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Radioactive contamination of the marine environment:
Uptake and distribution of °H in Dunaliella bioculata
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ABSTRACT: The marine flagellate Dunaliella bioculata, which is easily cultivated under laboratory
conditions, is a suitable organism for assessing the importance of the radioactive contamination by
3H bound to organic molecules. We have studied the uptake of the following tritiated precursors:
thymidine-methyl-*H, adenine-2-3H, uridine-5-H, l-leucine-4-°H, glycine-2-*H, l-arginine-3. 4-°H,
l-aspartic acid-2. 3-°H, 1-phenylalanine-2.3-*H, D-glucose-2-H and D-glucose-6-°H. Under the
experimental conditions (2000 lux; incubation time 30 min), all tritiated molecules are taken up by
D. bioculata. Their intracellular concentration may reach that of the external medium. However,
leucine and adenine accumulate in the algae: their respective concentrations are 10 and 100 times
higher than in the culture medium. The molecular distribution of H has been studied by various
biochemical techniques and by sieve chromatography on sepharose 4B. It has been found that more
l-leucine-4-°H is incorporated into acid and acetone soluble substances than into proteins.
Adenine-2-°H is mainly incorporated into macromolecules of biological significance (RNA, DNA).
CsCl gradient centrifugation has shown that the total DNA of Dunaliella is constituted by a major (o
= 1.707 g/cm®) and by a minor (¢ = 1.693 g/cm?® component.

INTRODUCTION

Tritium from nuclear facilities is released into the environment mainly as tritiated
water (HTO). Most 3H is finally dispersed into the oceans, but a significant amount may
enter living organisms; it is incorporated into organic molecules by isotopic exchange
with hydrogen or by photosynthetic processes in aquatic and terrestrial plants.

Tritium bound in organic compounds behaves differently from that present in HTO
(Strack, 1978). The fate of organically bound *H will largely depend on the chemical
form of the “carrier” molecule. Organic tritium may present a risk to man, because it
could be transported along the food chains. Moreover, particular tritiated compounds
may be preferentially incorporated into radiosensitive cell constituents of living organ-
isms and cause genetic damage. Organic compounds are used not only by animal but
also by plant cells. It is well known that planktonic algae can utilize dissolved organic
compounds (Fogg, 1972; Neilson & Lewin, 1974; Darley et al., 1979). Freshwater algae
may accumulate organic tritium present in nuclear effluents (Kirchmann et al., 1977a).

Since the amount of tritiated water released into the aquatic systems is rapidly
increasing and because the ocean may become a disposal area for large amounts of
tritium originating from inland as well as coastal reprocessing plants (Bonka, 1979),
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investigations on the fate of H in marine organisms are urgently needed. This work is an
attempt to gain more insight into the Tadioecological behaviour of organically bound
tritium. Data obtained under controlled laboratory conditions may be used in connection
with those from field experiments for developing mathematical models on the biological
behaviour of tritium in the marine environment.

MATERIAL AND METHODS

Culture of algae

The planktonic marine alga Dunaliella bioculata (Fig. 1}, a wall-less flagellate, was
cultivated in Miquel’s sea-water medium (Izard & Testa, 1968) in 250-m! Erlenmeyers at
20 °C under continuous light (2000 lux from 40 W Phytor tubes, ACEC). Cell density and

Fig. 1. Dunaliella bioculata cells showing the two flagella (Nomarski interference optics). Scale =
10 pym

volume (1.2 X 107!° ml/cell) were determined with a Coulter Counter (Model ZF). The
algal cultures were routinely checked for bacterial contamination by plating on Zobell's
solid medium for marine bacteria.

Incorporation of tritiated molecules

Tritiated molecules, obtained from CIS Association, were added to 8-day-old cul-
tures with about 2 X 108 cells/ml. In initial experiments, the uptake was stopped by
adding 1°% formalin. The suspension was then rapidly centrifuged and the pellet
washed with ice-cold culture medium. TCA-soluble and insoluble radioactive sub-
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stances, collected on glass-fibre filters, were measured in a liquid-scintillation spec-
trometer using internal standards for quenching correction (Bonotto & Kirchmann, 1971).
The kinetics of *H-adenine uptake was studied by centrifuging the cells into a layer of
dibutylphthalate (Eilam & Stein, 1974) after addition of an excess of the unlabeled
precursor. The intracellular concentration of radioactivity was calculated on the basis of
the weight of packed cells, pelleted by centrifugation (230 ug/10° cells).

Molecular sieving chromatography

A crude cell lysate of Dunaliella bioculata was subjected to molecular sieving on a
Sepharose 4B column (40 X 2.5) and eluted with 0.1 X SSC (0.015 M NaCl, 0.0015 M Na
citrate). Such sieving was successfully used for the purification of DNA extracted using a
modified Marmur technique (Marmur, 1961). The cell lysate, obtained with 2/ SDS,
was extracted with ethanol and treated with proteinase K and RNAase before being
sieved. The DNA was eluted with 2M NaCl at room temperature. Absorbance was
monitored with an Isco Model UA2 apparatus connected to a Kipp & Zonen BD9 recorder
and to an Isco fraction collector model 568.

Determination of buoyant density of DNA

Buoyant density of DNA was determined by CsCl density gradient centrifugation
(33,000 rpm, 65 h, 20 °C). The slope of the gradients was determined graphically by
using Clostridium perfringens DNA (¢ = 1.691 g/cm®) and phage 2C DNA (o = 1.742 g/
cm?) as density markers.

Abbreviations: RNAase = ribonuclease, SDS = sodiumdodecylsulfate; SSC =
0.15M NaCl + 0.015Na citrate; TCA = trichloroacetic acid.

RESULTS

Comparison of uptake and incorporation of various tritiated organic compounds

Various tritiated organic compounds were supplied singly to 8-day-old cultures of
Dunaliella bioculata (about 2 X 10° cells/ml) for 30 min. Their final concentration in the
culture medium ranged between 0.8 and 2.2 X 107 M except that of glucose-1-°H
(1.1 X 105M). The results obtained are reported in Table 1, which gives the concentra-
tions of 3H in the medium and in the algae as well as the concentration ratios. The
concentration ratios for total activity (fourth column) show that: (a) the intracellular
concentration of most of the tritiated compounds tested approaches that of the external
medium, being slightly higher for uridine-5-*H and lower for arginine-3.4-°H, phenyl-
alanine-2.3-°*H and glucose-1-°H; (b) the respective intracellular concentrations of
leucine-4-°H and of adenine-2-3H are about 10 and 100 times higher than in the external
medium. A comparison of the figures of column 2 (total activity) with those of column 3
(soluble activity) reveals that, after 30 min of incubation, significant amounts of the
radioactivity are present in the soluble “pool”. The figures also show that all the used
substances become incorporated into the TCA-insoluble fraction of the cells.
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Table 1. Dunaliella bioculata. Uptake and incorporation of various *H labeled organic compounds

Compound Activity Intracellular activity Concentration ratios

medium total TCA-soluble total TCA-soluble

(uCi/ml)  (uCi/g fresh

weight)

Thymidine-methyl-*H 5.64 4.75 3.84 0.84 0.68
Adenine-2-°H 1.30 159.57 138.79 122.75 106.76
Uridine-5-*H 3.50 7.15 3.07 2.04 0.88
L-leucine-4-3H 2.84 32.50 18.56 11.44 6.53
Glycine-2-3H 3.60 4.25 3.79 - 1.18 1.05
L-arginine-3,4-’H 1.60 1.10 0.65 0.68 0.41
L-aspartic acid-2,3-*H 2.04 2.20 2.14 1.08 1.05
L-phenylalanine-2,3-*H 3.68 1.89 1.62 0.51 0.44
D-glucose-1-3H 4.14 1.71 1.44 0.41 0.35
D-glucose-6-H 0.83 0.82 0.77 0.99 0.93
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Fig. 2. Dunaliella bioculata. Time course of 3H-adenine uptake. (A) decrease of H-adenine

concentration in the external medium; (B) kinetics of *H-adenine uptake in the TCA-soluble (0) and

in the TCA-insoluble (m) fraction; (C) concentration ratio (intracellular/external *H concentration)

for TCA-soluble (A}, TCA-insoluble (A) and total () activity in the cells. The initial 3H-adenine

concentration in the medium was 107M. The algae (end of exponential growth phase) were
incubated in the light {2000 lux) at 22 °C



Radioactive contamination of the marine environment 157

Time course of adenine uptake

On account of the observed accumulation of *H-adenine, its uptake has been studied
as a function of the incubation time. For this experiment, cultures of Dunaliella bioculata
in a late exponential growth phase were utilized. We observed: (a) a decrease of adenine
concentration in the external medium (Fig. 2A); (b) a rapid linear increase of free
adenine (TCA-soluble) concentration in the cells during the first 15 min followed by
reduced uptake, suggesting that the intracellular pool approaches the saturation level
(Fig. 2B); (c) a slow increase of the incorporated adenine (TCA-insoluble), showing a lag
period in the first minute and a beginning of saturation after 15 min (Fig. 2B, lower
curve}; (d) a sigmoid course of the concentration ratios (Fig. 2C), which in this particular
experiment reached a very high value (700 for total activity) after 32 min of incubation.

Adenine uptake as a function of the concentration in the external medium

Dunaliella bioculata cultures were incubated in media containing increasing con-
centrations of adenine (from 10~ to 10~*M). The incubation time was fixed to 5 min to
ensure that initial uptake velocities were measured. The hyperbolic shape of the fitted
curve (Fig. 3) suggests an uptake process obeying Michaelis-Menten kinetics. From the
data of Figure 3, we calculated the Michaelis-Menten constant (K, = 2.87 + 0.72 uM),
which gives the substrate concentration for half maximal initial uptake rate. Moreover,
the maximal uptake rate (Vo = 3.83 £ 0.23 pM X mg™ dry matter X min') was
calculated directly by non-linear regression analysis of the observed data.

Figure 4 shows a Hofstee plot of the data. Theoretically (Neame & Richards, 1972) a
linear regression in this plot would signify a carrier-mediated transport mechanism.
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Fig. 3. Dunaliella bioculata. *®H-adenine uptake as a function of the concentration in the external
medium (graph obtained by computer analysis). Incubation time: 5 min
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Fig. 4. Hoistee plot of *H-adenine uptake as a function of its concentration in the medium
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Fig. 5. Dunaliella bioculata. Effects of various adenine analogues on the uptake (A) and incorpora-
tion (B) of *H-adenine. Average data of three independent experiments

Competitive experiments with adenine analogues

In order to demonstrate substrate specificity for uptake in Dunaliella bioculata,
which would support the existence of a carrier-mediated transport mechanism, several
purine derivatives (guanine, iso-guanine, hypoxanthine, wuric acid and 2.6
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Fig. 6. Dunaliella bioculata. Molecular sieve chromatography on sepharose 4B (column:
2.5 X 40 cm) of a crude lysate of cells, prelabeled 2 hours with *H-adenine (107M). Elution with
0.1 X SSC. (A) Total radioactivity; (B) TCA-insoluble and alkali-resistant (insert) radioactivity

diaminopurine) were utilized in combination with *H-adenine. The concentration of the
analogues was about 1000 times higher (1.25 X 10~*M) than that of 3H-adenine (107M).
The results (Fig. 5A, B) show that: (a) guanine and hypoxanthine almost completely
inhibit *H-adenine uptake; (b) uric acid shows almost no effect on the uptake of H-
adenine; (¢) iso-guanine and 2.6 diaminopurine cause 70 %o and 62 %, inhibition of 3H-
adenine uptake, respectively; (d) the incorporation of >H-adenine seems directly depen-
dent on the uptake mechanism; in fact, both uptake and incorporation are equally
affected by the analogues. These results support the existence of a specific transport
mechanism with an affinity for adenine and its structural analogues guanine and
hypoxanthine.
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Table 2. Dunaliella bioculata. Distribution of 3H into three different fractions, after 30 min
incubation with tritiated leucine

Compound pCi/ml °/o
TCA-soluble fraction 4359 67
Acetone-soluble fraction 1899 29
TCA-insoluble fraction ) 260 4
Total 6518 100
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Fig. 7. Dunaliella bioculata. Molecular sieve chromatography of DNA, labeled 2 hours with 3H-
adenine. Elution with 2 M NaCl

Molecular distribution of *H-adenine

On account of the large amounts of *H-adenine taken up by Dunaliella bioculata, it
was of interest to know in which cell contituents this tritiated molecule becomes
incorporated. Molecular sieving of a *H-adenine labeled cell lysate revealed a consider-
able TCA-soluble pool (Fig. 6A, peak 3). However, an appreciable amount of radioactiv-
ity was also present in fractions where nucleic acids and proteins are eluted (Fig. 6A,
peaks 1 and 2). The presence of alkali-resistant radioactivity in peak 1 (Fig. 6B) sug-
gested that ®H was bound to DNA. To confirm the hypothesis that *H-adenine may serve
as a precursor for the biosynthesis of the genetic material of Dunaliella, the DNA was
purified from proteins and RNA by enzymatic treatments (proteinase K, RNAase) and by
molecular sieving (Fig. 7}. Figure 7 shows that the DNA has become heavily labeled.
CsCl density gradient centrifugation of the DNA in the presence of density markers
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demonstrated the presence of a main component and of a satellite band with respective
buoyant densities of 1.707 and 1.693 g/cm?® (Fig. 8, top). The asymmetry of the corres-

ponding radioactivity peak (Fig. 8, bottom) may be taken as an indication that both DNA
are labeled.
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Fig. 8. CsCl density gradient centrifugation of DNA extracted from Dunaliella bioculata and
purified by enzymatic treatment (proteinase K, RNAase) and by molecular sieving. Absorbance at
254 nm of main (¢ = 1.707 g/cm’) and of satellite component (¢ = 1.693 g/cm?); the arrows indicate
the position of density markers
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Molecular distribution of *H-leucine

Preliminary experiments have shown that after an incubation period of 30 min, 3H-
leucine is preferentially incorporated into acetone-soluble substances of Dunaliella
bioculata rather than into proteins (Table 2). The nature of the labeled substances has
not yet been investigated.

DISCUSSION

The results reported in this paper clearly show that Dunaliella bioculata, like other
planktonic algae (Fogg, 1972; Neilson & Lewin, 1974; Darley et al., 1979}, is able to
utilize various dissolved tritiated compounds. This heterotrophic potential may be of
ecological significance. Dunaliella cells may use exogenous organic substances for
satisfying part of their carbon and nitrogen requirements. However, our results show that
in Dunaliella the uptake system has a low affinity for the tested organic substrates,
except for *H-leucine and *H-adenine. Since Dunaliella species synthesize and release
glycerol (Beardall et al., 1976), it is possible that particular dissolved organic substances
are used for this biosynthetic pathway. Experiments with 3H-leucine seem to support this
idea as most of the incorporated radioactivity is present in acidic or acetonic fractions
(see Table 2), where labeled glycerol would be dissolved. Only 4 % of H-leucine was
incorporated into acid insoluble substances, probably proteins.

Table 1 shows that Dunaliella bioculata is able to concentrate *H-adenine even
when its concentration in the external medium is rather low (107"M). Experiments on *H-
adenine uptake as a function of time and of its concentration in the external medium
suggest that this organic molecule penetrates the cells by a carrier-mediated transport
mechanism. Results not reported in this paper have shown that a similar amount of *H-
adenine was taken up by Dunaliella under light or under dark conditions.

Competition experiments with adenine analogues revealed that Dunaliella posses-
ses a specific transport mechanism which has a high affinity for adenine and its
structural analogues guanine and hypoxanthine.

Analysis of the molecular distribution of 3H-adenine in Dunaliella shows that it may
be a good precursor for the synthesis of macromolecules of important biological signifi-
cance (RNA, DNA). Molecular sieving and CsCl gradient centrifugation demonstrate
that 3H is incorporated into the genetic material of the cells. The total DNA extracted
from the algae is comprised of a major (¢ = 1.707 g/cm®) and a minor (¢ = 1.693 g/cm?)
component. The major component probably originates from the nucleus, whereas the
minor could be of plastidial origin. It is known, in fact, that Dunaliella cells contain only
one chloroplast. Satellite DNAs have also been found in other planktonic microalgae

(see Charles, 1977).
Apart from theoretical and ecological considerations, the results reported in this

paper are of interest for a better understanding of the radioecological behaviour of
organically bound tritium in the marine environment. The utilization of an experimental
food chain (Kirchmann et al., 1977b) to study the transfer of organic tritium may allow
evaluation of the possible risk to man.
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