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ABSTRACT: Coscinodiscus granii Gough was cultivated at low cell densities in aged Atlantic sea 
water containing very little dissolved organic carbon; the water was enriched with low levels of 
nutrients but no chelators were added. Cadmium additions provided final concentrations of 0.1 to 
26.5/~g Cd 1-1, zinc being kept constant at a level of 38/lg Zn 1-1. Carrier-free 1~ and 6SZn were 
used as tracers for the two metals. Growth in terms of cell numbers and primary productivity 
capacity, using the 14C uptake rate, was followed during the exponential growth phase for the first 5 
days of the experiment and then for a further 3 days during the stationary phase. On each day, the 
metal contents of the cells were determined. Cadmium concentrations of 20/~g Cd 1 -I and more 
resulted in growth inhibition whereas 17.5 pq Cd 1 -I reduced the growth only slightly. The 
physiological state of the cells influenced the heavy-metal uptake per cell at sublethal Cd levels. 
Dead cells had a higher heavy-metal concentration than living cells. Microscopical observations 
revealed that cells just about to divide were less sensitive to a given toxic heavy-metal concentra- 
tion than cells ~vhich had recently divided. This might have been due to different surface/volume 
ratios. 

INTRODUCTION 

Upwe l l i ng  water  conta in ing a low concentra t ion of organic  carbon usual ly  needs  a 

cer ta in  t ime before  p lank ton  wil l  grow in it (Barber & Ryther, 1969). It is also known that 

upwe l l i ng  wate r  has an e n h a n c e d  content  of heavy  metals  (Riley & Taylor, 1972). Thus 

the ini t ial  depress ion of pr imary product ion  in such water  may  be due to this h ighe r  

meta l  content.  Addi t ion  of chelator  or homogen i sed  p lankton  has b e e n  shown to 

enhance  the pr imary  product ion  capaci ty of newly  u p w e l l e d  wate r  (Barber & Ryther, 

1969; Barber et al., 1971) possibly due to the detoxif icat ion of the metals  (Steeman 

Nie l sen  & Wium Anderson,  1971). 

Heavy  meta ls  are known  to be toxic to phytoplankton  even  at low levels  (Davies, 

1978). As the same author  po in ted  out, the toxicity is d e p e n d e n t  on severa l  external  

factors. In cultures, one of these  is the composi t ion of the medium.  The presence  of 

chelators as we l l  as the concentrat ions  of the nutr ients  may have  an effect on the toxicity 

of the metals.  Chelators  can reduce  the act ivi ty of metals.  The  calculat ions of Spencer  
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(1958), for instance,  i nd i ca t ed  that  at EDTA concentra t ions  of 10 .5 molar,  the  order  of 
m a g n i t u d e  present ,  for example ,  in  the  f/2 cul ture  m e d i u m  (MacLachla  n, 1973), meta l s  
l ike  copper  and  zinc are  p resen t  l a rge ly  in che la t ed  form. As sugges t ed  by  Davies  (1978), 
h igh  concentra t ions  of nut r ients  m a y  have  an  inf luence  on the meta l  effects and  thei r  
toxicity.  H igh  cel l  numbers  m a y  have  the same effect, as it  is the  quant i ty  of me ta l  t a k e n  
up  by  the  cel ls  which  u l t ima te ly  de t e rmines  its effect upgn  growth.  In dense  cultures,  
more  me ta l  is r equ i r ed  to p roduce  a g iven  ce l lu la r  b u r d e n  (Davies, 1978). This effect 
could  be  e n h a n c e d  by  the r e l ease  of organic  subs tances  by  the cel ls  which  detoxify  the  
m e d i u m  by che la t ion  (S teeman Nie l sen  & Wium Anderson,  1971; Hel lebus t ,  1974). 

To t ake  this into cons idera t ion  in the  p resen t  exper iment ,  aged  sea  wa te r  wi th  a low 
d isso lved  organic  carbon content  was  used.  Cel l  concentra t ions  were  kep t  at about  the  
leve l  of na tu ra l  popu la t ions  (see Table  1). 

The effect of a constant  heavy  meta l  concent ra t ion  may  be  different  dur ing  the 
course of the  ce l l -d iv is ion  cycle. Therefore,  a me thod  was  d e v e l o p e d  to follow not only  
the n u m b e r  of l iv ing  and  dead  cel ls  bu t  aIso the  different  morpho log ica l  s tages  dur ing  
the logar i thmic  growth  phase  and  the s ta t ionary phase .  Cul ture  condi t ions  were  
a r r a n g e d  to inc lude  both  these  phases .  As shown by the resul ts  of the  fo l lowing 
expe r imen t  the  phys io log ica l  state of the cel ls  had  i n d e e d  an inf luence  on the heavy  
meta l  up t ake  rate.  This resul ts  in h igh  va r i ab i l i ty  of the  expe r imen ta l  data.  A de t a i l ed  
s tudy on the inf luence  of h e a v y  meta l s  and  thei r  u p t a k e  rates  dur ing  the ce l l -d iv is ion  
cycle of a synchron ised  cul ture  wi l l  follow. Here  we  presen t  the  me thod  and first results.  

MATERIAL AND METHODS 

C u l t u r e  t e c h n i q u e  

A g e d  At lant ic  sea  wa te r  wi th  a low d i sso lved  organic  carbon (DOC) content  of 0.25 
mg C 1-1, an  amino -ac id  content  of 0.14 ~mol g lyc ine  equ iva len t s  1-1 (Dawson & 
Liebezei t ,  1980) and  respec t ive  cadmium and  zinc contents  of 0.014/~g 1-1 and  4.25 fig 1-1 
was  p r e p a r e d  for the  exper imen t s  in the  fo l lowing way:  the  wa te r  was  en r i ched  wi th  
nut r ients  (Table 1), s te r i l i zed  b y  f i l t rat ion th rough  a 0.2-ffm pore  size m e m b r a n e  fi l ter 
d i rec t ly  into 2-1 s team-s ter i l ized ,  quar tz  glass  bot t les  a l r eady  conta in ing  about  3 ~Ci 
~~ and 10 ffCi 65Zn, bo th  carr ier-free,  and  ca dmium concentra t ions  r ang ing  b e t w e e n  0 
and  26.5 fig 1 -~ (Table 1). Abou t  1.7 1 of wa te r  was  a d d e d  to each  bott le,  dup l i ca te  bot t les  
b e i n g  set up  for each  concentrat ion.  Dur ing  the prepara t ions ,  the  zinc content  of the  
m e d i u m  inc reased  to 38 pg 1-1 due  to the  nutr ient  addi t ions .  After  p repara t ion ,  the  
samples  were  kep t  for 4 w e e k s  at 18 ~ to a l low equ i l ib ra t ion  b e t w e e n  the rad ioac t ive  
t racers  and  the meta l s  na tura l ly  present .  D u r i n g  this t ime the rad ioac t iv i ty  r e m a i n e d  
constant,  i nd ica t ing  that  no adsorp t ion  had  occurred and  there  was  no ev idence  of 
bac te r i a l  growth.  The low levels  of par t i cu la te  meta l s  p resen t  (0.08 % of total  for Cd and  
0.26 % for Zn) have  b e e n  used  to correct  the  data. Before inoculat ion,  0.7 fig 1 -~ coba lamin  
was a d d e d  to the med ium.  

The 2-1 quartz  cul ture  vesse ls  were  c losed  wi th  a tef lon s topper  which  had  3 nozzles  
outs ide  and 2 quartz  tubes  ins ide  for aerat ion,  sampl ing ,  and  vent i la t ion.  The bot t les  
were  kep t  at 18 ~ in an  incuba tor  (Rubarth & Co} and  were  i l l umina t ed  by  Phi l ips  TLW 
33 f luorescence  tubes  whi le  ro ta t ing on a two- leve l  p lex ig lass  turntable .  The ave rage  
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l ight densi ty  was 7.4 W m -2 with a l ight-dark cycle of LD 12:12. For primary product ion 
measurements  in 50-ml sovirel bottles, a Gargas incubator  was used at 18 ~ 14 W m -2 
light and  4 h incuba t ion  time. Cell counts were made on m e m b r a n e  filters unde r  a 
dissecting microscope (Wild M 5), us ing  darkfield i l luminat ion.  

Coscinodiscus granii Gough was isolated on 8 September  1977 from p lank ton  
samples taken  off List/Sylt, Ge rman  Bight, North Sea, by Dr. Drebes, List/Sylt. The strain 
is of the so-called "major-form" (Drebes, 1974). During the experiments ,  the cells had a 
d iameter  of 180 to 200 ffm, the m e a n  be ing  191 ffm. The cell surface was calculated to be 
about  5.5 • 104 ffm 2 and  its volume about  2.63 • 106 ~tm 3, the latter confirmed by Coulter 

Counter  measurements .  Cells shortly before cell division had approximately twice the 
volume but  the surface was only slightly en la rged  before the ceils separated completely. 
Stock cultures were cul t ivated for 3 weeks with 4 serial tranfers in the same med ium in  
order to allow physiological  adapta t ion  to the test medium.  For the experiments ,  the cell 
densi ty at the b e g i n n i n g  was approximately 600 cells 1-1. 

The sampl ing  was done every day, two hours after i l lumina t ion  started, us ing  20- to 
50-ml medica l  syringes. From each bottle, 2 to 3 samples were taken  for pr imary 
productivity measurements ,  a sample to control the radioactivity in the water, and, every 
second day, samples for bacter ia  count ing  and  biomass determinat ion.  Further samples 
were used to determine the following chemical  parameters:  DOC, amino-acid  content, 
nut r ients  (NO3-N, SiO4-Si, PO4-P ), a lkal in i ty  and  the specific activities of ~~ and 65Zn 
at the b e g i n n i n g  and the end  of the experiment .  The trace-metal  de terminat ion  was 

carried out in a PAR Mod. 174 polarographic  analyzer  by inverse s tr ipping voltammetry.  
To analyze  the metal  content  of the part iculate  material ,  water  was filtered through 2 
Satorius 0.45-#m pore size 25-mm diameter  m e m b r a n e  filters, the same used as for the 
productivity measurements .  Before the filters were analyzed,  p lank ton  was counted on 

each of them. 

C a l c u l a t i o n  

Measurements  of radioactivity were made in  a th ree-channe l  l iquid  scint i l lat ion 

counter  (BF 5000 Labor Prof. Berthold) and  a two-channel  gamma sample changer  (BF 
5000 G Labor Prof. Berthold), the latter be ing  equ ipped  with a 21/2" NaI(Li) well- type 
crystal. The samples were dissolved in  6 ml Instagel  II (Packard) conta ined  in  8-ml glass 
vials. The glass vials were counted in both instruments.  The efficiency in  the gamma 
sample changer  was 31 ~ for 1~ and  42 % for 65Zn. In the l iquid  scint i l lat ion counter, 
it was 178 % for 1~ and 187 ~ for 65Zn and  93 % for 14C measur ing  with open  

channels .  Since all three nucl ides  were measured  together in  the samples,  the l iquid 
scint i l la t ion counter  was used in  the th ree-channe l  mode. In the highest  energy channel ,  
a small  fraction of 65Zn was measured  which was used  to correct the middle  channe l  for 
its small  zinc component .  In  this channel ,  85 % of the 1~ and 84 % of 14C were 
measured.  In the low energy  channel ,  the ma in  65Zn activity was measured  which had to 
be corrected for 5 % of the activity from the 1~ and  6 % of that of 14C. The quench  due 
to the water  and  to the chlorophyll  was measured  by the 137Cs external  s tandard  channe l  
ratio, and  in  re la t ion to this, different spill-over factors were used. The t4C activity was 
calculated by us ing the 65Zn and  1~ measurements  from the gamma counter. In the 
range  of 4000 counts m in  -~ and count ing  t ime 10 min,  the 2 s igma s tandard  devia t ion for 
each nucl ide  was wi th in  -4- 2 %. 
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After ca lcula t ing the radioactivi ty for the isotopes in  the filter and  water  samples,  
the upper  filter samples  were corrected for the radioactivity of the subfilters which  were 
used to measure  the absorbed water. The count ing  background  was subtracted in  the 
count ing  programme.  Then,  with the help of the de te rmined  specific activity of each 
sample,  the meta l  and  carbon contents were calculated.  By us ing  the re la ted cell 
number s  for each filter, the contents  per  mi l l ion  cells could be caiculated. The m e a n  
va lues  of the results were plotted agains t  cell numbers  in the cuItures to provide 
comparable  points  for cell density.  Mean  doub l ing  times with confidence limits (95 % 
level) were caIculated dur ing  the logari thmic growth phase. 

RESULTS 

G r o w t h  of Coscinodiscus granii  

Culture  condit ions of Coscinodiscus granii were chosen so that logari thmic growth 
occurred at least dur ing  the first 5 days of the exper iment  before the stat ionary phase 
began.  Dur ing  the logari thmic growth phase, the m e a n  doubl ing  t ime of the controls was 
equa l  to that of the stock cultures cul t ivated in  Guil lards f/2 m e d i u m  (MacLachlan, 
1973), be ing  about  26 hours. The presence  of cadmium up to a concentrat ion of 9.1 pg Cd 
1-1 had no inf luence  on the m e a n  doubl ing  t ime of this species (Tables 1, 2). No growth 
occurred in  cultures con ta in ing  20 tog Cd 1-1 or more. In conclusion, we can state that a 
cadmium concentra t ion  of up to about  10 #g Cd 1 -~ has no inf luence  on the m e a n  
doub l ing  t ime of Coscinodiscus granii unde r  the condit ions invest igated,  that a concen- 
tration of 20 #g Cd 1-1 and  more p reven ted  growth totally whereas  a concentra t ion of 
about  17.5/~g Cd 1 -~ in f luenced  the m e a n  doubl ing  t ime slightly. 

Direct microscopic observat ions of ceils inocula ted  into a m e d i u m  with a Cd 
concentra t ion  of 25 #g 1-1 showed that cells had plasmolysed in the course of two 
minutes .  After 4 rain, cytoplasm protruded from the wall  of some cells and  formed 
spheres of different diameters.  These spheres were bui l t  up from a hyal ine  th in  layer  of 
cytoplasm sur rounding  a large vacuole.  At the pole where  the cytoplasm had protruded 
from the cell wall,  some chromatophores were present  in most cases. Some of these 
spheres detached from the cells and persisted for days in  the culture vessels. This 

Table 2. Coscinodiscus ffranii, Mean doubling time plus confidence limits (95 % level) in relation to 
different cadmium concentrations of the medium 

Cd concentration Mean doubling time 
(fig 1-1) (h) 

0.1 24.8 ~ 29.2 ~ 35.4 
1.5 21.8 ~ 27.6 ~ 37.6 
4.0 17.0 ~ 21.9 ~ 30.6 
9.0 20.9 ~ 27.0 ~ 37.9 

17.5 29.6 ~ 52.1 ~ 220.8 
20.0 no growth 
26.5 no growth 
50.0 no growth 
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behav iour  is typical  for cells  not direct ly invo lved  in cel l  division. E longa ted  cells shortly 

before  divis ion or cells in wh ich  cytoplasmic divis ion had f inished but whe re  the 

daugh te r  cells were  still connec ted  by the gi rdle  (Drebes, 1974: Fig. 26a) showed  

plasmolysis  but, in most cases, no cytoplasmic extrusions. The  cytoplasm of some of 

these  cells deplasmolysed,  looked  l ike un t rea ted  cells after 1 to 2 days, but  cell  d ivis ion 

did not start aga in  e v e n  after 6 days. When  cells were  inocula ted  into a m e d i u m  

conta in ing  50 yg Cd 1 -~, most cells not invo lved  in cell  divis ion showed  immed ia t e  

plasmolysis,  some cells unde rgo ing  comple te  lysis after 2 to 4 min. Daughte r  cells which  

were  still connec ted  showed  plasmolysis  and Cytoplasm protrusions as descr ibed  for 

normal  cells in a m e d i u m  conta in ing 25 #g Cd 1 -~. 

M e t a l  a n d  c a r b o n  u p t a k e  

Dur ing the exper iment ,  the meta l  concentra t ion of the water  in the different bottles 

r ema ined  constant for cadmium and decreased  by about  5 % in the case of zinc. As 

shown in Figures  1 to 4, the cadmium uptake  of Coscinodiscus granii d e p e n d e d  on the 

concentra t ion of the meta l  in the water.  It also t ended  to follow the carbon uptake,  the 

more so at the h igher  cadmium concentrat ions.  Up to 1.4/~g Cd l -~, the concentra t ion in 

the cells r ema ined  approximate ly  constant. From 1.5 to 9.0 /~j Cd 1-1, however ,  the 

cadmium concentra t ion in the cells r ema ined  at about  the same leve l  dur ing logar i thmic  

growth but  increased  at the end of this growth phase.  In the bott les conta in ing h igher  

levels  o f  cadmium solution, the up take  increased  from the very b e g i n n i n g  and the 

cultures where  the p lankton  grew decreased  slowly dur ing the stat ionary phase.  
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The uptake  of zinc i l lustrated the different responses of cells to metals  dur ing  the 
various phases  of the culture growth (Figs 2-4). Dur ing  the exponent ia l  growth phase,  

the zinc level  of the p l ank ton  decreased and  usual ly  went  up aga in  dur ing  the stat ionary 
phase. Cells in  bad  physiological  condi t ion conta ined  very h igh levels of Zn. The highly  
affected cells in  the culture with 17.5 t~g Cd 1-1 con ta ined  twice as much cel lular  zinc, 
and  those with 26.5 rng Cd 1-1 3 to 4 t imes as much zinc as the other samples.  

In general ,  the m e a n  concentra t ion  factors were very low (Table 1); up to 17.5 #g Cd 
1-1, they var ied  b e t w e e n  41 and  73 for cadmium and  850 and  1183 for zinc calculated on a 
wet weight  basis. The culture con ta in ing  26.5/~g Cd 1-1 had  slightly h igher  concentra t ion 

factors, 103 for cadmium and  1903 for zinc. 
A s ignif icant  difference at the 95 % level  us ing  a t-test (16 degrees freedom} was 

found b e t w e e n  l iv ing and  dead  cells, dead cells con ta in ing  3.2 t imes more Cd and  4.0 
t imes more Zn than  l iv ing  ones. Addi t ional  short-term exper iments  over 25 h where  the 
metal  up take  of l iv ing  cells and  of cells k i l led  by hea t ing  to 50 ~ was measured  
confirmed this, bu t  a dependence  on the cadmium concentra t ion  of the solut ion was 
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The  carbon f ixat ion ra te  va r i ed  b e t w e e n  1.75 and  4.5 mg  pe r  106 ceils and  hour  (Figs 
1-4). In the  s amples  con ta in ing  less than  1.5 /~g Cd  1-1, the carbon  up t ake  g r adua l l y  
inc reased  by  up  to a factor of 2 dur ing  the first 4 days,  and  then  decreased .  In the  samples  
con ta in ing  1.5 to 9.1/~g Cd 1-1, however ,  the f ixat ion rate  e i ther  r e m a i n e d  h igh  dur ing  the 
s ta t ionary  phase ,  or r ap id ly  inc reased  w h e n  cel l  growth  was  s lowing down. At  the  
h ighes t  c a d m i u m  concent ra t ion  (26.5 ~g 1-1) the  carbon f ixat ion rate  r ap id ly  dec rea sed  
after the  first day  due  to the dea th  of the  cells. 

As po in t ed  out  earl ier ,  the  s t andard  dev ia t ion  for count ing the nuc l ides  in c l ean  
wa te r  samples  was  wi th in  + 2 %. Insufficient  samples  were  t aken  to ca lcu la te  the  
s t andard  dev ia t ion  for the  measu remen t s  of the  rad ioac t iv i ty  on the filters, bu t  f i l te red  
samples  from hea l thy  cul tures  showed  a smal le r  var ia t ion  than  those from cul tures  
con ta in ing  h igh  levels  of c admium or those in the  las t  two days  of the exper iment .  
Because  the  numbers  of p l ank ton  cel ls  on the  fi l ters were  known,  it  was expec t ed  that  
there  w o u l d  be  good  corre la t ion  b e t w e e n  the  rad ioac t iv i ty  and  the cel l  number s  on the 
filters. This was  not  the  case; a poss ib le  exp lana t ion  is the  p resence  of the  ex t ruded  
cy top lasm which  may  have  a d s o r b e d  add i t iona l  Cd and  Zn. 

To es t imate  the  inf luence  of bac te r i a  on the u p t a k e  of meta l s  and  d e v e l o p m e n t  of 
p lankton ,  bac te r i a  were  coun ted  every  second  day  and  the b iomass  ca lcula ted .  Since the 
bac te r i a l  content  of the  s tock cul tures  was  fair ly high,  the  bac te r i a  somet imes  re-  
p r e s e n t e d  a s igni f icant  propor t ion  of the  total  b iomass  after inoculat ion,  in some samples  
b e i n g  up  to 8 to 13 %. This  f igure  r e m a i n e d  h igh  only in s lowly g rowing  cul tures  and at 
the  end  of the  expe r imen t  was  normal ly  a round  1 %  (Table 1). In samples  wi th  par t ly  
dead  p lankton ,  the  d is t r ibut ion  of bac te r i a  was  not  uniform be c a use  the  dead  cel ls  were  
covered  wi th  m a n y  colonies.  The meta l  content  of the  bac te r i a  has  not  b e e n  a l l ow e d  for 
in the  calculat ions.  

DISCUSSION 

SchSne (1977) recen t ly  compi l ed  da ta  on the m e a n  doub l ing  t ime of Coscinodiscus 
granii and p u b l i s h e d  da ta  on his own exper iments .  The va lues  r epor ted  in the  exper i -  
ments  u n d e r  d iscuss ion  cor respond  very  wel l  wi th  those repor ted  in the  l i t e ra ture  for 
s imi lar  cul ture  condi t ions.  As m e n t i o n e d  a l r e a dy  in the  sect ion "Mate r i a l s  and  
Methods" ,  there  exist  at leas t  two morpho types  of Coscinodiscus granii in add i t i on  to a 
var ie ty  aralensis (Ostenf.) Hust.  It has  to be  t a k e n  into cons idera t ion  that  this var ie ty  and  
the two morpho types  might  have  different  m e a n  doub l ing  t imes  unde r  c ompa ra b l e  
cul ture  condit ions.  SchSne (1977) r epor t ed  this p h e n o m e n o n  for the morpho types  of 
Coscinodiscus concinnus W. Smith. The  behav iou r  in respec t  to heavy  meta l s  migh t  also 
be  different  for the  var ious  morpho types  or in in t raspeci f ic  taxa. 

The  conf idence  l imits  r epor t ed  for the  m e a n  doub l ing  t ime m e a s u r e d  for the  p resen t  
expe r imen t s  are  fair ly broad,  c o m p a r e d  wi th  those  r epor t ed  by  SchSne (1977) or others.  
The low cel l  dens i ty  resu l ted  in a re la t ive ly  h igh  va r i ab i l i ty  in the  cell  counts in pa ra l l e l  
subsamples .  In addi t ion,  the  cei ls  migh t  not have  b e e n  d i s t r ibu ted  h o m o g e n e o u s l y  
before  s u b s a m p l i n g  because  the  cul ture  vessels ,  wh ich  were  d e s i g n e d  to avo id  heavy  
meta l  contaminat ion ,  could  not be  ag i t a t ed  sufficiently.  The  resu l t ing  r ange  in the  
conf idence  l imits  for the  m e a n  doub l ing  t ime,  m a y  have  m a s k e d  smal l  changes  in the 
growth  ra te  of Coscinodiscus granii at low heavy  me ta l  concentrat ions .  
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The  up t ake  of c a d m i u m  and  zinc  d e p e n d e d  ma in ly  upon  two factors: the  age  and  
gene ra l  phys io log ica l  condi t ion  of the  cells,  and  the c a d m i u m  concentrat ion.  Often the 
up t ake  for c a d m i u m  was  fair ly h igh  a short  t ime after  inocula t ion  (Pig. 2). This m a y  have  
b e e n  due  to the  fact that  cel ls  from cul tures  in the  s ta t ionary  phase  usua l ly  had  h igh  
c a d m i u m  b i n d i n g  capac i t i es  (Pigs 2, 3) and  the stock cul tures  used  for the  expe r imen t  
had  just  f in i shed  logar i thmic  growth.  

The  r a p i d  up t ake  of c a d m i u m  by cel ls  in cul tures  con ta in ing  more than  8 #g Cd 1-1 
was  p r o b a b l y  due  to m e m b r a n e  d i s rup t ion  caused  by  the meta l .  The p lasmolys i s  
obse rved  at 25 #g Cd 1-1 s u g g e s t e d  that  severe  b r e a k d o w n  of the m e m b r a n e  occurred  at 
this  concentrat ion.  Cel ls  which  had  accumula t ed  h igh  levels  of c a d m i u m  whi le  g rowing  
la te r  lost some of the  metal .  Cossa  (1976) found a s imi lar  effect. 

D e a d  cel ls  con ta ined  about  3 t imes  more  c a d m i u m  and  about  4 t imes  more  zinc than  
l iv ing  cells. The effect could  l e ad  to a pa r t i a l  de toxi f ica t ion  of the  meta l s  in the  cul ture  
med ium.  In the  envi ronment ,  it migh t  also l e ad  to a g radua l  s ed imen ta t i on  of toxic 
meta ls ;  even  u n d e r  na tu ra l  condi t ions,  there  is a s t eady  t ranspor t  of t race meta l s  to the  
s e d i m e n t  (Eaton, 1976; Kreml ing  et al., 1978). There  are  severa l  poss ib i l i t i es  to e xp l a in  
the  e n h a n c e d  meta l  content  of d e a d  cells.  One reason  might  be  that  the  frustules  of the  
d ia toms d i s rup ted  and  offered twice  the  surface for accumula t ion  than  he a l t hy  cells.  In 
add i t i on  the  surface of the  frustules  m a y  be  used  as subs t ra te  by  bac t e r i a  wh ich  
accumula t e  h igh  levels  of h e a v y  metals .  There  is also some ev idence  that  cel ls  in good  
phys io log ica l  condi t ion  can ac t ive ly  p reven t  h e a v y - m e t a l  up take .  

The lowest  c a d m i u m  concent ra t ion  which  s igni f icant ly  affected the  growth  ra te  was  
17.5 #g 1-1 bu t  carbon f ixat ion and  cadmium up t ake  by  the cells were  both  in f luenced  by  
lower  concent ra t ions  of the  metal ,  e spec ia l ly  in  the r ange  of 1.5 to 9.0 #g Cd 1 1. These  
levels  are  cons ide rab ly  lower  than  those which  have  b e e n  p rev ious ly  found to affect 
diatoms.  Overne l l  (1976), for example ,  obse rved  no effect up to 112.4 mg  Cd 1 1 wi th  
Phaeodactylum tricornutum and  Skeletonema costatum. However ,  O v e r n e l r s  m e d i u m  
con ta ined  0.01 M concent ra t ions  of p H  buffers  which  m a y  have  formed che la tes  wi th  the  
a d d e d  metals .  Fur thermore ,  the  h igh  ch lorophyl l  leve ls  in  his expe r imen t s  sugges t  that  
dense  cul tures  were  used;  these  w o u l d  requi re  h ighe r  c a dmium levels  to reach  the 
ce l lu la r  bu rdens  necessa ry  to p roduce  phys io log ica l  effects. Ben t l ey -Mowat  & Reid 
(1977) found in a m e d i u m  con ta in ing  1.3 • 10 "4 M EDTA that  Phaeodactylum tricornu- 
turn was not  affected by  11.24 mg Cd 1-1 but, he re  again ,  h igh  cel l  dens i t ies  (9 • 10 ~ cel ls  
m1-1) were  employed .  

Kayser  r epo r t ed  that  zinc concent ra t ions  as low as 50 ~g 1 1 r e d u c e d  the growth  of the  
d ia tom Schroederella schroederi. The p resen t  cul ture  m e d i u m  con ta ined  38/~g Zn 1-1 so 
that  the  obse rved  effects may,  in  fact, have  b e e n  due  to a synergis t ic  effect b e t w e e n  zinc 
and  c a d m i u m  s imi lar  to that  r epor ted  for copper  and  zinc in Amphidinium carterae 
cul tures  (Braek et al., 1976). 
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