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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-3H, adenine-2-3H, uridine-5-3H, 1-1eucine-4-3H, glycine-2-3H, 1-arginine-3.4-3H, 
1-aspartic acid-2. 3-3H, 1-phenylalanine-2.3-3H, D-ghicose-2-3H and D-glucose-6-3H. 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 3H has been studied by various 
biochemical techniques and by sieve chromatography on sepharose 4B. It has been found that more 
1-1eucine-4-3H is incorporated into acid and acetone soluble substances than into proteins. 
Adenine-2-3H is mainly incorporated into macromolecules of biological significance (RNA, DNA). 
CsC1 gradient centrffugation has shown that the total DNA of Dunafiella is constituted by a major (Q 
= 1.707 g/cm 3) and by a minor (Q = 1.693 g/cm 3) component. 

INTRODUCTION 

Tri t ium from nuc lea r  facilities is re leased into the env i ronment  main ly  as tr i t iated 
water  (HTO). Most 3H is f inal ly dispersed into the oceans, but  a s ignif icant  amount  may 
enter  l iv ing  organisms; it is incorporated into organic molecules  by isotopic exchange  
with hydrogen  or by photosynthet ic  processes in  aquat ic  and  terrestrial  plants.  

Tr i t ium b o u n d  in  organic  compounds  behaves  differently from that  present  in  HTO 
(Strack, 1978). The fate of organical ly  bound  3H wil l  largely depend  on the chemical  
form of the "carrier" molecule.  Organic  t r i t ium may present  a risk to man,  because  it 
could be t ransported a long the food chains. Moreover, par t icular  tr i t iated compounds  
may be preferent ia l ly  incorporated into radiosensi t ive cell const i tuents  of l iv ing organ- 
isms and  cause genet ic  damage.  Organic  compounds  are used not only by an imal  but  
also by p lant  cells. It is wel l  known  that p lanktonic  a lgae can uti l ize dissolved organic 
compounds  (Fogg, 1972; Nei lson & Lewin, 1974; Darley et al., 1979). Freshwater  algae 
may accumula te  organic t r i t ium present  in  nuc lear  effluents (Kirchmann et al., 1977a). 

Since the amount  of tr i t iated water  re leased into the aquat ic  systems is rapidly 
increas ing  and  because  the ocean may become a disposal area for large amounts  of 
t r i t ium or ig ina t ing  from in l and  as wel l  as coastal reprocessing plants  (Bonka, 1979), 

*Fellow of the Commission of the European Communities 

�9 Biologische Anstalt Helgoland 0017-9957/80/0033/0153/$ 02.00 



154 S. Strack,  S. Bonotto & R. Ki rchmann  

inves t iga t ions  on the fate of 3H in mar ine  o rgan i sms  are u rgen t ly  needed .  This work  is an  
a t t empt  to ga in  more  ins igh t  into the  ~adioecologica l  behav iou r  of o rgan ica l ly  b o u n d  
tri t ium. Data  ob t a ined  unde r  cont ro l led  labora tory  condi t ions  may  be  used  in connec t ion  
wi th  those  from f ie ld  expe r imen t s  for deve lop ing  ma thema t i ca l  mode l s  on the b io log ica l  
behav iou r  of t r i t ium in the  mar ine  envi ronment .  

MATERIAL AND METHODS 

C u l t u r e  of a l g a e  

The  p l ank ton ic  mar ine  a lga  D u n a l i e l l a  b i o c u l a t a  (Fig. 1), a wa l l - l ess  f lagel la te ,  was  
cu l t iva ted  in Mique l ' s  s ea -wa te r  m e d i u m  (Izard & Testa,  1968) in 250-ml Er lenmeyers  at 
20 ~ under  cont inuous  l ight  (2000 lux from 40 W Phytor tubes,  ACEC). Cel l  dens i ty  and 

Fig. I. Dunaliella bioculata cells showing the two flagella (Nomarski interference optics). Scale = 
10 #m 

volume (1.2 X 10 -l~ ml/cel l )  were  de t e rmined  with  a Coul ter  Counter  (Model  ZF). The 
a lga l  cul tures  were  rou t ine ly  c h e c k e d  for bac te r i a l  con tamina t ion  by  p la t ing  on Z o b e l r s  
sol id  m e d i u m  for mar ine  bacter ia .  

I n c o r p o r a t i o n  of t r i t i a t e d  m o l e c u l e s  

Tr i t ia ted  molecules ,  ob t a ined  from CIS Associat ion,  were  a d d e d  to 8 -day-o ld  cul- 
tures wi th  about  2 x 10 6 cel ls /ml.  In ini t ia l  exper iments ,  the  up take  was  s topped  by  
a d d i n g  1 %  formalin.  The  suspens ion  was  then  r ap id ly  cen t r i fuged  and  the  pe l l e t  
w a s h e d  wi th  ice -co ld  cul ture  med ium.  TCA-so lub le  and  inso lub le  rad ioac t ive  sub- 
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stances,  co l lec ted  on g lass- f ibre  filters, were  m e a s u r e d  in a l iqu id -sc in t i l l a t ion  spec-  
t rometer  us ing  in te rna l  s t andards  for quench ing  correct ion (Bonotto & Kirchmann,  1971). 
The  k ine t ics  of 3H-adenine  u p t a k e  was  s tud ied  by  cen t r i fug ing  the cells'-into a l ayer  of 
d ibu ty lph tha l a t e  (Eilam & Stein, 1974) after  add i t i on  of an  excess  of the  u n l a b e l e d  
precursor .  The in t r ace l lu l a r  concent ra t ion  of rad ioac t iv i ty  was ca l cu la t ed  on the  bas is  of 
the  we igh t  of p a c k e d  ceils,  p e l l e t e d  by  cen t r i fuga t ion  (230 #g/106 ceils). 

M o l e c u l a r  s i e v i n g  c h r o m a t o g r a p h y  

A crude  cel l  lysa te  of Dunaliella bioculata was sub jec ted  to molecu la r  s iev ing  on a 
Sepharose  4B co lumn (40 x 2.5) and  e lu t ed  wi th  0.1 x SSC (0.015 M NaC1, 0.0015 M Na  
citrate). Such s iev ing  was  successful ly  used  for the  pur i f ica t ion  of DNA ex t rac ted  us ing  a 
mod i f i ed  M a r m u r  t echn ique  (Marmur,  1961). The  cell  lysate ,  ob t a ined  wi th  2 ~/o SDS, 
was  ex t rac ted  wi th  e thano l  and  t r ea ted  wi th  p ro te inase  K and RNAase  before  b e i n g  
s ieved.  The DNA was  e lu t ed  wi th  2M NaC1 at room tempera tu re .  A bso rba nc e  was  
mon i to red  wi th  an  Isco M o d e l  UA2 appa ra tus  connec ted  to a Kipp & Zonen  BD9 recorder  
and  to an  Isco fract ion col lector  mode l  568. 

D e t e r m i n a t i o n  of b u o y a n t  d e n s i t y  of D N A  

Buoyant  dens i ty  of DNA was  d e t e r m i n e d  by  CsC1 dens i ty  g rad ien t  cen t r i fuga t ion  
(33,000 rpm, 65 h, 20 ~ The s lope of the  g rad ien t s  was d e t e r m i n e d  g raph i ca l l y  by  
us ing  Clostridium perfringens DNA (Q = 1.691 g /cm 3) and  p h a g e  2C DNA (~) = 1.742 g/  
cm 3) as dens i ty  markers .  

Abbrev ia t ions :  RNAase  = r ibonuc lease ,  SDS = sod iumdodecy l su l fa te ;  SSC = 
0.15M NaC1 + 0.015Na citrate;  TCA = t r ichloroacet ic  acid. 

RESULTS 

C o m p a r i s o n  of u p t a k e  a n d  i n c o r p o r a t i o n  of v a r i o u s  t r i t i a t e d  o r g a n i c  c o m p o u n d s  

Var ious  t r i t ia ted  organic  compounds  were  s u p p l i e d  s ing ly  to 8 -day-o ld  cul tures  of 
Dunaliella bioculata (about  2 X 106 cel ls /ml)  for 30 rain. Thei r  f inal  concent ra t ion  in the  
cul ture  m e d i u m  r a n g e d  b e t w e e n  0.8 and  2.2 X 10 -7 M except  that  of g lucose - l -3H 
(1.1 x 10-~M). The resul ts  ob t a ined  are  r epor t ed  in Table  1, which  gives  the  concentra-  
t ions of 3H in the  m e d i u m  and  in the  a lgae  as wel l  as the concent ra t ion  ratios.  The 
concent ra t ion  rat ios  for total  act iv i ty  (fourth column) show that:  (a) the  in t race l lu la r  
concent ra t ion  of most  of the  t r i t i a ted  compounds  t e s ted  app roaches  that  of the  ex te rna l  
med ium,  b e i n g  s l ight ly  h ighe r  for ur id ine-5-3H and  lower  for arginine-3.4-3H, pheny l -  
a lanine-2.3-3H and  g lucose- l -3H;  (b) the  respec t ive  in t race l lu la r  concentra t ions  of 
leucine-4-3H and  of adenine-2-3H are  about  10 and  100 t imes  h ighe r  than  in  the  ex te rna l  
med ium.  A compar i son  of the  f igures of co lumn 2 (total activity) wi th  those of co lumn 3 
(soluble  activity) r evea l s  that,  after 30 rain of incubat ion,  s ignif icant  amounts  of the  
rad ioac t iv i ty  are  p resen t  in the so luble  "pool" .  The f igures also show that  al l  the  u sed  
subs tances  b e c o m e  incorpora ted  into the  TCA- inso lub le  fract ion of the  ceils. 
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Table 1. Dunaliella bioculata. Uptake and incorporat ion of various 3H labe led  organic compounds 

Compound Activity Intracellular  activity Concentra t ion ratios 
med ium total TCA-soluble total TCA-soluble 
(/~Ci/ml) (/zCi/g fresh 

weight} 

Thymidine-methyl-3H 5.64 4.75 3.84 0.84 0.68 
Adenine-2-3H 1.30 159.57 138.79 122.75 106.76 
Uridine-5-3H 3.50 7.15 3.07 2.04 0.88 
L-leucine-4-SH 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-SH 1.60 1.10 0.65 0.68 0.41 
L-aspartic acid-2,3-SH 2.04 2.20 2.14 1.08 1.05 
L-phenylalanine-2,3 -aLI 3.68 1.89 1.62 0.51 0.44 
D-glucose-l-3H 4.14 1.71 1.44 0.41 0.35 
D-glucose-6-3H 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 3H-adenine 
concentrat ion in the external  medium; (B) kinetics of 3H-adenine uptake  in the TCA-soluble (0) and  
in the TCA-insoluble (m) fraction; (C) concentrat ion ratio ( intracel lular /external  3H concentration) 
for TCA-soluble (A). TCA-insoluble (A) and  total ( ,}  activity in the cells. The init ial  3H-adenine 
concentrat ion in the med ium was 10-TM. The aIgae (end of exponent ia l  growth phase} were  

incuba ted  in the l ight  (2000 lux) at 22 ~ 
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T i m e  c o u r s e  of  a d e n i n e  u p t a k e  

On  account  of the  obse rved  accumula t ion  of 3H-adenine,  its up t ake  has  b e e n  s tud ied  
as a funct ion of the  incuba t ion  t ime.  For this  exper imen t ,  cul tures  of Dunaliella bioculata 
in a la te  exponen t i a l  g rowth  phase  were  ut i l ized.  We observed:  (a) a dec rease  of a de n ine  
concent ra t ion  in  the  ex te rna l  m e d i u m  (Fig. 2A); (b) a r a p i d  l inear  inc rease  of free 
a d e n i n e  (TCA-soluble)  concent ra t ion  in the  cel ls  dur ing  the first 15 min  fo l lowed by  
r e d u c e d  up take ,  sugges t i ng  tha t  the  in t race l lu la r  pool  app roaches  the  sa tura t ion  leve l  
(Fig. 2B); (c) a s low increase  of the  incorpora ted  a de n ine  (TCA-insoluble) ,  showing  a l ag  
pe r iod  in the  first minu te  and  a b e g i n n i n g  of sa tura t ion  after  15 min  (Fig. 2B, lower  
curve); (d) a s i gmo id  course of the  concent ra t ion  rat ios (Fig. 2C), which  in this  pa r t i cu la r  
expe r imen t  r e ached  a very  h igh  va lue  (700 for total  activity) after  32 min  of incubat ion.  

A d e n i n e  u p t a k e  as  a f u n c t i o n  of t h e  c o n c e n t r a t i o n  i n  t h e  e x t e r n a l  m e d i u m  

Dunaliefla bioculata cul tures  were  i n c u b a t e d  in m e d i a  con ta in ing  inc reas ing  con- 
cent ra t ions  of aden ine  (from 10 -7 to 10-4M). The  incuba t ion  t ime was  f ixed to 5 min  to 
ensure  that  in i t ia l  u p t a k e  ve loc i t ies  were  measured .  The  hype rbo l i c  shape  of the  f i t ted 
curve (Fig. 3) sugges t s  an  u p t a k e  process  obey ing  M i c h a e l i s - M e n t e n  kinet ics .  From the 
da ta  of F igure  3, w e  ca l cu la t ed  the  M i c h a e l i s - M e n t e n  constant  (Km ---- 2.87 ----- 0.72 #M), 
which  g ives  the  subs t ra ta  concent ra t ion  for half  ma x ima l  in i t ia l  u p t a k e  rate.  Moreover ,  
the  max ima l  u p t a k e  ra te  (Vm~ = 3.83 + 0.23 p M  x m g  -1 dry mat te r  X min  -1) was 
ca l cu la t ed  d i rec t ly  by  non - l i nea r  r egress ion  ana lys i s  of the  obse rved  data.  

F igure  4 shows a Hofs tee  plot  of the  data.  Theore t i ca l ly  (Neame & Richards,  1972) a 
l inear  r eg ress ion  in this  p lot  w o u l d  s ignify  a ca r r i e r -med ia t ed  t ranspor t  mechan i sm.  
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Pig. 3. Dunaliella bioculata. 3H-adenine up t ake  as a funct ion of the concent ra t ion  in the external  
medium (graph obtained by computer analysis). Incubation time: 5 rain 
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Fig. 4. Hofstee plot of 3H-adenine uptake as a function of its concentration in the medium 
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Fig. 5. Duna] ie] ]a biocu]ata. Effects of various adenine analogues on the uptake (A) and incorpora- 
tion (B) of 3H-adenine. Average data of three independent experiments 

C o m p e t i t i v e  e x p e r i m e n t s  w i th  a d e n i n e  a n a l o g u e s  

In order to demonstrate substrate specificity for uptake in Dunaliella bioculata, 
which would support the existence of a carr ier-mediated transport mechanism, several 
purine derivatives (guanine, iso-guanine, hypoxanthine, uric acid and 2.6 
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Fig. 6. Dunaliella bioculata. Molecular sieve chromatography on sepharose 4B (column: 
2.5 • 40 cm) of a crude lysate of ceils, prelabeled 2 hours with SH-adenine (10-7M). Elution with 

0.1 • SSC. (A) Total radioactivity; (B) TCA-insoluble and alkali-resistant (insert) radioactivity 

d iaminopur ine )  were  u t i l i zed  in combina t ion  wi th  3H-adenine.  The  concent ra t ion  of the  
ana logues  was about  1000 t imes  h ighe r  (1.25 • 10-4M) than  that  of 3H-adenine  (10-7M). 
The  resul ts  (Fig. 5A, B) show that:  (a) guan ine  and  hypoxan th ine  a lmost  comple t e ly  
inh ib i t  3H-adenine  up take ;  (b) uric ac id  shows a lmost  no effect on the u p t a k e  of 3H- 
aden ine ;  (c) i so -guan ine  and  2.6 d i aminopur ine  cause  70 % and  62 % inh ib i t ion  of 3H- 
aden ine  up take ,  respec t ive ly ;  (d) the  incorpora t ion  of 3H-adenine  seems d i rec t ly  depen -  
den t  on the  up t ake  mechan i sm;  in fact, both  u p t a k e  and  incorpora t ion  are  equa l ly  
affected by  the ana logues .  These  resul ts  suppor t  the ex is tence  of a specif ic  t ranspor t  
m e c h a n i s m  wi th  an affini ty for aden ine  and  its s t ructural  ana logues  gua n ine  and  
hypoxan th ine .  
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Table 2. Dunallella bioculata. Distribution of 3H into three different fractions, after 30 min 
incubation with tritiated leucine 

Compound pCi/ml % 

TCA-soluble fraction 
Acetone:soluble fraction 
TCA-insoluble fraction 

Total 

4359 67 
1899 29 
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Fig. 7. Dunaliella bioculata. Molecular sieve chromatograph)" of DNA, labeled 2 hours with 3I-I- 
adenine. Elution with 2 M NaCI 

M o l e c u l a r  d i s t r i b u t i o n  of 3 H - a d e n i n e  

On account  of the large amounts  of 3H-adenine t aken  up by Dunaliel la bioculata, it 
was of interest  to know in  which cell conti tuents  this trit iated molecule  becomes 
incorporated. Molecular  s ieving of a 3H-adenine labe led  cell lysate revealed  a consider-  
able TeA-so lub l e  pool (Fig. 6A, peak  3). However,  an  appreciable  amount  of radioactiv- 
ity was also present  in  fractions where  nucle ic  acids and proteins are e luted (Fig. 6A, 
peaks  1 and  2). The presence of alkal i -resis tant  radioactivi ty in  peak  1 {Fig. 6B) sug- 
gested that 3H was bound  to DNA. To confirm the hypothesis  that 3H-adenine may serve 
as a precursor for the biosynthesis  of the genet ic  mater ial  of Dunaliella,  the DNA was 
purif ied from proteins and  RNA by enzymat ic  t reatments  (proteinase K, RNAase) and  by 
molecular  s ieving (Pig. 7). Figure 7 shows that the DNA has become heavi ly  labeled.  
CsC1 densi ty gradient  centr i fugat ion of the DNA in the presence of densi ty  markers  
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demonst ra ted  the presence  of a m a i n  component  and  of a satell i te b a n d  with respective 
buoyan t  densi t ies  of 1.707 and  1.693 g/cm 3 (Fig. 8, top). The asymmetry of the corres- 
pond ing  radioactivi ty peak  (Fig. 8, bottom) may be t aken  as an  indica t ion  that both DNA 
are labeled.  
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Fig. 8. CsC1 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 3) and of satellite component (@ = 1.693 g/cm3); the arrows indicate 

the position of density markers 
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M o l e c u l a r  d i s t r i b u t i o n  of 3 H - l e u c i n e  

Pre l iminary  exper imen t s  have  shown that  after an incuba t ion  pe r iod  of 30 rain, 3H- 
l euc ine  is p re fe ren t ia l ly  incorpora ted  into ace tone - so lub le  subs tances  of Dunaliel la 
bioculata ra ther  than  into pro te ins  (Table 2). The na ture  of the l a b e l e d  subs tances  has  
not  ye t  b e e n  inves t iga ted .  

DISCUSSION 

The resul ts  r epor ted  in this  p a p e r  c lear ly  show that  Dunaliel la bioculata, l ike  other  
p l ank ton ic  a lgae  (Fogg, 1972~ Nei l son  & Lewin,  1974; Dar ley  et al., 1979}, is ab le  to 
ut i l ize  var ious  d isso lved  t r i t ia ted  compounds .  This he te ro t rophic  po ten t i a l  m a y  be  of 
eco logica l  s ignif icance.  Dunaliel la cells  m a y  use exogenous  organic  subs tances  for 
sat isfying par t  of thei r  carbon and n i t rogen  requi rements .  However ,  our resul ts  show that  
in Dunaliel la  the  u p t a k e  sys tem has  a low aff ini ty for the  tes ted  organic  substrates ,  
except  for 3H-leucine and  3H-adenine.  Since Dunaliel la species  synthes ize  and  re lease  
g lycero l  (Beardal l  et  al., 1976), it  is poss ib le  that  par t i cu la r  d i sso lved  organic  subs tances  
are  used  for this  b iosyn the t i c  pa thway .  Exper iments  wi th  3H-leucine seem to suppor t  this 
i dea  as most  of the  incorpora ted  rad ioac t iv i ty  is p resen t  in ac idic  or ace tonic  fractions 
(see Table  2), w h e r e  l a b e l e d  g lycerol  wou ld  be  dissolved.  Only  4 % of 3H-leucine was 
incorpora ted  into ac id  inso lub le  subs tances ,  p robab ly  proteins .  

Table  1 shows that  Dunaliel la bioculata is ab le  to concentra te  3H-adenine  even  
w h e n  its concent ra t ion  in the  ex te rna l  m e d i u m  is ra ther  low (10-TM). Exper iments  on 3H- 
aden ine  up t ake  as a funct ion of t ime and  of its concent ra t ion  in the  ex te rna l  m e d i u m  
sugges t  that  this organic  molecu le  pene t ra t e s  the  cells by  a ca r r i e r -med ia t ed  t ranspor t  
mechanism.  Results not  r epor ted  in this p a p e r  have  shown that  a s imi lar  amount  of 3H- 
a d e n i n e  was  t a k e n  up  b y  Dunaliel la u n d e r  l ight  or u n d e r  da rk  condi t ions.  

Compet i t ion  exper imen t s  wi th  aden ine  ana logues  r e v e a l e d  that  Dunaliel la posses-  
ses a specif ic  t ranspor t  m e c h a n i s m  which  has  a h igh  affini ty for aden ine  and  its 
s t ructural  a n a l o g u e s  guan ine  and  hypoxanth ine .  

Analys i s  of the  mo lecu la r  d is t r ibut ion  of 3H-adenine  in Dunaliel la shows that  it  m a y  
be  a good  precursor  for the synthes is  of macromolecu les  of impor tan t  b io log ica l  s ignif i-  
cance (RNA, DNA). Molecu la r  s iev ing  and CsC1 g rad ien t  cent r i fugat ion  demons t ra te  
that  "H is incorpora ted  into the  gene t ic  ma te r i a l  of the  cells. The total  DNA ext rac ted  
from the a lgae  is compr i sed  of a major  (~ = 1.707 g /cm 3) and  a minor  (Q = 1.693 g /cm 3) 
component .  The  major  componen t  p r o b a b l y  or ig ina tes  from the nucleus ,  w he re a s  the  
minor  could  be  of p las t id ia l  origin. It is known,  in fact, that  Dunaliel la cells conta in  only 
one chloroplast .  Sate l l i te  DNAs have  also b e e n  found in other  p l ank ton ic  mic roa lgae  
(see Charles ,  1977). 

Apar t  from theore t ica l  and  eco log ica l  considera t ions ,  the resul ts  r epor ted  in this 
p a p e r  are  of in teres t  for a be t te r  unde r s t and ing  of the rad ioeco log ica l  behav iou r  of 
o rgan ica l ly  b o u n d  tr i t ium in the  mar ine  envi ronment .  The  u t i l iza t ion  of an expe r imen ta l  
food chain  (Kirchmann et  al., 1977b) to s tudy the t ransfer  of o rganic  t r i t ium m a y  a l low 
eva lua t ion  of the  poss ib le  r i sk  to man.  
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