starch) is present. By sunset this has almost disappeared 

and the starch content has rapidly fallen. 

As in the mangold, in the leaf stalks of the potato the hexoses 

are much in excess of the sucrose, and it is reasonable to suppose 

se 
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that the sucrose is translocated away from the leaves in the form 

of hexoses. 

Even in this plant where the leaves contain abundant starch 

no maltose is found, either in the leaves or petioles. Davis and 

Sawyer therefore conclude that the starch, on utilisation by the 

plant, is broken down into hexoses by a mixture of enzymes similar 

to that of Aspergillus oryze which yields taka-diastase. They 

consider that dextrin and maltose are intermediate stages in the 

degradation of starch to glucose. Dextrin indeed appears at the 

period when starch is in large quantity in the leaf. They suppose 

the enzyme maltase is always present in relative excess in the leaf, 

and Daish (1916) has shown the presence of maltase in a number 

of different leaves. 

5. Vine (Vitis vinifera). 

In the leaf of the vine, a plant which stores its carbohydrate 

as glucose, Deleano (1912) was unable to detect sucrose in the leaf. 

Davis and his co-workers, on the other hand, state that after taking 

special precautions in sampling to prevent the leaf enzymes from 

acting, sucrose is found to be the principal sugar of the leaf. This 

they regard as supporting their view that sucrose is the first sugar 

formed in assimilation. 

F. CArBOHYDRATE TRANSFORMATIONS IN THE LEAF. 

The pioneer researches of Sachs indicated the formation of 

starch in the chloroplasts of the leaf asa result of carbon assimilation, 

and it was this investigator who showed the dependence of starch 

formation on light and chlorophyll. The proof was completed by 

Godlewski (1873) and Pfeffer (1873) who showed the necessity for 

an outer atmosphere containing carbon dioxide. 

Sachs held the view that starch was the first visible product of 

assimilation, and he bound himself to no theories concerning 

possible intermediate products in its formation. 

Kayser’s work (1883) established the presence of sucrose in 

the leaf of the vine. It was supposed that starch was converted 

into cane sugar by diastatic enzymes and that the cane sugar was 

inverted in the conducting tissue of the leaf. Sachs (1884) also 

expressed the opinion that the starch is translocated in the form of 

sugar. 

That starch could not always be the first visible product of 

carbon assimilation became obvious from the researches of A. Meyer 

(1885) who showed that different species varied greatly in their 
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capacity for forming starch, many plants not forming it all. In these 

cases it was shown that the absence of starch was not due to rapid 

translocation, for no starch was formed even under conditions most 

favourable to rapid assimilation and accumulation of products. 

The same investigator showed later (1886) that leaves depleted of 

starch floated on sugar solutions could form starch from the sugars, 

Thus almost all leaves formed starch from a 10% solution of fructose, 

a few from glucose and a very few from galactose. It became 

reasonable to suppose that starch might possibly be formed in the 

leaf from sugar. 

Confirmatory evidence of this theory was derived from 

researches on starch formation in the plant, carried out by Boehm 

(1874, 1876, 1877) and notably by Schimper (1880). Boehm showed 

that starch in the leaf is not necessarily always the direct result of 

carbon assimilation. Thus he showed the formation of starch inthe 

leaf as a result of transference of reserve material from other tissues 

under feeble light intensity, and in an atmosphere devoid of carbon 

dioxide. Schimper investigated the development of the starch granule, 

He showed that starch is always formed in a plastid, which might be 

colourless or green, and although he held that the mesophyll 

chloroplasts could not elaborate starch from other carbohydrates, 

further work of Boehm (1883) and that of A. Meyer mentioned above, 

showed that these chloroplasts could elaborate starch from sugars. 

These considerations lead to the conclusion that there is nodifference 

between the chloroplast and the colourless amyloplast in regard to 

their powers of elaborating starch, and it is at least possible that 

starch formed normally in the chloroplast is formed secondarily and 

not as a direct result of assimilation. 

These considerations were generally held to support Baeyer’s 

suggestion, to which we shall refer in detail later, that the first part of 

the assimilation process consisted in the formation of formaldehyde 

which polymerised to hexose, and then gave rise to sucrose or starch. 

This hypothesis, which involves the view of hexose as the first sugar 

formed in assimilation, has recently received support from the work 

of Strakosch (1907), who investigated the distribution of sugars in 

the leaf and other parts of the sugar beet, by means of microchemical 

tests depending on the production of osazones. He concludes 

that glucose is the only sugar present in the mesophyll cells of the 

leaf. In the veins fructose appears as well, and later, sucrose. 

Maltose also occurs only in the petiole. Strakosch therefore 

concludes that glucose is the first sugar formed in assimilation and 
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sucrose is a later formed product, and he supports this conclusion 

with an analysis of leaf extract which shows only a negligible 

quantity of sucrose in the leaf (about une-sixth of the quantity of 

glucose) while the veins contain nearly five times as much sucrose 

as hexoses. Strakosch’s results are in direct contradiction to those 

of the English workers, whose work we have summarised in the 

preceding section of this chapter. Davis, Daish and Sawyer point 

out that Grafe’s test (1905) for fructose, used by Strakosch, is of 

doubtful applicability in presence of glucose, while the method used 

to localise glucose and sucrose, which is due to Senft (1904), is, 

according to Mangham (1915), untrustworthy when sucrose is 

present together with its hexose constituents. Davis, Daish and 

Sawyer criticise Strakosch’s results as well as Mangham’s identifi- 

cation of maltose in plant tissues, on the general ground that little 

reliance can be placed on such microchemical tests as a means of 

identifying one sugar in presence of others in plant tissues. The 

fact that Mangham should claim to distinguish between d-glucose 

and d-fructose in the plant by means of the osazone test, when their 

phenyl osazones are of course identical, is not very reassuring as to 

the degree of reliability of his results. 

Such qualitative observations as those of Strakosch and of 

Dixon and Mason (1916) in any case cannot have the value of the 

quantitative researches recorded in detail in the preceding section 

of this chapter, and we find in all detailed quantitative examinations 

made of the carbohydrates of the leaf, that cane sugar is always 

present in the leaf in considerable quantity. We have already 

pointed out that all the workers who have obtained quantitative 

data have expressed the opinion that sucrose is the first sugar formed 

in assimilation, and that this isinverted into hexoses for translocation. 

When carbohydrate accumulates in the leaf in consequence of 

assimilation taking place at a greater rate than translocation, the 

excess of sucrose is supposed to be transformed into starch in 

Tropeolum (Brown and Morris). In the potato, which also forms 

starch in the leaf, Davis and Sawyer (1916) appear to regard the 

starch as formed from hexoses, soluble starch, which appears in 

appreciable quantity in the leaf at the period when starch content is 

at a maximum, being an intermediate product. This view is based 

on the intimate relation between the content of hexoses and starch in 

the leaf throughout the day, a relation, however, which is not very 

obvious from Davis and Sawyer’s published curves (cf. Pig. 17). 

It must be admitted that the evidence in favour of the production of 
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either hexoses or sucrose as the first sugar produced in assimilation 

is scarcely adequate for discussion. In any case Lundegardh (1914) 

regards the transformation of sugar into starch and the reverse 

process as a very complicated one, depending not merely on the 

concentration of the sugar in the cytoplasm, but also on the quantity 

of an enzyme, the concentration of which depends on factors at 

present unknown. 

The evidence that hexoses are in excess of other sugars in the 

conducting tissue of the plant seems definite enough. From this it 

is concluded that sucrose is converted into hexose by means of 

invertase in the conducting cells of the plant, and is translocated as 

hexose sugars. The percentage of sucrose in the petiole is less than 

in the midribs of the leaf, from which one could expect a diffusion 

of sucrose away from the leaf. Such a state of affairs would, of 

course, be produced if the sucrose were inverted in the manner 

suggested by Davis, Daish and Sawyer in the vascular bundles of the 

leaf and stem, and they cite in support of this view the observation of 

Robertson, Irvine and Dobson (1909) that invertase is abundant in 

the leaf and stem of the beet, although absent from the root. The 

migration of sucrose, therefore, from a place of higher concentration 

in the leaf to a place where its concentration is kept constantly 

lower by the invertive action can be readily understood. Also it is 

likely that the simpler monosaccharides would diffuse through 

the plant more rapidly than the more complex disaccharide. The 

difficulty arises from the fact that the published analyses of Davis, 

Daish and Sawyer show generally a higher percentage of hexoses 

in the petioles than in the leaf veins, and one would therefore expect 

a flow of hexoses towards the leaf and not away from it. On the 

other hand there is no definite information as to the 

concentration of sugars in the actual conducting cells, and as the 

hexoses are elaborated into sucrose in the root, it would seem that 

the concentration of hexoses in the cells of the leaf must rise above 

that in the root, so that diffusion of hexoses towards the root will 

take place. There is no doubt that the mechanism of translocation 

is complex, depending probably on differences of enzyme concen- 

tration and possibly also on permeability changes, of which we are 

at present not merely ignorant of the causes, but also of the nature. 

But the form in which carbohydrates are translocated has 

little bearing on the question of carbon assimilation itself. The 

inversion of sucrose into hexoses for purpose of translocation, 

is regarded by Davis, Daish and Sawyer as evidence that 

1 
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sucrose is a primary product in assimilation. Although it is possible 

that all the sugar in the mesophyll cells of the leaf is sucrose, and 

that the hexoses are confined to the vascular bundles, there is no 

direct evidence of this, and there seems no sufficient reason to 

conclude that sucrose is the first sugar formed rather than that 

glucose or other hexoses first appear and that cane sugar is formed 

from them. It is no more unreasonable to suppose that sucrose 

should be formed from hexoses in the leaf when these latter reach 

a certain concentration, that to suppose starch should be formed as 

a temporary reserve carbohydrate in such leaves as those of 

Tropeolum or Potato, for as starch is a storage form in the potato 

tuber, and is similarly formed in the leaf, so since sucrose is the 

storage carbohydrate in the root of Beta, being formed from hexoses 

according to Davis, Daish and Sawyer, there is no reason why it 

should not also be formed from hexoses in the leaf. The value of 

evidence in regard to the first sugar formed in the leaf, derived from 

considerations of the variation in amount of the different sugars, is 

indicated by the fact that Brown and Morris, Parkin, and Davis, 

Daish and Sawyer all conclude that sucrose is the first sugar formed 

in assimilation, while their results on which they base 

this conclusion differ absolutely. Thus Brown and Morris 

found that both the sucrose and hexose content diminished 

during the day; Parkin found the hexose content remained 

practically constant, while the sucrose varied; Davis, Daish and 

Sawyer found both the sucrose content and hexose content 

varying in the leaf, while in the veins the sucrose content remains 

approximately constant, the hexose varying widely. 

We do not wish it to be supposed that we therefore support 

the view that glucose is the first sugar of carbon assimilation. We 

hold that the data so far produced from analyses of carbohydrates 

in leaves and from microchemical examination provide insufficient 

evidence in favour of or against either theory. While we may 

regard starch as a secondary product of assimilation, and while also 

there is good evidence that carbohydrates are translocated, as hexose 

sugars, in some cases, or to some extent at any rate, and while’ 

there is strong evidence that sugars are the first definitely known 

products of the assimilatory process, there is not evidence at present 

as to which particular sugar is the first one to be produced in the 

leaf. 
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Cuapter VI. 

Energy Relations in Carbon Assimilation. 

A. Generac Remarks. 

In the introductory chapter we have referred to the fundamental 

v- fact that radiant energy is utilised in carbon assimilation so that 

compounds of higher energy content are produced from the simpler 

ones of the surroundings. Beyond this the energy relations of the 

green leaf are only very imperfectly known, although physical and 

chemical methods for investigating such energy relations have 

reached a high degree of development. This aspect of carbon 

assimilation exhibits perhaps more than any other an unfortunate 

isolation of effort in research, the various workers on the subject 

having generally neglected the results obtained by others, both 

along their own and related lines of investigation. 

As in those aspects of the subject we have already dealt with, 

so here also the complexity of the processes is again evident, and 

it is diffieult to draw definite conclusions. Itis possible to measure 

quantitatively the radiant energy incident on the leaf, and also to 

measure the amount transmitted. It is, however, by no means easy 

to determine in what way the energy absorbed is utilised, because 

we do not know with any approach to completeness how this 

energy is expended into chemical or electrical energy or heat. 

It is generally assumed that the increase in the heat of 

combustion of the leaf represents that part of the absorbed energy 

transformed into chemical energy, but it should be pointed out that 

in so doing, carbon assimilation is taken in its widest possible sense 

(not carbohydrate assimilation merely) so as to include all the 

substances formed in the leaf as a result of the photochemical and 

possible contemporary processes. Thus it is by no means settled 

as to what extent proteins are formed in the green leaf by photo- 

chemical or other chemical actions. In any case an error is 

introduced if proteins are formed, as their products of combustion 

cannot be identical with the substances in the leaf from which they 

are produced, so that their heat of combustion cannot have the same 

value as the radiant energy used in the leaf in their formation. 

We shall first discuss the methods for estimating the amount 

of material produced in assimilation and the conclusions which 

have been drawn as to the energy relations of the green leaf from 

such determinations, before passing on to a discussion of work in 

which quantitative measurements of both radiant energy and heats 
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of combustion have been made. Finally, we shall briefly deal with 

work on the assimilatory power of light of different wave-lengths. 

B. Quantitative EsTimaTION OF CarRBON ASSIMILATION 

BY MEANS OF THE PRODUCTS. 

In an earlier chapter we have dealt with Blackman’s and 

Willstatter’s estimation of carbon assimilation. Both these 

workers employed a method based on that of Kreusler, in which 

the intake of carbon dioxide by the leaf is used as a measure of 

carbon assimilation.’ The assimilation could also be measured by 

estimating the increase of carbon content of the leaf, but what is 

more usually done is to measure the increase of dry weight of the 

leaf and assume that this is proportional to the increase in carbon 

content. 

Brown and Escombe (1905) in their attempt to determine the 

energy relations of the leaf, compared the increase of dry matter 

with the intake of carbon dioxide, but as their results obtained by 

the two methods were not concordant they came to the conclusion 

that the dry weight method is untrustworthy. Therefore they only 

determined the intake of carbon dioxide and estimated the increase 

in dry matter by calculation. We shall only deal briefly with the 

extensive researches of Brown and Escombe on this subject, for 

although they are the first to make quantitative measurements of 

energy in regard to assimilation and although they clearly indicate 

the complexity of the energy relations of the leaf, yet the values 

actually determined by experiment are few and those obtained by 

calculation are of doubtful value and do not agree with values 

obtained by direct measurement by other investigators. We have 

already referred to the divergence between the estimations of the 

internal leaf temperature made by Brown and Escombe, and the 

direct temperature measurements made by Blackman and Matthaei. 

In order to estimate the dry matter formed, Brown and Escombe 

multiply the weight of carbon dioxide absorbed by the leaf by a 

carbohydrate factor of 0°640. This factor they obtain from the 

analyses in regard to carbohydrate content of leaves of Tropeolum 

majus by Brown and Morris as described in the last chapter. Of 

1 The same method has been employed by Brown and Escombe (1902). 
We have not dealt with the very interesting results recorded in this paper in 
regard to carbon dioxide as a limiting factor, as the results are confirmed by 

F. F. Blackman’s later and more complete work on limiting factors. In order 

to avoid unnecesary length of this review we have in this matter, as elsewhere, 
confined our remarks to the more complete account where two researches run 

parallel. 
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course Brown and Escombe assume that the ratio between the 

various carbohydrates remains constant and further that carbon 

dioxide is used only in the production of carbohydrates. It is true 

that variations in the ratio of the various carbohydrates will make 

little difference in the carbohydrate factor, and similarly, the error 

introduced owing to the probable incorrectness of Brown and 

Morris’s analysis (cf. Chapter V) is likely to be small. On the other 

hand the error introduced by the assumption that the whole of the 

carbon dioxide is used in carbohydrate formation is likely to be 

larger, but on this subject our information is very incomplete. It 

may be interesting to compare this carbohydrate factor with 

values obtained by experiment for the ratio between increase in 

dry weight and carbon dioxide absorbed. The following table is 

due to Krasheninnikoff (1901) and although the values are probably 

not of a very high order of accuracy, they may give some idea of the 

variations likely to occur. 

TaBLe XXXVI. 

Increase in Dry Weight of Leaves per gram of Carbon dioxide 

absorbed. 

Bamboo oh ee cit 0°60 

Cherry Laurel os vets 0:60 

Sugar Cane... ses os 0°67 

Lime ... ecg ise Be 0:74 

Tobacco ‘tte ore ann 0°68 

Thoday (1909) compared the increase in dry weight with the 

increase in carbon content of the leaf in the cases of Helianthus 

tuberosus and Cherry Laurel. His results indicate a considerable 

variation in the ratio of carbon increase to increase of dry weight 

in leaves of the same species, but in Thoday’s experiments a good 

many factors are not controlled, and it is impossible to say what 

causes the variation. We should like to emphasize that in all such 

cases in plant physiological researches where it is sought to determine 

the absolute value of a quantity, it is absolutely imperative to 

determine the probable error of the experiment, This, as far as we 

know, has not been done in any single instance in work on carbon 

assimilation. 

In regard to the direct determination of the products of 

assimilation, the principle of this method was first exposed by Sachs 

in his paper “ Bin Beitrag zur Kenntniss der Ernahrungsthatigkeit 

der Blatter ’’ published in 1884. Sachs’ method is well-known. 
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The dry weight of unit area of one half of a leaf measured at the 

beginning of an experiment is compared with the dry weight per 

unit area of the other half of the leaf after its exposure to the 

required conditions. The difference of the two values is regarded 

as the weight of products which have accumulated in unit area of 

the leaf during the experiment. As Sachs found a greater increase 

in dry weight in detached leaves than in leaves still attached to the 

plant, he assumed that in the latter case translocation of the 

products away from the leaf takes place concurrently with 

assimilation. To obtain the true value for assimilation in attached 

leaves, Sachs therefore added the loss in dry weight of leaves 

during the night to the increase in dry weight of the same area 

during the same time during the day. 

Brown and Escombe pointed out that Sachs obtained much 

higher values for assimilation by his half leaf method than they 

obtained by direct determination of the carbon dioxide absorbed. 

They therefore carried out a series of experiments in which the 

assimilation of the same leaves were measured by both methods. 

The following table gives the results they obtained for Catalpa 

bignonioides. The results in the last column are obtained by the 

use of the carbohydrate factor 0°64, to which reference has already 

been made. 
TaBLE XXXVI. 

Comparison of the Values obtained for Assimilation of Leaves of 

Catalpa bignontoides by the Half-Leaf Method and by 

measuring the Intake of Carbon dioxide. 

a let tow red CO, absorbed per |Carbohydrate formed 
Experiment. abe ier bone sq. decimetre per per sq. dec. per 

mg. (observed). hour, ccs. hour, mg. (calculated), 

1 9°83 1-41 1:76 

2 7:14 1:43 1:79 

3 2°60 2°35 2-94 

4 7:22 2°33 2°92 

Mean 6°69 2°35 

It will be observed that the divergence between the results 

obtained by the two methods is much larger than can be accounted 

for by experimental error or error in the estimation of the carbo- 

hydrate factor. Brown and Escombe attribute this divergence to 

three sources of serious error to which the half leaf method is 

liable. These are— 

1. Possible changes after assimilation in the power of retention 
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of water by the colloids of the cell contents when these are dried 

at 100°C. 

2. Differences due to lack of symmetry between the two halves 

of the leaf in regard to venation and thickness. 

3. Alterations of area of the leaf as a result of insolation. 

Thus if a leaf suffered shrinkage during insolation so that its area 

as measured afterwards was less than at the beginning of the 

experiment, the dry weight of unit area would be correspondingly 

increased. Consequently the values found for the increase in dry 

weight of unit area would be larger than the true values as, of course, 

the initial dry weight is measured before insolation on an unshrunken 

half leaf. 

1. The possible error due to changes of composition during 

insolation which might produce a different water retaining capacity 

was investigated by Thoday (1909), who measured both the dry 

weight and carbon content of the experimental and control half 

leaves and so calculated both the gain in dry weight and of carbon 

per unit area. Thoday concludes that the correspondence between 

the increase in dry weight and the starch equivalent of the gain in 

carbon is sufficiently close to make it clear that fixation of water 

cannot play an appreciable part in determining the dry weight 

increase. However, as the starch equivalent of the gain in carbon 

found in Thoday’s experiments varied from 20% less to 40% (and in 

one extreme case 90%) more than the actual increase in dry weight 

of the same leaf, it is not clear why Thoday should come to 

this conclusion from his results. We hesitate therefore to accept 

Thoday’s own opinion that his results indicate that the dry weight 

method is “ not vitiated by any large indeterminable errors such as 

would arise if varying quantities of water were retained by the 

colloids of the leaf after drying it at 100°C.” The numbers show 

indeed that changes in composition of the leaf during assimilation 

will not account for the whole of the discrepancy between the two 

methods as observed by Brown and Escombe, but they tell us 

nothing as to whether such change is negligible or not. 

2. Brown and Escombe made a number of determinations of 

the degree of symmetry of the two halves of various leaves by 

measuring the two halves separately with a planimeter and then 

drying them to a constant weight. The dry weight per square 

decimetre of the two halves was calculated and the percentage 

difference between the dry weight per unit area of the two sides of 
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the leaf calculated. These differences are summarised in the 

following table. 

TaBLeE XXXVIII. 

Difference in Dry Weight per Unit Area of Opposite Sides of 

Leaves due to Differences in Symmetry (Brown and Escombe). 

Species. Difference in Dry Weight, 
Per Cent. 

Catalpa bignonoides ... es vsi 3-9 

is a 53 aes oie 4:3 

5 7 Sis or exe 2:3 

” 5 aa se oi 5:7 

” ” an ia ie 0:7 

Catalpa purpurea”... sia res 2:3 

Catalpa Bungei is oe oe 1:3 

‘5 i Ea np aa 2:2 

Tropceolum majus_... sa se 0:3 

Polygonum Weyrichii si a3 1-1 

Similar differences were found by Thoday for some other 

species and he concludes with Brown and Escombe that this source 

of error is inherent in the method. He points out that the error 

arising from this cause may be reduced by using parts of leaves 

free from big veins instead of whole half leaves. Thus with 

Paulownia imperialis the average percentage difference of four 

pairs of measurements was 1:4% when the veins were avoided and 

the average percentage difference of two pairs of measurements was 

595% when the veins were included. 

3. The third source of error suggested by Brown and Escombe 

is that due to change in area of the leaf during insolation. These 

investigators measured the area of leaves of Catalpa bignonioides 

before and after insolation and found resulting alterations in area 

from an increase of 0°14% to a decrease of 3:12%. According to 

Thoday, leaves of Helianthus annuus often diminish in area by more 

than 5% between early morning and midday if the meteorological 

conditions are such as to favour rapid transpiration of water. 

From such data Brown and Escombe calculate the order of 

magnitude of the error likely to arise in Sachs’ half leaf method. 

It would thus be quite probable for the error in determination of 

the dry weight of a half leaf to equal 2%. In such a case Brown 

and Morris show that with a leaf having a dry weight of 0°5 gm, 

per sq. decimetre asssimilating 0002 gm. carbohydrate per sq. 
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decimetre per hour the error in the increase in dry weight obtained 

by the half leaf method in an experiment lasting 5 hours would be 

as much as 100%, whereas the error in the results obtained by 

measuring the carbon dioxide absorption would amount to no more 

than 2%. They therefore reject Sachs’ method as quite untrust- 

worthy. 

As the dry weight method, if it could be made sufficiently 

accurate, would have its uses we agree with Thoday “ that it should 

not lightly be abandoned.” Thoday makes some useful suggestions 

in regard to decreasing the inaccuracy of the method, but he does 

not furnish data which enable one to determine the degree of 

accuracy obtainable when all suggested precautions are taken. It 

appears to us that the only way of finding this is to make a number 

of such estimations and determine the probable error of the mean 

result, 

C. THE QUANTITATIVE DETERMINATION OF THE 

Heat oF COMBUSTION OF THE PrRopucTS OF ASSIMILATION. 

Although the measurement of heats of combustion offers no 

particular difficulties, very few such measurements have been made in 

plant physiology. Brown and Escombe assume that the heat of 

combustion of the products of assimilation is the same as that of 

glucose, but this assumption is not justified by the values obtained by 

experiment for the heat of combustion of one gram of material pro- 

duced in assimilation. It will be seen however from the heats of 

combustion of various substances recorded inthe accompanying table, 

that measurements of the actual heats of combustion of the products 

of assimilation might afford helpful information as to the relative 

proportion of the different products. 

TaBLE XXXIX. 

Heats of Combustion in Gram-Calories of Various Substances. 
Substance »™ Heat of Combustion per gram. 

Ethyl Alcohol ... 3 #8 7°18 x 10° 

Glucose ane wee bs 3°76 x 10° 

Sucrose ae ss a 3:99 x 10° 

Dextrin oe oe ee 4:1 x 10° 

Starch ... ahi any — 41 x 10° 

Cellulose ies ae de 4:2 x 10° 

Leucin ... oe 2a ey 65 x 10° 

Vitellin ... ‘tte See a6 5-7 x 10° 

Linseed Oil... Jats on 9°47 x 10° 

Olive Oil sa eee os 9°51 x 10° 
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Actual determinations of the heat of combustion of the 

material produced in assimilation have been made by Krasheninnikoff 

(1901) and by Puriewitsch (1914). They measured the increase in 

dry weight per unit area per hour by Sachs’ dry weight method 

and also the increase in the heat of combustion per unit area per 

hour. The increase in heat of combustion per unit increase in dry 

weight gives the heat of combustion per gram of the products of 

assimilation. Krasheninnikoff obtained an average value for this of 

4-4x 10° gram-calories. From Puriewitsch’s data we have calculated 

the values for different species set out in the following table. It 

will be observed that the values agree well with the number 

obtained by Krasheninnikoff, but not with the value assumed by 

Brown and Escombe (3°76 x 10°). 

TaBLe XL. 

Heats of Combustion of the Products of Assimilation. 

Increase in | Increase in Heat Ms f 
Saecies Dry Wt. per | of Combustion Product neg 
pe 7 sq. metre per sq. cm. in gm.-cal 88: 

per hr., grm. per hr. per gram. 

Acer platanoides ... si 1-2 0°526 4-4 «x 108 

Polygonum sacchalinense 27 1-41 5:2 x 108 

” » 20 0-903 4:5 x 108 

D. Tue Quantitative MeasureMeENT OF THE RapianT ENERGY 

INCIDENT ON THE Lear AND THE UTILISATION 

OF THIS ENERGY. 

A full discussion of the methods used and principles involved 

in the measurement of radiant energy would be out of place here. 

The instruments generally employed are of four kinds, the 

thermopile, the bolometer, the radiometer and radiomicrometer.. 

Por a description of these instruments the reader is referred to 

physical text books, and for a more complete discussion on the 

relative merits of the various methods, to Kayser’s Spectroscopie 

Baly’s Spectroscopy, and Coblentz’s “Instruments and Methods 

used in Radiometry” (1908). Generally speaking, the radiant 

energy is absorbed and transformed to heat in the measuring 

instrument, and thus a measure of the total energy obtained, but 

if by a suitable method a spectrum of the source of light is produced, 

the same method can be used for measuring the distribution of 

energy in the different parts of the spectrum, 
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Although numerous measurements of the radiant energy of the 

sun have been made by astrophysicists, yet such quantitative 

measurements of radiant energy as have been made in plant 

physiological experiments are inadequate, and in plant ecological 

studies where light may be an all-important factor, such measure- 

ments have not even been attempted.! 

Detlefsen (1888) appears to be the first to attempt energy 

measurements in regard to problems connected with carbon 

assimilation. He showed that more energy is used when the leaf 

is supplied with an atmosphere containing carbon dioxide, than in 

an atmosphere devoid of this gas. Similar determinations have been 

made by Mayer (1893) and Ursprung (1903) by the use of a 

thermopile, but Brown and Escombe (1905) were the first to 

make an extensive series of measurements of radiant energy in 

connection with plant physiological problems. 

Brown and Escombe measured the intensity of radiation on the 

leaf by means of a pair of differential platinum thermometers, one 

bright and the other black, as devised by Callendar (1898). The 

instrument was rendered self-recording by connecting it with a 

Callendar’s recorder (1899). 

The characteristic feature of Brown and Escombe’s work on 

the energy relations of the leaf is that they assume there are 

certain fundamental properties of the leaf in regard to energy, and 

they attempt to determine certain physical quantities, such as 

coefficient of absorption and emissivity, which they regard as 

constant for all conditions of experiment. But even a superficial 

consideration is sufficient to tell us that this cannot be the case 

and the performance of a larger number of experiments would 

probably have shown these authors what range of variations were 

likely to be obtained. Thus Puriewitsch insists that the absorption 

of energy depends on the concentration of carbon dioxide; his 

results are given in the table overleaf. 

The beauty of Brown and Escombe’s work lies not in the 

reliability of the results obtained by measurement or calculation, 

but in the fact that they are the first, and up to now, the only 

investigators who have attempted to obtain a complete balance 

sheet for the leaf in regard to energy. 

1 We do not discuss here the elaborate work of Wiesner (1907), which 
although interesting in its conceptions of light in respect of plant physiological 
and ecological problems, does not render much help to the problems under 
review on account of the inadequate method of energy intensity measurement 
by means of photographic paper. On the other hand many of the observations 
recorded may become useful as a basis for future observations. 
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TaBLe XLI. 

The Absorption of Radiant Energy by the Leaf in the Presence 

and tx the Absence of Carbon Dioxide (Puriewitsch). 

Ratio of Energy hendene 

CO2 pettleins sorbed by the 
i Duration of in leafin presence 

ine ~ Baperment: Pals ge"| sanded | ana i 
absence of COs absence of CO, 

percent, percent 

Aristolochia Sipho | 27 May 1910] 11.25 a.m.-12.43 p.m.| 1:2 95:0 5:0 

1.1—2.8 p.m. “6 90°4* 9°6 

” ” ” ” 11.25 a.m.-12.43 p.m. ,, 92:2 78 

1.1—2.8 p.m. 4 95:4* 4-6 

Catalpa speciosa 1 June 1910} 11.55 a.m.-1°0 p.m. 0-7 99:0 10 

Acer platanoides | 2 June 1910 | 11.29 a.m.-1.14 p.m. | 1:7 98°3 1:7 

*The values marked with an asterisk were obtained by means of a Rubens 
thermopile, the remainder by means of the Bolometer. 

Brown and Escombe suppose that the total radiant energy 

falling on the leaf is used in the following ways ; 

(1) in assimilation, 

(2) in transpiration, 

(3) by transmission through the leaf, 

(4) by thermal emission (if the leaf temperature is higher than 

that of its surroundings, as it usually is, this is positive, but if lower 

the thermal emission is negative, that is, the leaf gains energy from 

its surroundings). 

We have indicated earlier in this chapter that Brown and 

Escombe estimated the assimilation by calculating the increase in 

dry weight from the intake of carbon dioxide and the assumed heat 

of combustion of the products. Thus, in this first determination, 

two assumptions are made, the accuracy of which is not 

confirmed by measurement. One of these is the assumption that 

1 gram of carbon dioxide absorbed is equivalent to 0°64 gram of dry 

matter; the other that the heat of combustion of the products is 

3:76 x 10° gram-calories. 

The transpiration was determined by weight, and the energy 

used in transpiration calculated from the heat of vaporisation of 

water at the particular temperature. 

The energy transmitted was calculated from the coefficient of 

absorption of the leaf, which was found in the following manner, 

A day of bright sunshine was selected and the intensity of radiation 
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of sunlight measured. The leaf was interposed above the coils of 

the instrument for a few minutes and the intensity of radiation 

again measured. The leaf was then withdrawn when the value of 

the full intensity of radiation was again recorded on the drum of 

the self recorder. The ratio of the middle reading to the mean of 

the first and third readings gives the coefficient of transmission, 

and the difference between unity and the coefficient of transmission 

is the coefficient of absorption. The following table shows the 

coefficients of absorption and transmission found by Brown and 

Escombe for various species. 

Taste XLII. 

Coefficients of Absorption and Transmission of Radiant Energy 

of Sunlight. 

Species. Se of Tae: 

Helianthus annuus ... 38 ns agg 0-686 0-314 

Polygonum Weyrichii ess ae as 0-647 0-353 

af Sacchalinense wie oe 0-691 0-309 

Petasites officinalis ais ae ae 0-728 0-272 

Silphium terebinthaceum sey ts 0-699 0-301 

Arctium majus oa ag ice 3 0°728 0-272 

Verbascum olympicum _... at oes 0:°758 0-242 

Senecio grandifolius oe ae tes 0°774 0-226 

No considerable difference in the coefficient of absorption was 

found between leaves of the same species of different ages. 

Of course, in these determinations the part of the energy 

reflected from the surface of the leaf is neglected. Brown and 

Escombe regard the reflected energy as forming a very small 

fraction of the total incident energy, but having regard to the 

information available from pure physics it is unlikely to be negligible, 

as a black cloth, for instance, may reflect 1% of the radiant energy 

incident upon it. 

The difference between the total incident energy absorbed on 

the one hand, and that used in assimilation and transpiration on the 

other hand, gives that part of the energy lost by re-radiation, 

conduction and convection, 7.¢., that lost by emission. 

The following numbers show the results of a typical experiment. 
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Tropeolum majus, September 11th, 1900. 

Leaves in sunlight under canvas screen. 

Duration of experiment 4°8 hours. 

Assimilation of CO, per sq. decimetre per hour... 1:210 c.c. 

Transpiration of water ,, ss = ... 0°1340 gm. 

Solar radiation incident on leaf per sq.cm. per min. 0:1282 gm.-cal. 

Coefficient of absorption ss ‘9 “ 0-700 

Solar radiation absorbed by the leaf ,, i 0:0897 gm.-cal. 

Energy expended in assimilation _,, “9 5 0:0010 ,,_ ,, 

98 ‘5 », transpiration —,, +5 5 0:0132 ,,_ ,, 

Total Energy used for internal work ,, 5 5 0:0142 ,, ,, 

Energy lost by re-radiation and convection ,, i 0:0755 ,,_ ,, 

In the following table we give the summary of the energy 

relations as estimated by Brown and Escombe in five such experi- 

ments on Polygonum Weyrichii. 

TaBLe XLIII. 

Mode of Disposal of Energy by the Leaf of Polygonum Weyrichii. 

Total Energy Received 100. 

Energy lost by Energy Energy used | Total Energy | Energy lost ea 
Experiment. used in in expended in y Rerradiacion 

Assimilation, | franspiration. | Internal work. | Transmission. ane’ alr 
Convection. 

1 0°42 9:67 10:09 35°31 54:60 

2 1:59 53°60 55°19 35°30 9°51 

3 1°66 57°01 58°67 35°32 6-01 

4 1°32 35°64 36°98 35:28 27°76 

5 0°49 52°72 53°21 35°30 11:49 

In order to indicate the conditions of experiment, we give overleaf 

(Table XLIV) the actual experimental data of these five experiments 

as recorded by Brown and Escombe. 

We do not intend to analyse in detail the results obtained by 

Brown and Escombe, as for reasons already given, we consider that 

at present it is not possible to obtain absolute values of the energy 

used in different processes. More light must be shed on the 

complexity and influence of the various factors before such 

numbers as Brown and Escombe’s can be discussed with profit. 

How much importance can be attached to such calculated 

values is indicated by the estimations of leaf temperature by Brown 

and Escombe. To obtain this they start with the assumption that 
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if a leaf is transpiring in the dark, its temperature will fall until the 

energy used in transpiration is equal to that which it receives from 

its surroundings in the same time. In some experiments made by 

Brown and Wilson (1905) it was found by measuring the temperature 

of leaves and the loss of water by transpiration, that when there 

is a temperature difference of 1°C between the leaf and its 

surroundings, the leaf of Tropocolum majus, for example, receives 

or loses, as the case may be, 0:01427 calories per square centimetre 

per minute in stillair. This is the thermal emissivity. In Brown 

and Escombe’s experiments the total energy lost by radiation is 

obtained by difference, and the division of this number by the 

thermal emissivity calculated by Brown and Wilson is supposed to 

give the difference in temperature between the leaf and_ its 

surroundings. As the temperature of the latter is measured, that 

of the leaf is at once deduced. 

We do not propose to discuss Brown and Wilson’s method of 

finding the thermal emissivity, as the method of estimating the 

leaf temperature is crude, and other factors which may be important, 

such as respiration and temperature, are regarded as negligible. It 

is only to be expected that the temperatures so estimated should 

be far removed from the real temperatures. As Blackman and 

Matthaei (1905) point out, the temperatures given in Brown and 

Escombe’s tables “for leaves in the sun in the open air are never 

more than 2°C above the shade temperature of the air, while our 

few direct measurements with cherry-laurel leaves, brilliantly 

insolated, indicated 7° to 16°C above the thermometer in the shade.” 

We may add that differences similar to those observed by Blackman 

and Matthaei and of even greater magnitude have been observed by 

various workers, notably by Askenasy (1875), Ewart (1897) and 

Stahl (1909). 

Brown and Escombe’s results show that only a small proportion 

of the energy absorbed by the leaf is used in carbon assimilation, 

but that the actual percentage used for this purpose is a very 

variable quantity. This conclusion has also been reached by 

Puriewitsch (1914), who measured the total radiant energy incident 

on the leaf by means of the bolometer (see Kurlbaum, 1894). The 

energy used in assimilation was obtained in some cases by direct 

measurement of the increase of the heat of combustion per unit 

area of the leaf as described in the previous section of this chapter. 

Unfortunately, only a few such determinations were made, and the 

values for the remaining experiments calculated from them. 
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We may quote the results of atypical experiment of Puriewitsch. 

Two leaves of Acer platanoides were used. The intensity of 

radiation incident on the leaf was measured every 10 minutes 

during the experiment which lasted 6 hours, and the total energy 
calculated. 

The increase in dry weight was obtained by the half-leaf 

method. 

The following results were obtained :— 

Before Insolation. After Insolation. 

Area of half leaf... .. 816°6 sq. cm. ae 3168 sq. cm. 

Dry weight of half leaf ... 1:2494 gm. sn 1:3952 gm. 

Dry weight per sq.cm. ... 0:0039 gm. oe 0:0044 gm. 

Heat of combustion of 1 gm. 

dry weight... .-- 4300:21 gm.-cal. ... 4313:46 gm.-cal. 
Heat of combustion per sq. 

cm. fe ... 16770 ,, wa 18:978 ,, 

Increase of heat of combustion after insolation per sq. cm.— 

2208 gm.-cal. 

Total energy incident on leaf per sq.cm. 361:03 gm.-cal. 

Quantity of radiant energy used in assimilation 0-6%. 

As we have stated before, conclusions in regard to the relation 

between the intensity of the radiant energy and that part of it used 

in assimilation, cannot be drawn until our information in regard to 

the various factors is considerably enlarged. It can, however, be 

concluded that with high light intensities only a small part of the 

incident radiant energy is utilised for assimilation. The lowest 

value, for instance, obtained by Puriewitsch was 0-6% for an average 

light intensity of 1-003 gm.-calories per minute. But it will clearly 

be seen from the table below that other factors besides light intensity 

are operating. 

Brown and Escombe’s figures exhibit similar variations- in the 

percentage of sun energy utilised in assimilation, but on the whole 

they are lower. This difference is easily accounted for by the 

different method employed in measuring the assimilation. Brown 

and Escombe, as we have shown, used the intake of carbon dioxide 

in conjunction with a carbohydrate factor and an estimated value 

of the heat of combustion in order to obtain a measure of the 

energy used in assimilation. Their method is likely to yield more 

uniform though perhaps not more accurate results than the half 

leaf method employed by Puriewitsch, who did not attempt to 
correct any of the sources of error of the method, which it might 

J 
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TABLE XLV. 

Percentage of Radiant Energy Incident on the Leaf used in 

Assimilation (Data from Puriewitsch). 

Duration | Total Inci- | Increase in Intensity of Percentage 

Species Giniek _fablzeperl Monies ay [ies ort eAAlanU Hees Ottun onesdy 
hrs. &min.| in gm.-cal. |cm.ing.-cal.|sq. cm. per min.|Assimilation. 

Acer platanoides 30 May, 1912 6.0 361-03 2-208 1-003 06 

” ” 2June, 4 5.0 162°59 1:332 0-542 0:81 

si a 13 as sti 6.0 240°33 6:508 0-667 27 

a 9 19 61 5.0 202°20 2°630* 0-674 13 

Helianthus annuus iL 2, ee 4.30 132-48 5:977 0°454 4:5 

Polygonum sacchalinense| 31 May, ,, 1.20 70°85 5509 0-885 7:7 

” ai 3June, ,, 3.0 122°33 5-076 0:679 i 4-1 

a ss WG 4 os 1.50 97°62 2°585* 0°887 2:6 

a ” 1 si 2.20 123-18 4:656 0-880 37 

” ” Zh. si *9 5.0 136°81 1:540 0°456 11 

es se 23 45 a 5.0 177-00 4-514* 0-590 2:5 

Saxifraga cordifolia 6 ,, io 2.20 68-16 3:450 0°487 5:0 

*The values marked with an asterisk were actually observed. The 
remaining values in this column were obtained by calculation. 

have been possible to correct. 

We may now attempt to correlate the results of Brown and 

Escombe and of Puriewitsch with those of Blackman on light as a 

factor inassimilation. It will be recalled that on Blackman’s view of 

limiting factors, if we commence with a very low light intensity, 

increase in light (radiant energy) will result in a proportionate 

increase in assimilation until some other factor, such as carbon 

dioxide supply, is limiting the rate. The curve connecting the light 

intensity and the rate of assimilation will be of the form already 

shown in Fig. 5. As regards the proportion of the radiant energy 

used in assimilation, this should remain constant on Blackman’s 

view so long as light is the limiting factor, for the rate of assimilation, 

and consequently the energy used for it, is directly proportional to 

the intensity of the light. But when the light is increased so that 

some other factor is limiting the rate of assimilation, then if that 

factor remains constant, increase in light intensity will result in a 

decrease in the percentage of radiant energy used in assimilation. 

In many of Brown and Escombe’s experiments the intensity of 

illumination is roughly inversely proportional to the proportion of 

the energy used in assimilation, but this relation is not by any means 
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exact or even approximate. It suggests, however, that in some of 

Brown and Escombe’s experiments at any rate, radiant energy was 

in excess, and some other factor was limiting the rate of assimilation. 

In a set of experiments they performed in which the proportion of 

the full radiant energy of the sun utilised in assimilation was 

compared with that proportion of it so utilised when it was reduced 

to a fraction of the full energy by means of rotating sectors placed 

above the leaf, it was always found that reducing the intensity of 

illumination increased the proportion of energy used in assimilation. 

This is exactly what one would expect, as in the experimental 

arrangement of Brown and Escombe, the full intensity of radiant 

energy falling on the leaf would be likely to be in excess of that 

required for the carbon dioxide supply. 

Similarly, in Puriewitsch’s experiments, although unfortunately 

no data whatever are given in regard to temperature, it seems likely 

that the radiant energy was not limiting the rate of assimilation. 

The carbon dioxide supply was low, namely that of the atmosphere. 

The intensity of radiation was, on the other hand, in all cases 

moderately high. Under these conditions we should expect that 

carbon dioxide supply would be the limiting factor and that the 

variations in the total radiant energy in the different experiments 

would be without influence on the rate of assimilation. Consequently 

we should expect that the proportion of the sun energy used in 

assimilation would vary inversely with the intensity of illumination. 

Such, however, is not by any means the case, and it is clear we 

must look for other factors of which no data are given, to explain 

the results obtained. Puriewitsch does indeed point out that his 

numbers show that the rate of assimilation falls off with time (cf. 

Blackman’s time factor) but this will not explain his results com- 

pletely. We have here a particular instance of that lack of correl- 

ation of effort to which we have referred in the first section of this 

chapter, for if Puriewitsch had taken cognizance of Blackman’s 

researches, his experiments might have yielded results of much 

greater significance. It is only fair to Puriewitsch to point out that 

he regards his experiments as preliminary. 

E. AssiMiLaTIOoN IN RELATION TO RapIANT Enercy oF DIFFERENT 

Wave-LencTus. 

On this subject no satisfactory work has so far been performed, 

althoughit has been a favourite subject for investigation for more than 

acentury. Onthe one hand in no case is the method employed for the 
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measurement of energy satisfactory, and on the other hand the 

methods used for measuring assimilation are very crude. Also the 

fundamental aspects of the problem seem to have escaped the 

notice of most investigators, in spite of its vital importance. 

Having regard to the present state of our knowledge concerning 

radiant energy derived from pure physics, and to what we now know 

of the processes of carbon assimilation, it ought to be possible to 

attack the problems profitably.) 

Concerning the subject with which we deal in this section, 

there exists a very voluminous literature, to which undue importance 

is generally given in text-books. 

The earliest investigators, as for instance, Senebier (1788) and 

Dumas (1841) supposed that the blue-violet rays were of most 

importance in assimilation. Daubeny (1836) and Draper (1844) as 

well as Sachs (1864 b) and Pfeffer (1871) were of the opinion that the 

yellow rays were those utilised in assimilation. Lommel in 1871 

suggested that the rays most strongly absorbed by chlorophyll, 

namely those between the B and C lines in the red part of the 

spectrum, were those most active in assimilation. 

Attempts have also been made by Timiriazeff (1877, 1885), 

Reinke (1884) and Engelmann (1882, 1884) to discover in which part 

of the spectrum assimilation takes place. They all agree that 

maximum assimilation takes place in the red part of the spectrum, 

although they differ as to the exact position. Engelmann, using the 

most sensitive, though not necessarily the most accurate method, 

obtains a secondary maximum in the blue-violet end of the spectrum. 

Timiriazeff and Richter (1902) appear to be aware of the fact that 

smaller assimilation in the blue part of the spectrum of sunlight 

may be explained by the less intensity of radiation in that region. 

Richter and others contend that the assimilation depends only on the 

energy of the absorbed light and not on the wave length. 

The conditions in all these experiments were such that 

discussion of them is not justified; we mention them here mainly 
on account of their historical interest. 

It does not appear from all this earlier work whether the 

assimilation would be the same if a leaf were exposed to red or to 
1 We are confronted with the following problems :— 
1. The intensities and relative proportions of the different frequencies of 

radiation incident on the leaf. If sunlight is concerned, astrophysical and 

meteorological factors are of considerable influence here, but a discussion of 
this aspect of radiation is outside the scope of this review. 

2. The relative absorption by the leaf of radiation of different frequency. 

3. The relative proportion of absorbed energy of any particular frequency 
which is used in assimilation. 
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blue light of the same energy. This problem has been attacked 

by Kniep and Minder (1909). They used a Rubens’ thermopile for 

the measurement of radiant energy. Light of different colours were 

obtained by the use of different filters. 

For red a glass filter was used which let through light of wave 

lengths 620nn—infra red, and a little light of wave length 608yp. 

The coefficients of transmission given for different wave lengths 

were— 
Wave Length. Coefficient of Transmission. 
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The blue filter let through light of wave lengths 523-8n,—ultra 

violet. The coefficients of transmission given for different wave 

lengths were— 
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Fic. 18. Energy Intensity in the Normal Spectrum of direct Sunlight 

after Langley (Curve A), compared with the Energy Intensity in the Spectra 

of Sunlight after its passage through Red (Curve R) and Blue (Curve B) Filters. 

The broken part of Curve Ris assumed. (After Kniep and Minder). 
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As a green filter was used a solution obtained by mixing a 

solution of potassium monochromate with ammonical copper oxide. 

This solution let through light of wave lengths between 512pp and 

524up. No quantitative data were obtained in regard to the 

coefficients of transmission. From those coefficients of transmission 

measured and from the curve of distribution of energy in the spectrum 

of the source of light it is possible to construct curves showing the 

distribution of energy in the various regions of the spectra of the 

light let through the filters. So, for instance, the distribution of 

energy in the solar spectrum has been examined by Langley (1882) 

and Fig. 18 shows the distribution of energy in the solar spectrum 

and the distribution of energy in the light let through Kniep and 

Minder’s red and blue filters. 

Kniep and Minder only performed their experiments on 

cloudless days at Naples between 11] a.m. and 2.30 p.m. when the 

intensity of the light and the distribution of energy in the spectrum’ 

remained moderately constant. Heat rays were excluded by the 

use of screens of distilled water. 

It is to be regretted that these authors, after having realised 

the essential facts of energy distribution in the spectrum and after 

introducing reliable methods, should render their experiments 

ineffective by using a method for measuring carbon assimilation 

which is one of the most unreliable. This method, which consists in 

measuring the rate at which bubbles of gas are given off by an 

assimilating submerged water plant,” has recently formed the subject 

of an investigation by Kniep himself (1915), who shows how many 

and serious are the sources of error in it. In order to employ this 

method, Kniep and Minder had to reduce the intensity of radiation 

by a series of screens of different substances: water, copper 

sulphate, potassium dichromate, more screens being used for the red 

than the blue in order to bring the intensity of the radiation to the 

same value in the two cases. By doing this, of course they 

necessarily alter the distribution of energy, and the values obtained 

for transmission and distribution of energy to which we have already 

referred, have not much bearing on the actual experiments. 

’ The relative intensity of the light of the blue part of the spectrum is very 
small in the morning, increases towards mid-day, and falls off again in the 
evening. 

2 This method, generally known as the ‘‘ bubbling method,’’ was due, like 
so much in plant physiology, to Sachs. Accounts of researches in which it was 
used are to be found in the works of, ¢.g., Pfeffer (1897), Reinke (1883, 1884), 
Pantanelli (1903) and Treboux (1903). 
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The conclusion they draw from their experiments is that blue 

and red light of the same intensity produce the same assimilation. 

Green light is incapable of producing assimilation. The absolute 

intensity of energy incident on their plants is of the order of 0-005 

gm.-calories per sq. centimetre per minute, and although it is likely 

that with this low energy intensity, light is a limiting factor, yet 

it cannot be assumed that thisis so. Kniep and Minder appear to 

be unaware of Blackman’s work on limiting factors, and they give 

no data relating to factors other than light intensity. It would, 

therefore, be impossible to draw any valid conclusions from their 

results, even if their experimental method were beyond criticism. 

Investigations along another line have been made by attempting 

to measure that part of the total energy absorbed by the leaf, which 

is actually absorbed by the chlorophyll. The experiments of 

Timiriazeff (1903), in which the absorption of radiant energy by 

alcoholic extracts of leaves was taken as a measure of the absorption 

of light by chlorophyll, are clearly of little value, as his leaf extracts 

would contain far less chlorophyll than impurities. Also the state 

of aggregation of chlorophyll and its distribution in the leaf are 

different from those in an alcoholic extract. 

Again, the isolated experiments of Brown and Escombe (1905) 

in which the absorption of radiant energy by the white and green 

portions of a leaf of Negundo aceroides was compared and the 

difference between the two values attributed to the chlorophyll, 

is not to be regarded as providing any definite evidence, for it is 

unfair to assume that the conditions in green and albino parts of a 

leaf are identical except for the presence of the pigment, and 

moreover, the considerations we have already put forward in regard 

to Brown and Escombe’s measurements of coefficients of absorption 

hold equally well here. 

Nevertheless, in a comparatively recent publication, Weigert 

(1911) has accepted Brown and Escombe’s result for the Negundo 

leaf, and applied it to work out the efficiency of the assimilatory 

system for another species. Brown and Escombe had found that 
in one of their experiments on the energy relations of the leaf, an 

intensity radiation of 0:5 gm.-calories per sq.centimetre per minute 

could be reduced to jy of this amount without diminishing the 

rate of assimilation; with further reduction of light intensity this 

became the limiting factor. They estimated the energy used for 

assimilation at 0:0017 gm.-calories per sq. centimetre per minute 

ise., 4°1% of the total incident energy. Now these workers found 
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in their experiment with the Neguudo leaf that 4:2% of the total 

incident energy is absorbed by the chlorophyll. These incidental 

numbers have been given some importance by Weigert, who 

assumes from them that ae or 98% is the efficiency of the assimil- 

atory system. This result is indeed, as Weigert himself admits, 

surprising, and he regards the plant as the most ideal photochemical 

machine which could possibly exist. Presumably Weigert would 

have been still more surprised if he had chosen a value from 

another of Brown and Escombe’s experiments in which 4:48% of 

the total energy received by the leaf was used in assimilation. This 

4 or 107%. 
But without this absurdity it is clear that numbers obtained 

from such data are completely valueless. 

by his method would have given an efficiency of 
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CuHapter VII. 

Theories of Carbon Assimilation. 

A. GENERAL REMARKS. 

It is significant to note that the contributions to the literature 

with which this chapter deals, are not the work of those plant 

physiologists who have built up this branch of their subject: 

de Saussure, Sachs, Pfeffer, F. F. Blackman. It seems as if 

those who by years of experience have obtained most insight into 

the complexity of plant processes have realised that the only way 

for development lay in bringing to light facts, and endeavouring to 

determine the laws underlying these facts. 

It is remarkable that all the theories of carbon assimilation 

have not advanced the state of plant physiology in the least ; 

it would not have materially altered our knowledge of plant 

processes if all that voluminous literature had never appeared. 

Thus none of the various aspects of carbon assimilation with 

which we have dealt in the preceding chapters owes anything of 

its development to any theory of carbon assimilation that has ever 

been advanced. 

It is surprising that no protest has been raised by plant 

physiologists against the overwhelming tendency to publish theories 

which have little or no reference to the facts of assimilation by the 

plant. Spoehr’s recent paper, “The Theories of Photosynthesis in 

the Light of Some New Facts” (1916), is indeed a voice raised in 

the desert. We should specially like to draw attention to this 

paper which critically examines one group of theories, those based 

on the formaldehyde hypothesis. Generally speaking, we agree 

with Spoehr’s statement, that “ It can safely be said at the outset 

that, when critically considered from a physiological view point, 

none of the existing theories is even moderately well established 

by observations of facts.” 

In the following we shall cite the theories and suggestions of 

various chemists who have directed their attention to the problems 

of carbon assimilation, namely A. Baeyer, J. H. van’t Hoff, 

M. Siegfried, and R, Willstatter. Only the hypothesis of Baeyer 

seems to have aroused any interest among botanists, as the 

literature of the subject sufficiently indicates, and it is not unusual 

to find Baeyer’s hypothesis almost accepted as an axiom in 
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biological text-books. Here again we agree with Spoehr who 

expresses as his opinion, “In recent years this hypothesis has 

largely directed the course of the investigations in this subject, 

and it seems to the writer, to the detriment of critical and inde- 

pendent thinking on the broader aspects thereof.” 

B. Hypotuesis OF BArYER. 

We shall in what follows only deal with Baeyer and his 

followers as briefly as possible, as those interested in this branch 

of this subject will have no difficulty in finding ample references to 

the literature in text-books and journals. 

Before Baeyer’s time the chemists, for instance, Liebig (1843b), 

Kolbe and Schmidt (186]), and Berthelot (1864), appear to have 

been of the opinion that in the process of assimilation organic acids 

were produced from which carbohydrates were subsequently 

formed. Inthe course of a paper, entitled “ Ueber die Wasserent- 

ziehung und ihrer Bedeutung fir das Pflanzenleben und die 

Gahrung,” Baeyer threw out a suggestion as to the formation of 

formaldehydeas an intermediate product of assimilation, a hypothesis 

which was really based on Butlerow’s observation (1861) that 

trioxymethylene (a condensation product of formaldehyde) on 

heating in alkaline medium yields a syrupy product with some of the 

properties of sugars. 

We give below Baeyer’s suggestion in a translation of his own 

words. 

“The general assumption in regard to the formation in the 

plant of sugars and related bodies, is that in the green parts carbon 

dioxide under the action of light is reduced and by subsequent 

synthesis transformed to sugar. Intermediate steps have been 

sought in organic acids: formic acid, oxalic acid, tartaric acid, 

which can be regarded as reduction products of carbon dioxide. 

According to this opinion, at those times when the green parts of 

the plant are most strongly subjected to the action of the sun’s rays, 

a strong accumulation of acids should take place, and these should 

then gradually give place to sugar. As far as I know this has 

never been observed, and when it is remembered that in the plant 

sugars and their anhydrides are formed under all circumstances, 

whereas the presence of acids varies according to the kind of plant, 

the particular part of it and its age, then the opinion already often 

put forward, that the sugar is formed directly from the carbon 

dioxide, increases in probability. 
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The discovery of Butlerow provides the key, and one may 

indeed wonder that so far it has been so little utilised by plant 

physiologists. The similarity which exists between the blood 

pigment and the chlorophyll of the plant, has often been referred to; 

it is also probable that chlorophyll as well as haemoglobin, binds 

carbon dioxide. Now when sunlight strikes chlorophyll which is 

surrounded by CO,, the carbon dioxide appears to undergo the same 

dissociation, oxygen escapes, and carbon monoxide remains bound 

to the chlorophyll. The simplest reduction of carbon monoxide is 

that to the aldehyde of formic acid; it only requires to take up 

hydrogen, 

CO + H, =COH,. 

This aldehyde is then transformed under the influence of the 

cell contents as well as by alkalies, into sugar. Asa matter of fact 

it would be difficult, according to the other opinion, by a successive 

synthesis, to reach the goal so easily! Glycerin could be formed by 

the condensation of three molecules, and the subsequent reduction 

of the glyceric aldehyde so formed. 

The formation of sugar in a more complicated way is not 

hereby excluded, and it could very well be possible that plant acids 

under certain circumstances are transformed into this substance, 

which in a thousand different forms helps to build up the body of 

the plant. 

In what manner the cell content acts in order to effect the 

condensation of formaldehyde cannot be concluded beforehand, but 

one can assume that the sugar formed remains bound with it, and 

later, according to circumstances, splits off into carbohydrate, sugar, 

starch or glucoside. This is exhibited at least in the life-history 

of the slime fungi in which at a certain stage, from a mass similar to 

the cell content, a great quantity of cellulose is suddenly different- 

iated. In this connection it would be very interesting to examine 

chemically the slime fungi in various periods of their life, and 

determine whether they contain free sugar or free anhydrides, or 

whether from the plasmodium sugar or cellulose could be split off 

in the same way that this takes place in the natural process of 

development.” 

The experimental evidence which has been adduced in support 

of Baeyer’s hypothesis is not of much interest, and in most cases 

an unjustifiable parallel is drawn between experiments carried out 

‘‘in vitro’ and processes in the cell. So long as our knowledge of 

the heterogeneous system in which these latter take place is so 
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incomplete, it is impossible to draw conclusions from experiments 

in which the conditions are clearly so different. 

The experiments in relation to Baeyer’s hypothesis fall into 

three groups :— 

1. Experiments on the formation of formaldehyde in (a) 

systems containing carbon-dioxide and water, (b) systems con- 

taining carbon-dioxide, water and chlorophyll, (c) leaves. 

2. Experiments on the formation of sugars from form- 

aldehyde. 

3. Feeding experiments with formaldehyde. 

1. (a) The production of formaldehyde from carbon dioxide and 

water in the absence of chlorophyll certainly seems possible under 

certain conditions. For instance, Fenton (1907) and D. Berthelot 

and Gaudechon (1910) have each succeeded in reducing carbon- 

dioxide to formaldehyde under appropriate conditions, but there is 

no evidence that these conditions are inthe least comparable to those 

in the plant. References to further work in this connection will 

be found in the paper by Spoehr already cited, in which this side of 

the question is critically dealt with. 

(b) Experiments dealing with the photochemical production 

of formaldehyde from systems containing carbon dioxide, water 

and chlorophyll have all been made with crude chlorophyll, and in 

most cases oxygen has not been removed from the system. In 

order to repeat these experiments critically we ourselves extracted 

some pure chlorophyll (a + 0). The results obtained in the experi- 

ments made with this pure chlorophyll are recorded in a paper by 

Jorgensen and Kidd (1916). It was found that the production of 

formaldehyde was always due to the oxidation of chlorophyll. In 

systems containing only carbon dioxide, water and chlorophyll no 

formaldehyde is produced. 

(c) Pollacci (1899—1907), Grafé (1906), Kimpflin (1907) and 

R. J. H. Gibson (1908) contend that formaldehyde can be identified 

in leaves after illumination, while Curtius and Franzen (1912) 

contend that other aldehydes are produced, ¢.g., « 8 hexylene 

aldehyde, but in view of the critical experiments of Fincke (1913) 

and Spoehr (1913) it is clear that under various conditions a large 

number of substances in the plant will produce aldehydes. 

Thus experiments of this type do not give support to the formal- 

dehyde hypothesis. 

2. In view of the experiments of Butlerow (1861), Fischer 

(1888, 1889} and Loew (1889), and above all Nef (1910, 1913) it 
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seems certain that various monosaccharides can be produced from 

formaldehyde under certain conditions. But these conditions, 

generally high temperature and alkaline medium, are not the 

same as those existing in the plant, so that it is impossible to 

argue from these experiments “in vitro” as to the possible con- 

densation of formaldehyde to sugar in the leaf. Nor do we know 

of any photochemical or enzymatic reactions which could bring 

about this change. 

3. It has been urged that carbon assimilation should proceed 

in absence of carbon dioxide if an intermediate product were 

given asnutrient. Thus Loew (1889) and Bokorny (1888-1911) insist 

that Spirogyra in absence of carbon dioxide, but in presence of 

the sodium bisulphite compound with formaldehyde can form 

starch, while Grafe (1909, 1911) and Miss Baker (1913) 

have urged that plants can so utilise gaseous formaldehyde itself 

if this is present in the air in a concentration sufficiently low to 

prevent toxic effects. This only takes place in the light; in the 

dark formaldehyde is toxic. Spoehr established that formaldehyde 

vapour mixed with air is quickly oxidised to formic acid in sun- 

light, so that Grafe’s and Miss Baker’s experiments could only be 

used in favour of a formic acid theory of assimilation. 

Moreover, the utilisation of a substance by the leaf is no proof 

that that substance is an intermediate product in carbon assimila- 

tion, as we know of several substances which can be utilised by 

the plant, such as glycerine and sugars not normally found in the 

leaf, but which nevertheless are not generally supposed to be 

intermediate products. 

Again it has not been found possible to utilise carbon-mono- 

oxide in assimilation, as has been shown for example by de Saussure 

(1804), Boussingault (1868) and Krashéninnikoff (1909). 

Thus it is seen,as Spoehr expresses it, that Baeyer’s hypothesis, 

“ though alluring on account of its simplicity, is by no means as well 

established as many writers on the subject would have us believe.” 

Indeed it seems to us that the words of Sachs written 35 years 

ago (1882, 1887) are as applicable now as on the day when 

they were written; “whether it is right to claim, with Bertlelot 

and Kekulé, formic acid or some other member of the formyl group 

as the first product of assimilation, on account of its simple con- 

stitution, | hold as at least very questionable; and it has hitherto 

been proved by nothing.” 
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C. Succestion oF van’T Horr, 

Baeyer’s hypothesis is based on the synthesis of carbohydrates 

in the laboratory by ordinary chemical processes. It is difficult, 

as we have pointed out, to imagine that the laboratory conditions 

required for this synthesis should be comparable with those in the 

plant. Much more stimulating and interesting therefore, is the 

suggestion of van’t Hoff that the reversible enzyme action is a 

characteristic of many reactions in the plant. It is not clear from 

the few remarks of van’t Hoff in what manner he thought the 

photochemical reaction and synthetic enzyme reaction should 

co-operate in the production of carbohydrates. His main interest 

appears to have centred on the problem as to the substances from 

which the main products of assimilation could have been synthesized 

by enzyme reaction. So for instance at a lecture in Dusseldorf in 

1898, he said “It was pointed out by Tammann that under the 

action of emulsin, amygdalin is only partially split and that this 

hydrolysis proceeds further if the products are removed. Perhaps 

if he had added a further amount of products of hydrolysis, he 

might have succeeded in synthesizing amygdalin. Duclaux put 

forward transformation formule, which again suggest the attainment 

of an equilibrium, and Hill seems to have effected the synthesis of 

maltose from glucose by means of a yeast enzyme. Unless a 

ferment undergoes alteration of some kind during its period of 

activity, it follows, on theoretical grounds, that a condition of 

equilibrium and not one of total change must be brought about, 

and that therefore the opposite reaction must be induced. We are 

indeed justified in asking the question, whether (by application of the 

theory of equilibrium), under the influence of zymase and by exceeding 

a certain limiting opposing pressure of carbon dioxide, glucose might 

not be formed from alcohol and carbon dioxide, and moreover 

whether trypsin may not be able, under conditions prescribed by 

the theory of equilibrium, to form protein from the products of the 

hydrolysis, which it brings about under other conditions.” (Bayliss’ 
translation, 1914; the italics are our own.) 

It is to be regretted that this suggestion has not attracted the 

attention of plant physiologists as work on the lines indicated by 

van’t Hoff’s suggestion, would at least have been likely to result in 

lasting contributions to our knowledge of plant processes. Such 

work is of course considerably more difficult that the carrying out 

of qualitative tests for formaldehyde, which constitutes the bulk 

of the work done on behalt of Baeyer’s hypothesis, 
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The subject is clearly one which interested van’t Hoff deeply, 

as is seen from his letters and diary (Cohen, 1912), and he intended 

to subject the problems to an extensive investigation. Bad health, 

and finally death, prevented him from carrying out this project, 

and we only possess from his hands two papers on the subject 

(1909, 1910) entitled “On Synthetic Enzyme Action,” neither of 

which is of interest here. 

Van't Hoff’s suggestion obtains a new interest in view of 

Willstatter’s discovery that chlorophyll is a double ester of two 

primary alcohols, and that leaves contain an enzyme which can 

effect hydrolysis or alcoholysis of chlorophyll, and can also 

synthesize chlorophyll from phytol and chlorophyllid (Willstatter 

and Stoll, 1911, 1913). Unfortunately, as we have pointed out 

earlier, Willstatter’s contention that the amount of pigment is not 

altered during assimilation, only holds for the chromogen complex, 

and provides no information as regards the alcohol groups. 

Therefore we have no indication whether chlorophyllase or the 

alcohol groups play any part in the processes of carbon assimi- 

lation. 

D. SuGGEsTION OF SIEGFRIED. 

Siegfried (1905) worked on the action of carbon dioxide on 

amino-acids and proteins, and came to the conclusion that definite 

compounds, carbaminic acids and carbaminates are produced. 

Thus he says that his results “appear to justify the assumption 

that where carbon dioxide meets protein in the animal organism, 

carbon dioxide is fixed organically, and that the compounds so pro- 

duced dissociate again with evolution of carbon dioxide.” After 

discussing the bearing of this conclusion on various processes in 

animal physiology, such as blood processes, and the working of 

muscle, he concludes: “ Finally, plant physiology also will have 

to concern itself with this question. Where there is chlorophyll 

there is also protoplasm. If by the intake of carbon dioxide by 

the plant carbamino groups are formed, the intake of carbon 

dioxide will be accelerated. Instead of, or along with the question, 

how is carbon dioxide reduced, the question must be solved, how 

are carbon acids reduced.” 

It will be seen that we have here a suggestion in regard to the 

processes of carbon assimilation which differs markedly from 

the Baeyer hypothesis. It is generally assumed that in the first 

stage of the assimilatory process the carbon dioxide takes part in 
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a photochemical reaction; in Siegfried’s view on the other hand 

the first stage of carbon assimilation is a purely chemical process, 

and the photochemical reaction occurs in a complex carbon com- 

pound. This suggestion of Siegfried’s has been as completely 

neglected by plant physiologists as that of van’t Hoff, although it 

offers possibilities of connecting carbon assimilation with nitrogen 

assimilation in a way which is not possible on the Baeyer 

hypothesis. 

Purther interest in Siegfried’s suggestion should result from 

the extensive researches of Ciamician and Silber (1901-1915) on the 

photochemical reactions in complex organic compounds. Willstatter 

and Stoll (1915b-d) seem unaware of the work of Siegfried, but 

express almost identically the same view in regard to the accumula- 

tion of carbon dioxide in the protoplasm by means of proteins. 

E. THeEoRIES OF WILLSTATTER. 

; It cannot be said that the development of plant physiology 

‘ during the last hundred years has been very rapid, nor is the 

position which it occupies among other branches of botanical 

science worthy of its importance. This is no doubt largely due to 

lack of knowledge of the fundamental sciences, physics and 

chemistry, which must form the basis of all science which is not 

merely cataloguing or descriptive. As a consequence of this when- 

ever chemists have put forward contributions to the theory of 

plant processes, their statements have usually been accepted by 

botanists without reserve. That this has been much to the detriment 

of plant physiology is evident from a survey of the history of the 

subject. It isonly to be expected that theories of pure chemists on 

plant physiological subjects should be misleading, when one con- 

siders how infinitely more complex are the conditions in the plant 

compared with the moderately simple laboratory conditions of 

ordinary chemical experiments, This was true sixty or seventy 

years ago, and it is true to-day. 

Willstatter, whose brilliant chemical work has been, and pro- 

bably will be in the future, of so much value to plant physiology, 

has, like the eminent chemists Liebig and Baeyer before him, 

ventured to put forward theoretical views on the processes of 

carbon assimilation. Below we give a translation of the first 

instalment of his theory published in 1906 (p. 64) under the sub- 

heading of ‘The Life of the Plant.” 

«Plants and animals live by means of the catalytic action of 
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metals, which they contain in the form of complex organic com- 

pounds, They differ chemically by the nature and function of the 

metal. The life of chlorophyll-containing plants is mainly 

synthesizing. While biology so far has been incapable of giving 

an explanation, the proof of the presence of magnesium in 

chlorophyll from all classes of plants allows the conclusion to be 

drawn that the assimilation of carbon dioxide is a reaction of the 

basic metal magnesium, which as well known exhibits great power 

of combination in complex organic molecules. The intake of carbon 

dioxide is probably a process similar to the Grignard synthesis. 

The disintegrating (abbauende) life of blood-containing animals 

requires for the oxidation of organic substances a_ carrier 

(Ubertrager), particularly iron, which, perhaps, on account of its 

oxidisability, combines loosely with the oxygen ‘and transports it to 

a series of comparatively unstable compounds. Besides along these 

main roads natural development along less important roads and 

blind alleys may have succeeded in the formation of organisms 

which live by the action of other metals, e.g., copper, and which 

have shown themselves less capable of evolution. 

It is thus seen that there are essentially two kinds of life, 

which develop along parallel lines of evolution: synthesizing life 

with magnesium, and disintergrating life with iron, 7.e., reducing 

life and oxidising life.” 

We have given a translation of Willstatter’s views on life in 

full. Plant physiologists will probably appreciate them without any 

comment from us. But we may draw attention to the fact that 

some people regard iron as a synthesizing agent in life, for instance, 

B. Moore (1914), who has elaborated a theory of carbon assimila- 

tion on this view. We do not deal at length with this theory as it 

involves the formaldehyde hypothesis, and is open to all the 

criticisms that may be levelled against that hypothesis and a good 

many more. Moore, besides attempting to explain life as it is at 

present, utilises his hypothesis for speculation on the origin of life. 

It may be well to keep in mind the remarks of Darwin in a letter writ- 

ten in 1863, “It is mere rubbish, thinking at present of the origin of 

life ; one might as well think of the origin of matter.” (See Darwin, 

1902, p. 257.) 

Willstatter, it will be observed, attempts to utilise the work of 

Grignard in justification of the part he attributes to magnesium in 

his theory. Grignard however rightly points out how very different 

are the conditions in any Grignard synthesis from those in the plant. 
hk 
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We give below some remarks of Grignard (1913) on this subject. 

‘‘ Avec cette extraordinaire faculté d’adaptation aux molécules 

chimiques les plus diverses, le magnésium ne serait-il pas capable 

de jouer un réle trés actif dans les synthéses naturelles de la 

matiére organisée ? 

Willstatter a, en effet, reconnu que ce métal s’accumulait, pour 

ainsi dire, dans une substance douée d’une activité catalytique 

considérable, la chlorophylle. 

Il a isolé des chlorophylles les plus diverses des combinaisons 

contenant jusqu’a 3°5% de magnésie. Et ila conclu de ses études 

qu’il doit se former des combinaisons analogues aux organomag- 

nésiens et que l’absorption du gaz carbonique par la chlorophylle 

serait tout & fait analogue 4 une réaction de Grignard. II est arrivé 

ainsi 4 comparer la chlorophylle des feuilles & I’hémoglobine des 

animaux et a penser qu’il y aurait pour la matiére vivante deux 

cycles de transformation: la vie de synthése avec l’aide du 

magnésium et la vie d’oxydation avec Il’aide du fer. 

Il reste cependant a trouver sous quelle forme le magnésium 

peut s’approprier a ces réactions, dans un pareil milieu, si différent 

de celui ot nous sommes habitués a le voir triompher. Ce sera le 

probléme de demain.” 

A further instalment of Willstatter’s theory appears in his 

book (1913, pp. 23-25), which again we give in the form of a 

translation of Willstatter’s own words. 

“The réle of magnesium can be imagined to be the same as in 

those organo-magnesium compounds discovered by Barbier and 

Grignard which have attained such importance in organic synthesis 

on account of their reactive properties. Already in our first 

communication (1906) on the analysis of chlorophyll a parallel is 

drawn between the latter and the Grignard compounds. The 

parallel appeared to be inaccurate and met with contradiction 

because it took no notice of the difference between the binding of a 

metal to carbon in the ordinary organo-magnesium compounds, and 

the substitution with nitrogen in chlorophyll. But we do not consider 

this difference either distinct or characteristic. 

Since our publication, B. Oddo has carried out important 

investigations on pyrrole magnesium iodide which reacts with 

carbon dioxide and with acid chlorides resulting in the formation of 

& substituted pyrroles, « carbopyrrole acid, and alkylpyrrylketone. 
Probably the N-magnesium derivative is first formed, and this is 

either transformed into the «-magnesium compound, or reacts as 

such, ¢.g. 
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N——Mg X 
A - 

HC nc ‘c- —MgX c Some 
| 1. —> 

HC——CH 

The pyrrole magnesium derivatives have thus—analogous with 

sodiumacetic ester—behaved like any Grignard body with binding 

of the metal to carbon. 

Chlorophyll can be regarded as of the same class of organo- 

magnesium compounds, and it seems unjustified to draw a sharp 

line between magnesium phenyl iodide, pyrrole magnesium iodide 

and chlorophyll, only chlorophyll is characterised by a greater 

stability of magnesium towards water than the ordinary organo- 

magnesium compounds on account of the complex binding of the 

metal. 

This comparison does not require that the pigment in the 

process of assimilation should take the carbun dioxide into its 

molecule. This can be prevented by substitution in the magnesium- 

carrying pyrrole nuclei. Rather the function of chlorophyll may be 

imagined thus: that the carbon dioxide is attracted by the affinity 

of the magnesium compounds, and that its reduction is effected by 

the chlorophyll component a in the process which uses the absorbed 

light energy. Chlorophyll a is hereby oxidised to chlorophyll b, and 

this is again transformed to the first component with evolution of 

oxygen. Between the two components an equilibrium condition is 

obtained. 

It is possible that this evolution of oxygen either takes place 

direct or that the yellow pigments, carotin and xanthophyll take 

part in the re-formation of chlorophyll a. As the yellow pigments 

constantly accompany the green pigments in the chloroplasts, it is 

probable that they have a function, Perhaps this is to regulate the 

ratio of the chlorophyll components, perhaps by the withdrawal of 

oxygen from chlorophyll b by carotin, this oxygen being then evolved 

from xanthophyll by means of the action of an enzyme.” 

It will be seen that Willstatter here first defends his conception 

of chlorophyll as a Grignard body. In spite of his elaboration of 

this conception, it appears to us that his arguments amount to this : 

In the Grignard syntheses a good many curious things may happen. 

Carbon assimilation is a curious process which involves the complex 

organic magnesium compound chlorophyll. Why should not 

carbon assimilation be a Grignard synthesis 
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The second part of his theoretical consideration is more 

interesting, as for the first time we have a suggestion which 

involves the presence of two different chlorophylls. Although this 

fact was brought out by the work of Stokes, all subsequent theorists 

avoided the difficulty by neglecting it. As Willstatter insists that 

the absolute value of the green pigments and the ratio between 

them remains constant,’ there must be a mechanism which keeps 

the system in equilibrium. The main agency in this, Willstatter 

suggests, is the yellow pigments assisted by suitable enzymes. 

Willstatter’s conception of the chlorophyll apparatus as 

constituting a system in dynamic equilibrium is of course very 

interesting. However, as long as our knowledge of photochemical 

reactions and enzyme reactions in the chloroplasts is as imperfect 

as it is at present, this theory of Willstatter’s cannot be accepted 

as more than a suggestion. 

Finally we shall consider the theories expounded by 

Willstatter in his latest publications (1915, b-d). One of the 

suggestions put forward in these papers we have already mentioned 

(Chapter IV, Section E), namely, the reasonable suggestion that 

carbon assimilation consists of a photochemical process and an 

enzymatic process. This conclusion was derived from plant 

physiological experiments with leaves in various conditions. 

Purther work with isolated chlorophyll was performed in 

support of his elaboration of the theory, but it is not clear whether 

this most recent theory replaces the earlier one we have already 

dealt with, or whether it is intended to supplement it. At least 

no mention is any longer made of chlorophyll as a Grignard 

synthesizing agent, nor is any account taken of the two chlorophylls, 

nor of the yellow pigments. Willstatter considers now that a dis- 

sociable compound of chlorophyll and carbon dioxide is formed, but as 

it is formed in the dark he assumes that the function of light is simply 

to produce an isomer of higher energy content. This assumption 

carries in its train a number of equally wild speculations which the 

reader will find in the translation we give below of the summary of 

the theory. 

“ As it is seen from the above, the entrance of carbon dioxide 

into the chloroplast takes place by means of an absorbing substance. 

The apparatus acts as a carbon dioxide accumulator, as it brings 

' See Chapter II, Section F. Further figures in support of this statement 
are given by Willstatter and Stoll (1915 b, p. 336) for strongly assimilating 
leaves under artificial conditions. 
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the carbon dioxide of the air to a greater concentration, on account 

of its property to take up more carbon dioxide at lower temperature 

suited to increase of assimilation under natural conditions. The 

carbon dioxide wanders on to the place of smallest carbon dioxide 

pressure. 

The real assimilation process we can differentiate into several 

sub-processes. Chlorophyll takes up carbon dioxide and at the 

same time forms a dissociable compound. One must suppose 

that this compound takes up light energy, and thereby undergoes 

rearrangement into an isomer of greater energy content, which is 

suited for its own disintegration. A transformation product of 

carbonic acid which can be split off enzymatically with loss of 

energy, must be imagined as intermediate product, as the obser- 

vation recorded in the first chapter makes it very probable that a 

part of the assimilation process is of enzymatic nature. 

There is only known one isomer of carbonic acid of peroxide 

nature to which could be ascribed the réle of intermediate product, 

performic acid, obtained in solution by J. d’Ans and W. Frey, which 

easily dissociates into carbon dioxide and water. Inthe assimilation 

process one must of course imagine another way of dissociation of 

the intermediate product, namely, its disintegration with evolution 

of oxygen. 

As for performic acid, various structural formule can be 

considered 

O—OH H O 
7 N27 

Cc and Cc 

ZN “N“ 
H O HO O 

Pormylhydroperoxide. Pormaldehydeperoxide. 

so it is quite possible that the intermediate product of photo- 

synthesis bound to chlorophyll is a peroxide other than the known 

substance, performic acid.” 

In our opinion this latter part of Willstatter’s theory, which is 

based on his experiments with chlorophyll sols and carbon dioxide, 

is due to premature and incorrect interpretation of his experimental 

results. These, briefly, are as follows. Ina system consisting ofa 

chlorophyll sol and carbon dioxide, a certain amount of carbon 

dioxide will be absorbed by the water constituting the dispersion 

medium, and a further quantity will be used in the production of 

phzophytin according to the equation 
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C,,H,,0,N,Mg + 2CO, + 2H,O—Mg(HCO,), +C,,H,,0;N,. 

chlorophyll a phzophytin a 

but he finds more carbon dioxide is absorbed than can be accounted 

for by these two processes. For example, 0:505 g. chlorophyll 

(a + b) was used in 104-02 c.c. water. This absorbed 184°45 c.c. 

carbon dioxide at 0°C and 747:3 mm. partial pressure, i.e., 6°45 c.c. 

more than could be accounted for by the water. This is equivalent 

to 126 mg. Of this 7 mg. would be used in the formation of 

pheophytin according to the equation given above; there thus 

remains 5°6 mg. unaccounted for. 

We do not see any necessity to introduce a mystical and purely 

hypothetical peroxide in order to explain this result. Indeed, the 

assumption of the formation of such a peroxide is purely gratuitous 

in view of the fact that we have absolutely no information in regard 

to the behaviour of carbon dioxide towards the ester groups of the 

chlorophyll molecule. 

From his experiments on the absorption of carbon dioxide in 

the dark by living leaves and leaf powder, Willstatter concludes that 

in the leaf there is a mechanism for absorbing carbon dioxide as 

the leaves and leaf powder absorb many times as much carbon 

dioxide as can be explained as due to absorption by the chlorophyll. 

To explain this he puts forward exactly the same hypothesis that 

Siegfried had propounded ten years before, without, however, 

making any reference to Siegfried. It may be interesting to 

compare with Siegfried’s results already cited, the remark of 

Willstatter (1915 b, p. 345) “It is possible that in the absorption 

phenomenon described, carbamino compounds of amino acids or of 

proteins are formed. Preparation work is here presented with a 

new problem.” This last sentence suggests that Willstatter is 

unaware of Siegfried’s work. 

' It is interesting to note that the solubility of carbon dioxide in some 
alcohols and esters is much greater than in water, see ¢.g., Just (1901). 
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CuapTer VIII. 

Concluding Remarks, 

In the preceding pages we have attempted to give the outlines 

of one the most fundamental problems of plant physiology. The 

subject has been attacked from many different points of view and 

by many different methods, but in our opinion the main interest is 

not centred in the achievements of any individual investigator. 
What, in our opinion, is the most important aspect which presents 

itself in reviewing the facts obtained in recent investigations on 

carbon assimilation, is the prospect of the development of a new 

phase of science. This is the prospect that plant physiology is 

developing into an exact science, utilising the experiences of the 

fundamental sciences, physics and chemistry, but nevertheless a 

science, exact and independent, with its own working principles and 

methods, directing and stimulating the development of the applied 

sciences, agriculture and horticulture. No prophetic vision is 

needed to foretell that developments in agriculture and horticulture 

will follow development in plant physiology as great as those 

which were produced by physics and chemistry in engineering and 

other technical sciences. 

But such development can only take place if we learn from the 

past what are likely to be the limitations to successful development. 

The present state of the subject is the result of a number of 

independent investigations, the bearing of which on one another 

is rather accidental than designed, and in this lack of co-ordination 

is to be found a reason for the slow development of the subject 

hitherto. It is clear that the only way to attain a reasonable rate 

of progress is to institute a much closer and more intimate co- 

operation between scientific workers attacking the same problems 

from different points of view and by different methods. 

It is generally desirable in a review of this nature to conclude 

with a brief summary of the present position of the subject. Inthe 

case of carbon assimilation it seems to us that it isnot so much the 

complete array of experimental facts obtained in the various 

researches which is of importance, but the general principles which 

become clear from a consideration of the whole subject. This is 

especially so as the subject is in « more or less mobile condition and 

development and ever-widening scope must follow along sound 

lines of work based on the principles of the subject. 
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Blackman has brought out the important relation between 

environmental factors and carbon assimilation, and has formulated 

the principle of limiting factors in regard to their co-operation. 

However, absolute rules cannot be made as to amount of assimilation 

under any definite environment, owing to the complexity introduced 

by the existence of unknown internal factors. Willstatter has 

attempted to analyse the internal factors, and has brought proof 

that chlorophyll is not the only internal factor, though what other 

internal factors there are Willstatter’s work does not show. Future 

work will have to investigate the inter-relation between the internal 

factors as well as the co-operation between the internal and external 

factors. 

However, the internal factors operative at any moment are a 

product of hereditary factors and environmental factors. It seems 

likely that an application of the principles of genetics may prove 

helpful in the analysis of internal factors in assimilation, and this 

application may give a method for controlling some internal factors. 

The aim, at present, of investigations on carbon assimilation is 

to be able to tell the assimilatory power of a plant with a known his- 

toryas regards environmental and hereditary factors whenit is placed 

in a known environment. Then it becomes of industrial importance to 

discover how environmental factors can be modified so as to give the 

maximum assimilation in relation to the inherited internal factors. 

We should like to emphasize that the popular idea that under 

natural conditions any particular factor, as for instance, light, is 

nearly always in excess, while some other factor, as for instance 

carbon dioxide, is nearly always limiting, is not justified. The power 

of the plant to utilise any environmental factor must undergo 

diurnal and seasonal variations depending on the interplay of the 

other factors. 

For instance the environmental factors, radiation and temper- 

ature, undergo daily and seasonal variations while although in regard 

to the carbon dioxide supply not much information is to be had, 
undoubtedly considerable variations occur (see, for example, Krantz, 
1909). In this connection may be mentioned the work of Kraus 
(1911) who successfully shows how great may be the variations in 
environment over a very small area. 

The importance of work on carbon assimilation depends not 
merely on its value in plant physiology and on its application in 
agriculture, but also, as we have emphasized in our introductory 
chapter, for the utilisation of radiant energy. For this reason in 
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the future plant physiology will acquire the co-operation of photo- 

chemists, who already take an interest in the work of the plant 

physiologist. [It is encouraging to find an appreciation of plant 

physiology by the photochemist Plotnikow (1910), whose words on 

this subject we may quote in conclusion. ‘ From this one realises 

how much material, work and patience is required for this problem. 

But let us hope that this will prove no obstacle for further investi- 

gations in this field. Labour loving scientists should not lose heart 

for penetrating further along the path so far prepared. 

A brilliant success must finally crown their labour.” 
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