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INTRODUCTION

Since the first nuclear explosion in 1945, the open-sea environment

has been subject to an everincreasing supply of radio-chemicals through

expanded programs of weapon- testing, accidental sinkings of nuclear-powered

ships, and the wastes from land-based and ship-board reactors. While most

of these products have extremely short half- lives there are several whose

half- lives are of sufficient length to be biologically important. The

radionuclides of strontium and cesium are such products. The concentration

and vertical distribution of Sr^*-' and Cs^-^7 have been determined (Bowen and

Sugihara, 1960; Miyake , £t aj., 1962; Rocco and Broeckar, 1963). Both Bowen

and Sugihara, and Miyake and his group reported more or less continuous

decrease in activity from the surface to great depth, while Rocco and Broecker

found an absence of activity between 400 and 1300 meters except in the Anarctic.

The highest surface concentration and the greatest penetration was reported

by Miyake; they reported concentrations of Sr-90 and Cs-137 in the surface

waters of the Pacific of 3.1 mmc/L and 4.8 |j,)j,c/L respectively, and a vertical

penetration to 5000 m. Since the distribution and final disposition of these

radionuclides can be greatly influenced by marine organisms as they can be

utilized along with stable isotopes in their metabolic processes, a study

was made of the uptake, accumulation and exchange of these radionuclides

by open- sea phytoplankton

.

While our knowledge of the mechanisms for the uptake and accumulation

of radioisotopes by phytoplankton is still vague and incomplete, studies of

organisms found in the effluent from nuclear reactors and in the radioactive

sea water following a nuclear explosion have shown plankton capable of

concentrating certain radioisotopes from water. Lackey (1957) found that

Oedognonium in a settling basin at Oak Ridge National Laboratory had a



count 10,000 times that of the water in which it was growing. The blue-

green, algae growing in the thermal waters of the nuclear reactor effluents

of the Savannah River Plant were able to concentrate the mixed fission and

corrosion products by factors as great as 10,000 (Watts & Harvey, 1963)

Donaldson, e_t a_l in 1956 reported that the plankton from the Bikini test

site gave 71,000 counts/g/min which was 7100 times the average surface

value of the sea water. A number of investigations were conducted in

connection with an underwater test of a nuclear device in the high seas

southwest of California. In one of these studies by Thomas, Lear and

Haxo laboratory cultures of marine dinof lagellate , Gonyaulax polyedra

were placed in sea water obtained from the test site. The organisms

were able to concentrate the activity up to 5000 times that found in

the sea water. In another study Lear and Oppenheimer showed that Serratia

marinorubra cells were grown in the presence of Sr-Y"^ they concentrated

the activity from 6000 to 25,000 times. Ninety-five percent of this

activity was due to Y°0 and 4% was due to Sr"".

Extensive uptake studies have been carried out by the Fishery

Radiobiological Laboratory of the United States Fish and Wildlife Service

by the Hawaii Marine Laboratory, University of Hawaii, and by IAEA

Laboratory of Marine Radioactivity, Monaco. Rice reported in 1956 the

differential uptake of radioactive Sr90 and Y90 by planktonic algae.

He found that Carteria sp . accumulated Sr89 and 90, while Gyrodinium

removed Y90 from solution. Nitzschia closterium concentrated Sr90 17

times over normal sea water. Chipman e_t a^,.
, (1958) reported that Nitzschia

cells took up large quantities of Zince-65 and Ruthenium- 106, but only

a limited amount of cesium- 137 concentration occurred. Nine marine algae

were used and the highest, concentration factor for cesium was 3.1
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Williams and Swanson (1958) and Williams (1960) showed that the uptake of

cesium- 137 in Euglena and Chlorella was linear with its concentration.

Other recent uptake studies include investigations of bacteria by Bernhard

(1962), Johnson and Kyker (1961), and Zharova (1961), the uptake and release

of cobalt and cesium by soil fungi by Witcamp (1962), a rather extensive

coverage of the absorption of radioisotopes by microorganisms by Morgan

(1961).

Related studies being carried on at the Marine Laboratory include the

investigation of the uptake, concentration and deposition of Ca, Sr, Y, Cs,

Co by marine bacteria, yeasts and fungi. Greenfield (1962) using a Pseudomonas,

(B-1) isolated from the shallow waters in South Florida and on the Bahama

Banks showed calcium was a growth requirement and that the bacterium could

concentrate the cation up to ten times its normal concentration in sea water.

When pH was above 7.5 the pseudomonas, precipitates calcium carbonate in the

form of aragonite crystals using either a single or clump of bacteria for a

nucleus. Meyers has investigated the ability of several marine fungi to

concentrate cesium or cobalt at various growth stages. Extremely low con-

centration factors were obtained.

METHODS

In this study of the uptake of radionuclides by open-sea phytoplankton

,

four radioisotopes have been used, namely, Sr90-Y90, Y-90, Sr-89 and Cs-137.

These isotopes were obtained carrier- free from the Oak Ridge National Laboratory

operated by the Union Carbide Nuclear Company at Oak Ridge, Tennessee. The

phytoplankton used in these studies were cultures obtained from three tropical

open-sea environments: 1. The Florida Current 2. The Tongue of the Ocean

area, a deep-water area lying south of New Providence Island, and 3. From

the Atlantic Ocean area northeast of New Providence Island. Water samples
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were obtained with non-toxic Van Dorn or Niskin samplers. Aliquots of

100 ml were enriched with sterile media and incubated under a fluorescent

light panel at constant temperature aboard ship. The flasks were placed

in a walk- in incubator described below upon return to the Laboratory.

All cultures were grown in the following enrichment medium,

potassium nitrate 10 milligrams

potassium phosphate (dibasic) 2 milligrams

ethylene diamine tetraaceticacid 1 milligram

tris (hydroxymethyl) amlnoethane 0.1 milligram

soil extract 5 milliliters

sea water 100 milliliters

The sea water used in the culture medium was collected from the Florida

Current, Mlllipore filtered and sterilized and contained 9+1 milligrams of

strontium and 0.5 micrograms of cesium per liter. The radioactive isotopes

used were carrier-free and did not statistically Increase the total content

in the sea water. The soil extract was prepared from soil obtained from a

sandy mangrove swamp area, this extract contained less than 0,227o strontium.

The cultures were grown in 125 milliliter, Erlenmeyer flasks at 22 + 1°C and

illuminated with General Electric cool-white fluorescent lamps. The light

intensity was maintained at 300 foot candles for 18 hours each day. Unialgal

cultures were established from these mixed cultures by single cell isolation.

For the investigation of the accumulation of strontium and/or yttrium,

five stock cultures of oceanic phytoplankton were used. Two unialgal cultures,

Gymnodinium simplex (Lohman) and Katodinium rotundata (Lohman) along with three

mixed cultutres designated as 4000A, 35A and lOGC , were used. The mixed

culture 35A contained K. rotundata and other phytof lagellate while lOGC

contained both K. rotundata and G. simplex and other small flagellates.
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The culture, 4000A, (Kimball, Corcoran, Wood 1963) was established from a

water sample obtained from a depth of 4000 meters at a position 25 miles

northeast of Eleuthra. This culture contained 2 species of diatoms, Nitzschia

seriata and Navicula sp .

While none of the cultures including the unialgal were bacteria- free

,

the experiments were designed to reduce the effects directly attributed to

bacteria. L. A. Lanskaja (1961) reported that the bacterial population sharply

declined during the phase of active phytoplankLon division and then began to

increase when the maximum growth phase for the phytoplankton was reached. With

this in mind, all experiments in this study with Sr90-Y-90 and Cs-137 were

conducted during the logarithmic growth phase for each culture. However, the

exchange portion of the experiments were allowed to progress into the stationary

as well as the death phase since it was of interest to learn how much of the

radioisotope would be released upon decomposition.

In growth studies all cultures reached their logarithmic growth phase

at two to four days after inoculation. All uptake studies with Sr90 and Y90

were carried out during the logarithmic growth phase. The culture was allowed

to grow for four days, then additions of zero, one-fourth, on-half, one, two,

five, and ten microcuries carrier- free radioisotope were added. The organisms

were exposed to the isotope for 48 hours, since most of the organisms in the

cultures demonstrated a 48-hour rythmic pattern of cell division. At the same

time a flask of each culture was heat killed by autoclaving and ten microcuries

of Sr90-Y90 solution added.

Cell counts were made on the controls and ten ml aliquots were filtered

through tared 25-mm (HA) Millipore filter pad. These filter pads were dried,

weighed and counted. The dry cell weight was determined and related to the

cell count

.
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In additLon to biological controls, the medium was checked sorption on

the flask walls and MF filters. Ten ml aliquots of cell-free medium containing

the various concentrations of radioisotopes were filtered through Millipore

filter pads. Each filter was washed with ten milliliters of distilled water

before drying. All dried filter pads were counted with a thin mica window

Geiger-Mueller tube using either an Atomic or Berkley Scaler.

Because of the great differences in decay rates and beta energies between

Sr90 and Y90 it was possible to determine the differences in selectivity by

the cells. Counts were made on each filter disc with an without an aluminum

absorber. An aluminum absorber of222.7 milligrams per square centimeter was

used. It was determined that all the counts from Sr wer absorbed while 32.9%

of the Y was counted. Periodic counts were made on the filters with the final

count on the 35th day after filtration. After 35 days the Y which had been

retained by cells had decayed to less than 1/ 1000th and the Sr retained had

again reached secular equilibrium.

Before proceeding with the uptake study using the radioisotope Cs-137,

a preliminary investigation was made of the retention of this Isotope on

Millipore filter discs. Since differences in counts on Millipore filter discs

has been noted in the Sr-Y study, the investigation was to determine whether

these differences In counts were due to differences In retention of the cells

or the ions. To determine whether or not there was any differences in cell

retention by the filter discs, multiple aliquots of two unlalgal cultures G.

s imp lex and D. tert iolecta were filtered onto Millipore filter discs. The

chlorophyll a was extracted and was used as an index of Phytoplankton retention,

The coefficient of variation for G. simplex was 8.6 and for D. tertiolecta

was 11.8. From this It was concluded that the differences noted were not

from phytoplankton retention but from the variation in amounts of radioisotope
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retained by the filter disc. To test this conclusion three solutions

containing Cs^-^^ were used. The first contained 100 ml of distilled water,

the second, 100 ml of millipore-f iltered sea water, and the third, 105 ml

of millipore-f iltered culture media (100 ml sea water, 5 ml enrichment medium).

Triplicate ten ml aliquots were withdrawn from each flask and were filtered

through HA type millipore filter pads.

In a further attempt to reduce the radioisotope adsorption Millipore

filter pads were prewashed with an EDTA* solution or a hydrofluoric acid

solution. For this purpose a one per cent solution of hydrofluoric acid or

an EDTA* (25 mg/L) solution was used.

Following is a tabulation of the results obtained in the study.

Table 1

Distilled water with
Cs-Bal37 added
9,140 counts per ml.

Sea water-millipore fil-

tered with Cs-Bal37
added
18,685 counts per ml.

Culture media-millipore
filtered with Cs-Bal37
added
12,755 counts per ml.

No
prewash

HF (1%)
prewash

EDTA
prewash

No
prewash

HF (1%)
prewash

EDTA
prewash

No
prewash

HF (17o)

prewash
EDTA

prewash

c.p ,m.

retained
on ml-
lipore

filter

pads .

173

147

242

156

140

136

181

279*

57

56

70

100

48

58

45

54

37

121

23

17

38

38

41

45

80

48

** Two washes with EDTA solution and two rinses with distilled water.
* Ethylene diamine tetraacetic acid

From these results it can be seen that Millipore filter discs do retain:

varying amounts of the isotope, and that prewashing does not appreciably reduce

the retention of the isotope.

The amount of adsorption of Cs-137 onto glassware was also checked. In

this experiment, 125 ml Pyrex brand Erlenmeyer flasks were used. To insure

cleanliness of the glassware, the flasks were washed, rinsed 6 times with tap
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water and twice with distilled water and autoclaved with EDTA solution.

After autoclaving, the flasks were rinsed again with distilled water, 50

ml of Mi llipore-f iltered sea water was introduced into each flask and they

were again autoclaved at 15 p.s„i. for 15 minutes. When soil extract, M2M,

was added to the flasks, this was Mi llipore- f i Itered , autoclaved separately

and added aseptically to the flasks,, Six (6) flasks were used. In flasks

#1 and #2, 1 ml (approx. 10 p, c) Cs-137 solution was added to the 50 ml sea

water, in flasks #3 and ^M , 1 ml Cs-137 solution and 2.5 ml M2M soil extract

was added to the 50 ml sea water, and in flasks #5 and #6, 2 ml Cs-lS'? solution,

and 2.5 ml M2M soil extract was added to the 50 ml sea water,. Immediately,

and at 24-hour intervals ,20C;\aliquots of the solutions were removed from

the flasks, placeri'on stainless steel planchets and dried for counting. The

results shown in table 2 show that there was no loss of radioisotope from

the medium to the glassware during the 74-hour study.

Table 2

The Loss of Cs-137 from Medium to Glassware

Flask No.



A preliminary study in which G. simplex and K. rotundata were used as

test organisi^is showed that K. rotundata failed to accumulate the isotope and

the uptake by G. simplex was extremely small. The G. simplex cells from those

preliminary tests were centrifuged and washed three times with sterile sea water

and resuspended in fresh medium to determine loss of the iostope.

K. rotundata was not used again for Cs-Ba uptake studies. Further studies

were conducted with G. simplex . Eight 125-ml flasks containing 52.5 mis of

culture medium were inoculated with G. s imp lex and incubated four (4) days or

until they were well into their logarithmic growth phase. At that time five

milliliters of Cs-Ba-'--^^ solution was added to each flask giving an activity

of approximately 25,000 cpm./ml to the medium.

The accumulation of Cesium-barium- 137 by G. simplex was determined by

removing 10 ml aliquot samples after various exposure periods. The cells from

the 10-ml sample aliquots were centrifuged out of suspension, washed with sterile

sea water, re-centrifuged and resuspended, then filtered onto tared HA type

Millipore filter pads, washed with 10 ml distilled water, dried, weighed and

counted. Both scintillation and gas-flow counters were utilized. Triplicate

samples and duplicate flasks were used for each exposure period. The exposure

periods were 24, 48, 72 and 96 hours.

The concentration factor was calculated from the result obtained from

the 48-hour period to allow a comparison with all the prior studies. The

following formula was used to calculate concentration factor.

Cone, factor = c. p.m. /gram cells
c.p.m./ ml medium

The loss of Cs-Ba- 137, by cells of G. simplex and N. seriata grown in

medium containing Cs-Ba for 72 hours was determined when aliquots of cell

suspension were placed in 15-ml centrifuge tubes and centrifuged at 1500 rpm.
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for 5 minutes. The supernatant was pipetted from the cells and 15 ml of

sterile sea water was added. The cells were resuspended in the sterile

sea water and the above procedure was repeated three times . When the

supernatant was removed after the third centrifugation, the cells were

suspended in 2 ml of sterile sea water and added to 52.5 ml of sterile

medium in a 125-ml flask. Twelve flasks of each culture were prepared in

this way and incubated. After 24, 48 and 72 hours, the cells from three

flasks of each culture were centrifuged and washed three times with sterile

sea water, filtered onto a tared millipore filter and weighed.

Uptake by adsorption of cesium by G. simplex and K. rotundata . In the

studies with the uptake of G. simplex it was observed that the rate of

uptake was greater during the second 24-hour period than during the first.

This would indicate that adsorption played only a minor role in the uptake

of cesium by G. simplex . On thee other hand, there was the possiblity that

the washing technique prior to filtration together with the distilled water

wash of the cells while on the filter disc would cause any cesium to be

displaced. Therefore a study of the role of adsorption was made.

The adsorption study was conducted in the following manner. Two 250-ml

Erlenmeyer flasks, each containing 100 ml of filter sterilized M2M medium

(enriched soil extract and natural sea water) were innoculated from a unialgal,

bacterial-free culture of G. simplex and allowed to grow for several days

until a fairly dense algal population was obtained. Since 200 ml of algal

suspension was needed the two cultures were mixed an then counted. The

procedure used to determine adsorption of the algae was to add constant

numbers of cells to a constant amount of the isotope for varying lengths

of exposure time. The exposure times varied from 3.5 minutes to 178.5

minutes. At the end of the exposure time the cells were removed from the

-10-
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media by centrifuging the media at 1500 rpm for 5 minutes. Then a one-ml

aliquot was removed from the supernatant liquid and placed in a planchet.

To insure consistency, the one-ml samples were diluted with distilled water

until it covered the entire surface of the planchet, then it was dried under

IR light and stored in a desiccator until it was counted. After sampling,

the supernatant was decanted and the cells resuspended in fresh media. The

cells were removed from this media in the same manner and the medium was again

sampled. The cells were then resuspended in fresh medium and filtered onto

tared Millipore filter discs, dried and stored In a desiccator until counted.

The purpose in washing the cells was to compare the activity remaining on the

cells after this procedure with the loss of isotope from the medium in the

first sample „ In this way an evaluation of prior data could be made.

All tests were made in duplicate and all samples were drawn in duplicate.

The amount of isotope adsorbed by the algae was determined by comparing the

amount of radionuclide remaining in the medium after the initial centrifugation

with the control which set up using sterile medium and no cells.

To check the experimental error due to the sampling techniques, duplicate

controls were set up. From each of these four one-ml samples were removed and.'

handled in the same manner as described above. The highest percent deviation*

observed for either of the positive controls was 6.77o. The calculated percent

deviation between the averages of the two controls was less than one percent.

The calculated percent deviation of the average of all eight samples was 4.57„.

The value of 4.57o was used as the experimental error and values falling within

the range of plus or minus 4.5% of the control were considered as equal to the

control. The values in the analysis of the data are the average? of the

duplicates run on each test exposure time.

One additional factor which was investigated was the amount of time

* 7o deviation is calculated as the standard deviation di^'ided by the mean
times 100...
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during centrifugation which should be considered as adding to the exposure

time. By cell counts it was found that more than 907o of the cells are spun

out of the medium after one minute at 1500 rpm plus 45 seconds of deceleration

time and that 417„ of the cells are removed after 30 seconds of centrifugation

at 1500 rpm and 45 seconds deceleration. Therefore, it was decided to add

one minute of the centrifugation time to the total exposure time of the cells.

The experiments to determine the uptake of Sr-89 by adsorption to G,

simplex and K. rotundata were conducted in a manner similar to that used with

cesium except the organisms were grown in culture tubes instead of Erlenmeyer

flasks. For the study with G. simplex fourteen culture tubes were used. They

were grown to a dense population then three tubes were counted to determine

the number of cells per mm . Ten milliliters of cell suspension was used for

each experiment. After counting, the cell suspension was filtered onto tared

filters, dried, weighed and the cell count related to weight.

In this experiment the cells were exposed to a concentration of 0.2 |j,c/ml

of Sr-90 for the following times: 2, 4, 10, 20, 40, 60, 80, and 160 minutes.

The cells were centrifuged from the medium and duplicate one-ml aliquots of

the medium were assayed for loss in radioactivuty . After this the remainder

of the medium was removed, and the cells were resuspended in fresh medium and

then filtered out of suspension onto tared Millipore filter discs.

No-cell controls were used throughout the experiments and all experiments

were made in duplicate. The uptake of Sr-89 by adsorption studies for K.

rotundata were conducted in the same manner.

EXPERIMENTAL RESULTS

1. Uptake of Strontium-Yttrium by Various Phytoplankton

The five cultures of open sea phytoplankton were grown in an enriched

natural sea water medium to which various amounts of Sr^^-Y'^ solution was
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Table 3. The differential uptake of radioactive stron-
tium and yttrium by marine algae after 48
hours exposure. Six replications each.



added to determine whether or not there was selective uptake of strontium

or yttrium by the organisms. After 48 hours of exposure during the active

growth phase, aliquots of cells were filtered onto Millipore filter discs

washed, dried and counted. Table 3 shows the differential uptake by the

various phytoplankton . The two organisms, G. simplex and K. rotundata grown

in unialgal cultural showed remarkable ability to select nuclides. Nearly

all the radioactivity (95 to 99 percent) found in G. simplex was due to

yttrium while that found in K. rotundata was only from strontium. Confirmation

of the results of this experiment were obtained with a duplicate experiment

in which carrier-free yttrium-90 was used. Similar results to these were

obtained by Rice (1956) when he found that 10 out of 12 species of algae

investigated selected yttrium from the medium.

Figure 1 through 5 show the concentration of strontium-90 accumulated

per gram of cells that were grown in media containing up to 200 microcuries

per liter. Here it can be seen that during the 48-hour exposure the accumulation

of strontium-90 by the organisms is proportional to the concentration of the

radionuclide in the medium.

The concentration factors for strontium-90 are shown in table 4. Here

the differences in selectivity are indicated by their abilities to accumulate

strontium. K, rotundata concentrated the strontium exclusively while G_^ simplex

and the other three cultures indicated their preference for yttrium by their

small factors. During the 48-hour study K. rotundata was able to concentrate

strontium-90 about 382 times that of the medium in which they were grown, while

the 4000A culture which contained mainly diatoms had a concentration factor of

only 21.5. These results are similar to those obtained by Rice (1956) where

he found a concentration factor of 17 for Nitzchia,
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Table 4. Average concentration of radioactive strontium by
marine algae after 48 hours exposure.

Species or Concentration
Culture No. Factor

G. simplex 18.6 + 2.3
K. rotundata 381.7 + 51.5
aOOO m A. 21.5 + 4.6
35 A 24.3+2.6
10 m G,C. 29.3 +7.0

2

.

The effect of strontium concentration on uptake .

To find the effect of higher concentrations of strontium on the uptake

of the strontium and to determine whether or not the uptake of radioactive

strontium had been due to strontium- starved cells, cultures were grown in

media which contained up to 110 mg Sr/ liter. Ten microcuries of strontium-90

solution was introduced into the actively growing culture (4 days) and the

cultures continued for another ^8-hour period. At that time a 10-ml aliquot

was filtered onto a millipore filter disc and dried over silica gel. The

dry filter discs were counted under a thin-mica window G-M tube. These

experiments showed that the addition of higher concentrations (up to 10

times natural sea water) of stable strontium had no toxic effect on the

culture. The growth of the cultures was as good as those grown in natural

sea water. With the exception of K. rotundata the increased concentrations

had little effect on the uptake of radioactive strontium (Figure 6). The

uptake of K, rotundata seemed to be depressed slightly by the higher strontium

concentration

.

3. Uptake of strontium by dead and living cells.

A subculture of each of the five selected test cultures was allowed to

progress into the logarithmic growth phase (4 days), and at that time was

heat killed by autoclaving for 15 minutes at 15 p.s.i. Each subculture was

then inoculated with 10
jj,
c of 3trontium-90 solution, After 48 hours exposure
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10 50 too 150 200
MICROCURIES OF STRONTIUM -90 PER LITER OF MEDIA

10 50 100 150

MICROCURIES OF STRONTIUM-
200

90 PER LITER OF MEDIA

Figure 1. Uptake of radioactive strontium
in relation to its concentration in the medium
by G. simplex after 48 hours exposure. Single
determinations plotted.

Figure 2. Uptake of radioactive strontium
lo relation to Its concentration in the medium
by culture 4000 A after 48 hours exposure.
Single determinations plotted.

10 50 100 150 200
MICROCURIES OF STRONTIUM -90 PER LITER OF MEDIA

10 50 100 150 200
MICROCURIES OF STRONTIUM -90 PER LITER OF MEDIA

Figure 3. Uptake of radioactive strontium
in relation to its concentration in the medium
by culture 35 A after 48 hours exposure.
Single determinations plotted.

Figure 4. Uptake of radioactive strontium
In relation to its concentration in the medium
by culture 10 G.C. after 48 hours exposure.
Single determinations plotted.
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the cell material was filtered onto a tared millipore disc, dried, counted

and weighed. The results of the uptake studies conducted on the heat killed

cells are given in Table 5 and 6. While it was previously noted that living

cells could clearly demonstrate an ability to differentiate between strontium

and yttrium, the adsorption by heat killed cells showed no such selectivity.

With the exception of K. rotundata the accumulation of strontium-90 by the

organisms which had been heat killed was nearly equal to that which had been

accumulated by the living cells during the same length of time (Table 6).

This would seem to indicate that adsorption or ion exchange may play a role

in the accumulation of ions. Since heat killing does bring about changes in

the cell wall, it is difficult to determine whether the accumulation was an

adsorptive process.

Table 5. Accumulation of radioactive strontium and yttrium
by heat killed cells after 48 hours exposure.

Species or °U Activity °L Activity
Culture No. From Sr. From Yttrium

G. simplex 3 97

K. rotundata 2 98
4000 m A. 4 96

35 m A. 3 97

10 m G. C. 4 96

Table 6. Comparison of the radioactive strontium accumulated
by living and heat killed cells after 48 hours exposure,

Species or Living Cells Dead Cells
Culture No. M-c/g dry weight M-c/g dry weight

G. simplex 3.5 3.3
K. rotundata 40.7 4.5
4000 A 3.7 4.7
35 A 4.3 4.3
10 G. C. 3.7 3,8
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4. The Accumulation of Cs-Ba ' by Various Phytoplankton

The uptake studies using Cs-Ba -'' were conducted in much the same

manner as those used for the strontium-yttrium studies except that the

cells were washed free of the isotope by an elaborate washing process

before filtration. Preliminary studies with the unialgal cultures showed

that K. rotundata failed to accumulate cesium so this organism was not used

in the study. G, s imp lex and Nitzchia speriata were the unialgal cultures

used. Triplicate samples from duplicate flasks were withdrawn each 24 hours

after the initial exposure to the radioisotope up to 96 hours. The results

of this study for G, simplex are shown in table 7.

Table ?. The accumulation rate of Cs-Ba''--^^ by G. simp lex

(medium: 2.5 x 104 cpm/ml)



somewhat synchronous in respect to cell division. If this is true, and

the cell weight increase is constant throughout the growth period then

weight increase would be greater in respect to uptake during the early

phase of cell growth. This would account for some of the observed difference

in uptake rate.

The same procedure was used for the study of the accumulation of

Cs-Ba ' by N. seriata as was used with G. simplex except the samples

were withdrawn at 24, 56 and at 72 hours. The rate of uptake of the

Cs-Ba isotope by N. seriata was extremely low, but did show a gradual

increase over the 7 2-hour period. The results of the counts together

with the concentration factors are tabulated in table 8.

Table 8 . The accumulation rate of Cs-Bal37 by N. seriata

(medium: 10.2 x 10^ cpm/ml)

1 cpm/g



the accumulation of the cesium. Since this study was conducted in enriched

natural sea water medium no attempt was made to determine the effect of

potassium concentration on the accumulation of cesium. The medium contained

a concentration of 1.5 \xg of cesium/ liter (Smales, 1955) and 388 mg/ liter of

potassium from the sea water and 47.6 mg/ liter of potassium from the added

nutrients. This high potassium concentration undoubtedly accounts for the

low concentration factors. These experiments should be repeated in defined

medium where potassium salts are not used for enrichment.

5 . The loss of Cs-Ba-*--^^ from Various Phytoplankton .

To study the loss of cesium-barium isotope to the medium, cells of

G. s imp lex and N. seriata were grown in medium containg Cs-Ba-137 for 72

hours then were resuspended in fresh medium according to the procedure

described in the Methods section. After 24, 48, and 72 hours samples were

removed and the loss of radioactivity was calculated.

The cdlls of G. simplex showed a weight loss during the first 24

hour period which was followed by steadily increasing weight thereafter.

Figure 7 shows a plot of the radioactivity from Cs-Ba-137 in average

counts per minute per milligram of cell material starting 24 hours after

the radioactive cells were introduced into the fresh medium. This figure

also shows the calculated values for the loss in radioactivity due to the

increase in cell weight and the difference between the two values (observed

and calculated). This shows that there is a loss of radioactivity from

the cells during the first 24 hour period of active cell growth, and that

a steady state seems to be established after that.

The results from the study with N. seriata showed that there was an

increase in the amount of radioactivity per milligram of cell material.

This would indicate that the actively growing older cells continued to
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remove Cs-Ba-137 from the medium. Apparently, Cs-Ba-137 was returned to

the medium from lysed cells during the initial growth period. Had the culture

been bacteria-free this problem would have been eliminated, Nitzchia continues

to slowly accumulate cesium from the medium as long as any is available.

6 . The Uptake of Cesium and Strontium by Adsorption

In the study to determine the accumulation Cesium by G. simplex it was

observed that the rate of uptake was greater during the second 24-hour period

than it was during the first. This would seem to indicate that even though

the experiments with dead and living cells showed the possiblity of adsorption,

the role was probably a minor one. While no prior studies had been made of

the role of adsorption by phytoplankton cells, yeast cells had been studied.

Rothstein and Hayes (1956) reported "That the presence of various fixed

anionic groups on the surface of the yeast cell should confer upon it, ion-

binding properties similar to those of ion-exchange resins" . They also found

that bivalent ions with the exception UOy*" formed a complex with the cellular

groups that was of the same order of stability as that of the Mn"*"*" complex

and that a large proportion of the cation was bound in less than 2 minutes

(tests up to 180 minutes added only 67o more) . They summarized their findings

in the following way: (1) binding of exogenous bivalent and univalent cations

by the yeast cell was rapid and reversible, obeying a simple mass law equation

(2) bivalent cations were bound more firmly than univalent cations, and (3)

the binding sites were located on the periphery of the cell. Thus if the

cells obey a simples mass-action law in adsorbing cations from the medium

the comparatively greater amounts of univalent cations together with the

more readily attracted bivalent cations found in sea water would tend to

limit the adsorption of cesium. On the other hand there was the possiblity

the washing technique prior to filtration was removing any adsorbed cesium,

and thus the uptake value would reflect absorption only. Hence, experiments
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(see Methods) were designed to test the adsorption of cesium and strontium

onto the cell wall. The exposure times for cesium varied from 3.5 minutes

to 178.5 minutes and the intervals of 2, 4, 10, 20, 40, 80 and 160 minutes

were used with strontium-89

.

The results from the cesium experiment revealed that neither G. simplex

nor K. rotundata removed cesium from the medium up to 178.5 minutes. The

adsorption of Sr-89 by G. s imp lex would seem to play no part in the uptake

of strontium by this organism. The only indication of any uptake occurred

in exposure times of 80, 160 and 160 minutes. And even then there was less

than 47o difference in the counts. While K. rotundata in prior experiments

showed a remarkable ability to concentrate strontium, there was no uptake by

adsorption. The results of these two experiments are shown in tables 9 and

10.

7 . The Culture of Phytoplankton in Defined Medium

Since it is impossible to control the various ion concentrations in

a culture medium when natural sea water is used, an extensive investigation

into defined culture media was made. In addition to a literature search

into the various synthetic media which had been successfully used for the

culture of phytoplankton, the following authorities were personally contacted:

Bruce Parker of the University of Southern California, John McLaughlin from

Haskins Laboratory, Michael Bemhard from La Spezia and Carl Oppenheimer of

our own Laboratory. Early success in growth of unialgal cultures of Amphidinium

sp . (operculatum) and Katodimum sp . rotundata was achieved with Haskins

Laboratory medium formula ASP82. However, this did not provide growth for

G. simplex . Guillards synthetic medium was tried also for G. simplex without

success. Neither of the above media supported growth as well natural sea

water media. This was thought to be due to the low concentrations of potassium
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Table 9. The Uptake of Sr-89 through Adsorption by G. simplex

Exposure
time (min.)

1

1

1

1

3

3

3

3

9

9

9

9

19

19

19

19

39

39

39

39

79

79

79

79
159

159

159
159

Planchet



Table 10. The Uptake of Sr-89 through Adsorption by K. rotundata

Exposure
time (min.)

1

1

1

1

3

3

3

3

7

7

7

7

7

15

15

15

39

39

39

39

70

79

79

79

159

159

159

159

Planchet &



and phosphate- phosphorus . Research was continued in development of a good

phytoplankton medium until at present a very successful medium has been

developed. The formula for this synthetic medium is shovm in table 11 below.

Slightly better growth from certain organisms has been realized when

2,54 grams of sodium chloride was substituted for 1.8 grams.

SUMMARY AND CONCLUSIONS

A 2 1/2 year study has been made of the uptake, accumulation and

exchange of the radioisotope Sr90.Y90^ Y^O, Sr^O and Cs^^y.^glB? ^y

tropical oceanic phytoplankton and many of the parameters which influence

these phenomena. It was apparent after reviewing much of the literature

which concerned the uptake of various nuclides by microorganisms that the

conditions and procedures varied from laboratory to laboratory. In fact,

so many different procedures, or lack of procedures and condition were

reported that comparison of results was very difficult. It was therefore,

necessary to investigate the parameters which affect the uptake, accumulation

and loss of radionuclides by phytoplankton as the study progressed. Such

parameters as light, temperature, and medium were kept constant while retention

of the radioisotopes by filter discs, the adsorption of the isotope on glass-

ware have been investigated. Every effort has been made to describe the

procedure developed and the results obtained in these investigations so that

this information might be utilized in future studies.

All the organisms used in these studies are representative of the open

sea environment. While in the early work the cultures contained some bacteria,

their affect was minimized through selected conditions. In all later research,

the cultures were free of bacteria. All experiments were conducted with healthy,

actively growing organisms usually during their logarithmic growth phase.

The results of this study show that all the organisms tested were capable
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Table 11. Synthetic Medium for Phytoplankton Culture (T- 1)

NaCl



of removing the radionuclides from the sea water. In addition, not only

were they in able to remove nuclides, but they were also capable of selecting

the desired nuclide. For example, K. rotundata selected only strontium while

G. simplex took up the yttrium when exposed to Sr^^-Y^^ solution.

The ability to accumulate and concentrate the cesium and strontium from

the sea water medium was primarily through absorption with adsorption playing

only a very minor role. Hence, when radioactive cells were placed in fresh

media the loss of radioactivity to the medium was msall and a steady state

was established very quickly, usually with 24 hours. Since absorption seems

to be primarily responsible for the accumulation strontium and cesium by the

phytoplankton it is of the utmost importance that more is learned, of the

basic mechanisms involved. Before an ion can be absorbed, transport across

the cell membrane must take place. Several mechanisms have been proposed

for such a penetration but each involves an expenditure of energy, either

directly or indirectly. The energy required for active transport which is

linked with metabolic reactions is unknown. Scott (1954) stated that the

mechanisms for IC*" and Na"*" in Ulva were independent of each other. It is

also very probable that each ion requires a specific organic compound to

act as a carrier for membrane penetration. For the most part, these are

also unknown. Recently, Greenfield (1962) has found, in his investigation

of a Pseudomonas, that alanine acts as such a carrier for calcium. A study

of these mechanisms in the microorganisms will not only enrich our knowledge

of them but may serve as a guide for the study of more complex forms. Since

phytoplankton serves as food for other organisms, the site of the accumulation

of the radioisotope will help predict its accumulation at other trophic levels.

And now that it is known that phytoplankton are not confined to the euphotic

zone (Kimball, Corcoran, Wood, 1963) and that the radioisotopes of cesium
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and strontium do penetrate to great oceanic depths (Bowen and Sugihara,

1960, Miyake , e_t aj^ 1962), this study becomes still more important. The

use of cultures for this type of study of fundamentals is ideal but extra-

polation of these results to the open sea environment should not be done

without first making a thorough _in situ investigation.
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