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ABSTRACT: Using Dunaliella bioculata, a marine unicellular alga, as a model, the influence of biotic 
and abiotic variables on the bioaccumulation of cadmium was evaluated Factorial experimental design 
and response-surface methodology were used to follow the variation of cadmium uptake caused by 
variations of the following variables: (a) cadmium concentration in the medium, (b) calcium concen- 
tration of culture medium. (c) duration of exposure during the period of light, (d) period of darkness, (e) 
the exponential phase and (f) the stationary phase of the growth. This methodology proved to be very 
efficient, for only 8 experiments were necessary to follow the cadmium uptake for each condition. We 
thus showed that cadmium uptake increases w t h  cadmium concentration in the medium and with 
exposure time, but that their effects are not simply adhtive. Cadmium uptake depends heavily on the 
calcium concentration in the  medium. Differe~t hypothases for the cadliliu~l~ dbsorpnon mechanism and 
for the physiological explanation of the Cd-Ca antagonism are discussed. 

INTRODUCTION 

The increasing occurrence of heavy metals (cad- 
mium included) through the disposal of complex 
effluents has stimulated many studies on both the tox- 
icity to aquatic biota (Overnell 1975, Sylverberg 1976, 
de Filippis et  al. 1981, Jenkins et al. 1983, Santiago- 
Fandino 1983) and the uptake of these elements by 
aquatic biota (Flateau & Gauthier 1983, Fisher et al. 
1984, Mac Leese & Ray 1984, Ravera 1984, Ray 1984), 
particularly by phytoplankton. Studies on the accumu- 
lation of heavy metals by these cells in culture showed 
that uptake depends on many different variables such 
as exposure time (Gnassia-Barelli & Hardstedt-Romeo 
1982), other heavy metals (Gray 1974, Stary & Kratzer 
1982), natural exudates (Hardstedt-Romeo & Gnassia- 
Barelli 1980), nutrient cations such as Ca2+, ~ n ~ ' ,  ~ e ~ + ,  
zn2+, ~ g ~ +  (Braek et al. 1980, Singh & Pandey 1981), 
salinity (Rebhun & Ben-Amotz 1986) and growth phase 
(Gipps & Coller 1982). However, in these toxicological 
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studies, the variables were tested individually. The 
purpose of the present work was to investigate simul- 
taneously the influence of &fierent variables on cad- 
mium uptake and to detect possible interactions. For 
this, we used an experimental factorial design at 2 
levels and a response surface methodology; these had 
been successfully applied by Dumenil et al. (1975), 
Mathews (1981) and Sanderson et al. (1984). 

The biological material chosen was the wall-less alga 
Dunaliella bioculata. Having taken into account both 
the preceding X-ray microanalytical study of cadmium 
distribution in Dunaliella bioculata (Heuillet et al. 
1986) and physiological data concerning this alga 
(Marano 1980, Grizeau et al. 1982, Jeanne 1982), we 
decided to study the following variables: light or dark 
period, exponential or stationary phase of growth, cad- 
mium concentration, duration of contamination and 
calcium content of the medium. This last variable was 
chosen as Ca2+ plays an essential role in many key 
biological processes and is considered an antagonist to 
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cadmium (Fuhrer 1983, Plishker 1984). Moreover, the 
growth of this euryhaline alga is largely independent of 
the calcium concentration of the medium. 

MATERIALS AND METHODS 

Culture conditions and biomass determination. 
Dunaliella bioculata was cultivated axenically in an 
artificial seawater medium (Table 1) at constant tem- 
perature, 22 i 1 "C. Cultures were exposed to a light 

Table 1. Composition of the artificial seawater medium 
(Grizeau 1982) 

NaCl 
M g S 0 4 - 7 H 2 0  
NaN03  
CaC12 
K2HP04 
Tris-HC1, pH 7.2 
MnC12-4H20 
ZnC1, 
CoC12-6H20 
FeC1, 
Na2EDTA-2H20 

intensity of 50 W m-2 and to lighWdark cycles of 12 h.  
Under these conditions, divisions occur during the first 
part of the dark period. The stock cultures were culti- 
vated in gently stirred 4 1 round-bottomed flasks. 

The biomass was monitored by counting the cells 
with a Coulter Counter (Coultronics Model ZF) 
equipped with a cylindrical micro-orifice (diameter 100 
pm). The counting precision is 1 %. 

Statistical and experimental methodology. To study 
the influence of variables (cadmium and calcium con- 
centration in the medium, duration of exposure, light or 
dark period, growth phase) on the cadmium uptake by 
algae, an  experimental factorial design and response 
surface methodology were used. This methodology 
consists of an  empincal modeling technique designed 
to evaluate the relations between a group of controlled 
experimental variables and the observed results for one 
or more selected criteria. 

A priori knowledge of the studied process is thus 
necessary to achieve a descriptive model. A polynomial 
model m t h  dual interactions was used because interac- 
tions higher than first order are very improbable (Chey- 
nier et  al. 1983). 

where Y = the observed response: bo = the grand 
average response; b,, b,, = the measures of the effects 
(or coefficients); X, = the explanatory variable; X,X, 
characterizes the interaction between X, and X, (also 

called transformed variable); e = the residue or error 
estimation. 

The second step of this methodology is to choose an 
experimental design. Several designs for studying such 
a model have been described. We selected the com- 
plete factorial design at 2 levels proposed by Box et al. 
(1978). Thus, 8 experiments (23) were necessary for the 
estimation of the 7 coefficients of the model (Table 2): 

where [Cd] = cadmium concentration in the medium; 
[Ca] = calcium concentration of the culture medium; D 
= duration of exposure. 

Table 2. Complete factorial design consisbng of 8 experiments 
for the study of 3 expenmental variables in coded units. For 

explanation of + and , see Table 3 

Run no. [Cdl [ c a l  Durabon of 
contamination 

1 
2 + 
3 + 
4 + + 
5 P + 
6 + + 
7 - + + 
8 + + + 

For each condition (light, dark, exponential phase, 
stationary phase) the factorial design was repeated 
twice to glve error variance between replicates. In fact 
the adequacy of the model can be checked using sev- 
eral criteria: the coefficient of determination R2, 
Fisher's F-test, and analysis of the residuals. The sig- 
nificance of variables can be evaluated by Student's 
t-tests. 

The third step of this methodology is to define the 
limits of the experimental domain to be explored. 
These limits are set as widely as possible to obtain a 
clear response from the model. The boundaries of the 
experimental domain correspond to 2 levels of vana- 
bles studied (Table 3). 

Table 3. Variable levels m coded and natural units 

Expenmental vanables 
Code [ c d l  [Ca]  Duration of 
units (W3 [~ I l  (miM) contamination 

(h) 
- -. 

p 10 1 1 
+ 1000 10 12 
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The values attributed to each level were chosen as a 
function of the following criteria: the values should be 
significantly different in order to have a significant 
response; the concentrations of calcium and cadmium 
should not modify the growth of algal population; the 
duration of the period of contamination in the light or in 
the dark period should be  in accordance with the 
photoperiod. 

For uptake experiments, 400 m1 of the stock culture 
were distributed into sterilized 1 1 Erlenmeyer flasks. 
For the exponential phase experiments, the cell density 
was 1.2 X 10" 0.2 X 106 cells ml-'. For the stationary 
phase experiments, the cell density reached 1.5 X 106 
f 0.2 X 106 cells ml-l. Depending on the runs, CdC12 
(Titrisol Merck) was added axenically at  final concen- 
trations of 10 or 1000 pg 1-' over 1 or 12 h,  in light or 
dark, according to the design. For studies carried out in 
the dark, cultures were transferred to a dark room at  
22 "C. 

At the end of the experiments, the cells were counted 
and the cultures were filtered using 1.2 pm 'Sartorius' 
membrane filters. The cells were then collected along 
with the filters and dried at  80 "C for 24 h before metal 
analysis. 

Metal analysis. All the glassware used was pre- 
cleaned with diluted HN03  ('h) and rinsed with 
deionized water (Millipore apparatus). 

The metal analysis consisted of a wet-way minerali- 
zation of the biological samples, followed by measure- 
ment of the metal concentration by furnace atomic 
absorption spectrometry (Varian AA 147.5, 93%. Argor?, 
background corrector). Since the objective of this work 
was based on comparison of quantitative data, optimi- 
zation of the analytical methods was an  important step. 
Thus, we had to optimize the conditions of mineraliza- 
tion and the ashing and atomization temperatures. To 
assure its efficacy, it was also necessary to consider 
these principal operational parameters simultaneously 
and not just one factor at a time. This work was carried 
out following the methodology of Doelhert's network 
derived from the simplex method (Doehlert 1970, Fein- 
berg & Wirth 1984). This methodology has been shown 
to be a n  efficient and rapid means for optimizing opera- 
tional conditions in analytical chemistry. Thus, the cells 
were digested with 4 m1 of 'Merck Suprapur' nitric acid 
and 6 m1 of deionized water at 85 "C for 6 h.  The ashing 
and atomization temperatures were 200°C and 
1700 "C, respectively. 

The quantity of cadmium in each sample was mea- 
sured according to the method of standard additions. 
Metal concentration values were corrected for metal 
retention using blank filters, through which contami- 
nated medium without cells had been passed. The 
variation coefficient of results was 15 '10. 

The high concentrat~on of salts in the medium did not 

permit verification of cadmium contamination in the 
medium by the same analytical technique. However it 
was easy to verify the cadmium levels in the culture 
medium by differential pulse anodic stripping vol- 
tametry (Bard & Faulkner 1980). 

RESULTS 

The results are expressed in ng of cadm~um per 106 
cells, since measuring cell weights is difficult (the salts 
of the medium were retained on the filters with the 
cells). 

The light, dark, exponential or stationary phase var- 
iables were studied in separate experiments. Thus, 4 
experimental designs were used with 3 variables ([Cd], 
[Ca], duration of exposure). Results are presented in 
Table 4 .  

Each of the observed values was compared with the 
predicted values calculated from the significant coeffi- 
cients of the models in Tables 5 and 6. 

The determination coefficient and Fisher's F-test 
demonstrated a high significance for the regression 
model. The comparison of residuals calculated from 
Table 4 with the residual variance indicated that no 
residual exceeds twice the square root of the residual 
valiance. All of these considerations indicated a good 
adequacy of the polynomial model proposed to explain 
the accumulation of cadmium observed. However, in 
the stationary phase and in the light, for [Cd] = 10 pg 
!-l, [Ca] = 13 iii?vf allcl duration = i.2 h, the response 
was 15.5 where 0 was predicted. This value was abnor- 
mally high and exterior contamination could have 
occurred. 

From Table 4, the following conclusions could be  
reached. (1) Cadmium was taken up by Dunaliella bio- 
culata whatever the conditions (10 or 1000 pg Cd 1-l; 
1 or 10 m M  Ca; 1 or 12 h ;  light or dark condition; 
exponential or stationary phase). (2) However, the 
cadmium accun~ulation differed quantitatively as a 
function of the studled variables. For example, when 
the algae in the exponential phase were cultivated 
during 12 h light in a medium containing 10 m M  Ca, 
the rate of cadmium accumulation was 34-fold higher 
in the culture contaminated with 1000 pg Cd 1-' than in 
that with 10 pg Cd l-l. This is represented in the model 
Y, by the positive coefficient of the [Cd] variable. In the 
same way, the rate of cadmium accumulation may 
increase with the duration of contamination. This is 
noted in the models Y, and YD by the positive coefficient 
of this variable. On the other hand, when the algae in 
the stationary phase were cultivated during 12 h light 
in a medium contaminated with 1000 pg Cd l-l, the rate 
of cadmium accumulation was 2.8-fold lower in the 
culture containing 10 m M  Ca than in that containing 
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Table 4. Observed responses and prebcted values calculated from the significance coeffic~ents of the models in Tables 5 and 6 

[Gal (mM) D (h) 10 pg Cd I-' 1000 vg Cd 1-' 
Run no. Observed Predicted Run no. Observed Predicted 

responses values responses values 

Exponential phase 
Light 1 1 1 0.53 0.3 2 3.78 3.3 

12 5 0.43 0.5 6 19.31 17.1 

10 1 3 0.27 0.3 4 2.71 3.3 
12 7 0.57 0.5 8 14.86 17.1 

Dark 

Stationary phase 
Light 1 1 1 

12 5 

10 1 3 
12 7 

Dark 

Table 5. Model parameters in light condition estimated by multiple h e a r  regression. Coef.: coefficient; t-test: Student's t-test; p: 
significance level; DL: duration of contamination in light; ' p<0.05 (the value usually accepted to retain a coefficient). The final 

explanatory models are in the form of polynomial multipliers (- 1, + 1) 

Exponential phase Stationary phase 
Variables Coef. t-test P Coef. t-test P 

Constant 5.3 8.6 
[cd l  4.9 13.90 <0.001' 8.2 10.41 <0.001' 
[ca l  -0.7 2.01 <0.10 -3.1 3.88 < 0.01 ' 
DL 3.5 9.97 <O.0Olm - 4 0.05 <0.9 

[cdl.[Cal -0.7 1.93 < 0.1 - 3 3.81 <0.01' 
[Cd].DL 3.4 9.83 <O.0Olm 5.5 0.70 < 0.5 
[Ca].DL -0.4 1.06 <0.1 -1.9 2.36 < 0.05 ' 

Determination coef.: 0.98 Determination coef.: 0.941 
Fisher's F-test: 74.85 Fisher's F-test: 23.93 
with 6 and 9 df with 6 and 9 df 

Residual variance: 1.95 Residual variance: 9.91 

Final explana- YA = 5.3 + 4.9 [Cd] Yc = 8.6 + 8.2 [Cd] - 3.1 [Cal 
tory models + 3.5 DL - 3 [Cd] [Ca] 
(Y = ng Cd per + 3.4 [Cd].DL - 1.9 [Ca].DL 
1 o6 cells) 

1 m M  Ca. Thls is represented in the model Yc by the 
negative coefficient of the [Ca] variable. (3) Finally, a 
given variable does not always have the same effect 
on the response but is influenced by the values taken 
by the other variables. For example, when algae in 
stationary phase were cultivated for only 1 h in the 
light in a medium contaminated with 1000 p.g Cd 1-l ,  

the rate of cadmium accumulation was only 1.7-fold 

lower in culture mechum containing 10 m M  Ca than in 
that containing 1 m M  Ca. Thus, the negative effect of 
the [Ca] vanable on the cadmium accumulation 
decreased with the duration of exposure. This is 
specified by the negative coefficient of the interaction 
[Cal-DL. 

The presence of interactions ([Cdl-[Ca], [Cd].DL, 
[Cd].DD, [Ca].DL, [Ca].DD in the models clearly 
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Table 6. Model parameters in the dark estimated by multiple linear regression. Coef.: coefficient; t-test: Student's t-test; p: 
significance level; DD: duration of contamination in the dark; ' p<0.05 (the value usually accepted to retain a coefficient). The 

final explanatory models are in the form of polynomial multipliers ( -  1, + 1) 

Exponential phase 
Variables Coef. t-test P 

Stationary phase 
Coef. t-test P 

Constant 
[Cdl 
[Gal 
DD 

[Cdl [Gal 
[Cdl-DD 
[Cal-DD 

Final explana- 
tory models 
( Y  = ng Cd per 
1 O6 cells) 

Determination coef.: 0.958 
Fisher's F-test: 34.32 
with 6 and 9 df 

Residual variance: 2.73 

Y, = 7.2 + 6 [Cd] - l [Ca]  
- 0.9 [Cd].[Ca] 
- 0.8 [Ca].DD 

Determination coef.: 0.987 
Fisher's F-test: 110.79 
with 6 and 9 df 

Residual variance: 1.45 

Y, = 7.5 + 6.3 [Cd] - 1.1 [Ca] 
+ 2.8 DD - 1 [Cdl-[Ca] 
+ 3.2 [Cd].DD 

showed that the factors involved in a complex process 
must be studied simultaneously. 

To visualize these models with their interactions, 
contour plots of the response surfaces were traced for 2 
variables at a time, with all others being at fixed levels. 
These plots can be easily obtained for each model by 
calculating the values taken by one factor when the 
second factor varies (from -1 to +l), with the con- 
straint of a given Y value. 

For each model, only 1 contour plot of the response 
surface was chosen and these are shown in Figs. lA,  B, 
C, D. 

In Fig. 1A (in the exponential phase and in the light), 
the contour plots indicate that, whatever the calcium 
content in the medium, between 1 and 10 mM, the 
greatest cadmium uptake by algae occurred in the 
highest cadmium concentration, associated with the 
longest duration of contamination. The effects of these 
variables are not simply additive. 

In Fig. 1B (in the exponential phase and in the dark), 
we chose the first axis = [Cd], the second axis = [Ca] 
and the fixed variable = 1 h of exposure time. This 
figure therefore shows that for short-term contamina- 
tions (1 h), a threshold cadmium concentration with a 
rather slight effect exists. Below this level, the cad- 
mium accumulation increased with the cadmium and 
calcium content in the medium. Above this level, the 
cadmium uptake decreased with the increase in the 
calcium concentration of the medium. 

In Fig. 1C (in the stationary phase and in the light), 
the calcium concentration was fixed at 10 mM. T h s  
figure shows that cadmium uptake was inhibited by 
calcium ions, suggesting an antagonistic role of cal- 

cium towards cadmium uptake. Moreover, this effect 
became more pronounced with the exposure time. 

In Fig. ID  (in the stationary phase and in the dark), 

m 
Duration. l h 

W 

0 
U 

1°* 12  

0 10 [ ~ d ]  (vg I - ' )  1000 

[ c ~ J  =IO mM 
12 

Duration = 12 h 

.K :m .- I W imd 
0' L?, 

14.3 

1 R3 
1 0 5  

1 
10 

[ ~ d ]  (vg I - ' )  1000 l0 [ ~ d ]  (pg I-' ) 1000 

Fig. 1. Contour plots of response surfaces expressed in ng of 
accumulated Cd per 106 cells in each condition: (A) in expo- 
nential phase and in the light; (B) in exponential phase and in 
the dark; (C) in stationary phase and in the light; (D) in 
stationary phase and in the dark; and for the following varia- 
bles: concentration of calcium [Ca], concentration of cadmium 
[Cd], duration of exposure in the light, DL, and in the dark, DD 



7 4 Mar. Ecol. Prog. Ser. 44:  69-75, 1988 

the exposure was 12 h. This figure shows that the 
greatest cadmium uptake occurred when the medium 
contained the highest cadmium concentration and the 
lowest calcium concentration. 

DISCUSSION 

In this work, factorial designs have been demon- 
strated as being useful in assessing the interrelabon- 
ships between biotic and abiotic factors which are 
involved in the complex mechanisms of ecotoxicity. 
The interest of factorial designs lies in the restricted 
numbers of runs (8 runs for a factorial design a t  2 levels 
with 3 factors) and in the description of physiological 
mechanisms through mathematical interactions. 

Obviously, the major factor in the increase in cad- 
mium accumulation by the alga Dunaliella bioculata 
was the cadmium concentration in the mehum,  as 
generally reported for numerous organisms (Fisher et 
al. 1984, Ravera 1984). However, analysis of models 
demonstrated that the effect of this factor depended on 
the exposure time in light or in darkness, on the growth 
phase and on the calcium concentration. 

Thus, in the exponential phase and during the light 
period or in the stationary phase and during the dark 
period, the duration variable (D) was a highly significant 
explanatory variable for the response and interacted 
with the [Cd] variable. The increase in cadmium uptake 
by other algae in the exponential phase, cultivated in a 
Cd-containing medium and during the light period has 
been also reported (Hart & Scaife 1977, Gnassia-Barelli 
& Hardstedt-Romeo 1982). However, there was a differ- 
ence between these 2 models, the 'exponential phase/ 
light period' and 'stationary phase/dark period' models. 
While there was no apparent influence of the [Ca] 
variable in the first model, this variable had a negative 
effect on the response for the second model. A Ca-Cd 
antagonism has been also reported for other plants 
(Fuhrer 1983, Hardiman & Jacoby 1984) or algae (Singh 
& Pandey 1981, Gipps & Coller 1982). Because Cd2' and 
Ca2+ have similar charges and quite similar sizes 
(Cd2+:0.097 nm and Ca2+:0.099 nm), cadmium may be 
absorbed by the cells via calcium pathways as calcium 
channel protein. In non-excitable cells, calcium 
channels may stay open permanently or may be regu- 
lated by cyclic AMP (adenosine monophosphate). which 
could gradually open and close them (Carafoli & Pennis- 
ton 1986). Th.e more probable explanation of the Cd-Ca 
antagonism may be found in this pathway of the cad- 
mium absorption. The Cd2+ ions would borrow the Ca2+ 
channels by substituting for c a 2 +  ions on the coordina- 
tion sites within the channels. Therefore, excess of Ca2+ 
ions would displace Cd2+ ions and would prevent the 
cadmium uptake. 

The negative effect of calcium on cadmium uptake 
may also be the result of a loss of the membrane's 
permeabihty due to the fixation of Ca2+ on the negative 
sites of the phospholipids of the plasmalemma. Cal- 
cium binding sites along the extracellular side of the 
plasmalemma have also been identified in Physarum 
polycephalum (Achenbach et al. 1984), and Chara 
fragilis (Heumann 1983). 

However this [Ca] variable did not seem to explain 
the low cadmium uptake by the algae in the first model. 
Other mechanisms must exist to explain this limited 
cadmium uptake but they cannot be  elucidated on 
account of the selected explanatory variables. 

In the 2 other models (exponential phase/dark period 
and stationary phaseflight period), the similar variables 
and interactions were retained but the coefficients 
were higher in the case of the stationary phase/light 
period. In these 2 cases, when the calcium concen- 
tration in the medium was high, cadmium uptake 
decreased when the duration increased. The easiest 
hypothesis would be that cadmium is expelled from the 
cells during the exposure. Moreover, for a short dura- 
tion of exposure when the cadmium concentration is 
low, the cadmium uptake increased with the calcium 
concentration. With the aid of the models and of the 
assessment of the D.[Ca] interaction, we  explain these 
2 last phenomena by another mechanism involving Ca. 
From the results obtained by Heuillet et al. (1986), the 
existence of c a 2 +  pumps in Dunaliella bioculata has 
already been considered and is also supported by the 
work of Gnassia-Barelli (1987). When the medium is 
rich in calcium and cadmium, the excess of absorbed 
c a 2 +  ions could activate the Ca2+ pumps in order to 
maintain a cytosolic calcium homeostasis. In the same 
way, Cd2+ ions would be expelled from the cell. This 
could explain the decrease in uptake with time. But for 
a short duration of contamination and when the 
medium contained much calcium but not much cad- 
mium, the pumps would preferentially expel c a 2 +  ions 
from the cell. Besides, in a short time, eventual expul- 
sion of Cd2+ ions would have been difficult to quantify. 

The mechanisms suggested by this analysis will 
serve as a basis for further experiments. 
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