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Abstract. Using the growth response of the green alga Chlo-
rella vulgaris as a model system, the effects of combinations of
the environmentally active cations Cd, Co, and Cu were evalu-
ated. The 96-h static ECs, for these cations to C. vulgaris were,
respectively, 0.89 uM, 9.0 uM, and 2.8 pM, yielding a toxic-
ity series such that Cd > Cu > Co. The cation combinations of
Cd + Cu, and Cu + Co acted synergistically, while Cd + Co,
and the tri-metallic combination Cd + Cu + Co resulted in
antagonistic interactions. Examination of these toxic combina-
tions at 24, 48, 72, and 96 h indicate that the cellular response is
not a uniform one. Failure of energy dispersive X-ray spectro-
photometric analysis to demonstrate any intracellular incorpo-
ration of these cations (except for a weak cytoplasmic Cu peak
at the 8.0 KEV position) suggests that the toxic actions of these
cations at ECs, concentrations are exerted at the level of the
plasma membrane.

Recent reviews (Boudou and Ribeyre 1989a, 1989b), and
studies (Taylor 1989; Taylor and Stadt 1990; Visviki and
Rachlin 1991) have recognized that examining the effects
of divalent cations in various combinations is more representa-
tive, of the actual environmental problems faced by organisms,
than are single metal studies. This recognition results from the
realization that environmental loadings of cations from anthro-
pogenic sources rarely involve single cation contributions,
and if they do, the introduced cation will interact with a
host of chemicals native to the receiving system. Thus, organ-
isms potentially impacted by these toxicants face a mul-
tiple rather than a single toxicant insult. Working with algal
models representative of the base of the aquatic food chain,
our laboratory team has evaluated, under a variety of condi-
tions, several key cations for their influence on growth
(Rachlin et al. 1983; Rai et al. 1990; Rachlin and Grosso 1991;
Visviki and Rachlin 1991). Using population growth as an
end-point, we now report the interactions of the cations cad-
mium, cobalt, and copper, on the green alga Chlorella vul-
garis, in terms of their actions being either additive, antagonis-
tic, or synergistic.

Materials and Methods

The alga, Chlorella vuigaris (UTEX 30) was obtained as pure isolates
from the Starr Culture Collection of Algae, University of Texas at
Austin, and was grown and maintained in chelator-free modified Bris-
tol’s medium (Bold 1949) at a pH of 6.5 in 125 ml Erlenmeyer flasks.
These flask cultures, containing 50 ml of the Bristol’s medium, were
incubated in a Sherer-Gillett RI-24 LTP growth chamber illuminated
with Sylvania cool white fluorescent lamps supplemented with a 25-W
incandescent light bulb to provide red light. Stock and experimental
cultures were maintained in log phase of growth by the removal of 20
ml of medium and cells every seven days and replacing this with an
equal volume of fresh sterile medium. Illumination was maintained at
280 foot candles (3.08 Klux, 7.84 W M™?). The day/might program
within the chamber was constant at 16 : 8 h and the incubation temper-
ature was maintained at 19 = 1°C.

Test solutions consisted of the modified Bristol’s medium (pH 6.5)
as control, or solutions of this medium containing the 96-h ECs,
concentrations of the cations Cd, Co, and Cu, in the following combi-
nations: Cd + Cu, Cd + Co, Cu + Co, and Cd + Cu + Co. Test so-
lutions were made in modified Bristol’s medium using the chloride
salts of the cations in appropriate concentrations so that results are
reported as concentrations of the cations alone (Rosko and Rachlin
1977; Rachlin et al. 1983). The ECs, concentrations used for Cu and
Cd were, respectively, 0.18 ppm (2.8 uM) and 0.10 ppm (0.89 uM)
and had been previously determined by Rosko and Rachlin (1977). The
96-h EC, value for Co was determined in the current study and found
to be 0.56 ppm (9.5 wM). All control and test concentration trials were
run in triplicate, following the procedures described in Rachlin and
Grosso 1991, for a maximum 96-h exposure period, with enough
replicates (24 per test concentration) so that triplicate cell counts could
be made every 24 h. Cell counts were made with a brightline hemocy-
tometer, on well-mixed cultures, and since the cell counts for each
flask of a triplicate run were within 10% of each other, the data for each
triplicate were pooled for the determination of percent growth and 95%
confidence intervals (Rachlin and Farran 1974; Rachlin and Grosso
1991).

Cation interactions were evaluated using modifications of Colby’s
formula as reviewed by Rai et al. (1981), and applied by Visviki and
Rachlin (1991). Colby’s original formula is, E = XY/100 (where E is
the expected population growth of the alga as a percent of control
growth. X and Y are the percent of control growth of the alga after
exposure to cations X and Y, respectively. Values of E greater or less
than the percent of control growth, respectively, indicate synergistic
and antagonistic cation interactions, and values of E equal to the
percent of control growth indicate an additive interaction). This for-



Response of Chlorella to Divalent Cations

y = 1.889x + 4.467, R-squared: .979
5.4
5.31
52
5.1

4.9 1
4.8

Probit

4.6
451

37 0 1 2 3 4 5

Log Concentration

Fig. 1. Regression line of the probit response of Chlorella vulgaris to
selected concentrations of cobalt

Table 1. Estimation of the ECs, values of cobalt from the percent
response of Chlorella vulgaris after 96 h exposure, with respective
regression equation

% Control ~ Empirical
Conc (0WM)  Conc (ppm) Log conc  growth probit
5.4 0.32 —0.4949  63.8 5.3531
9.5 0.56 —0.2518 50.7 5.0175
17.0 1.00 0.0000 28.4 4.4290

Y = 1.889X + 4.467, r* = 0.979, Log EC5, = — 0.2821, ECy, =
0.52 = 0.038 ppm (9.0 pM), probability >95%. Confirmation run of
0.56 ppm (9.5 pM) Co yielded 50.7% reduction in growth

mula was modified in the following manner; if three variables are
required, E = (ABC)/100?, and if four variables are required,
E = (ABCD)/100>. Thus a general formula was developed, where
E = (V,V,...V,)/100""" and n is the number of variables (V) being
considered.

Cation incorporation into the exposed cells was evaluated for all test
conditions by means of the X-ray energy dispersive approach, using a
Hitachi H7000 EM equipped with a PGT System 4 Plus energy disper-
sive X-ray spectrometer in STEM mode at 75 Kv. This system was
used on air dryed cation exposed and control cells following the proce-
dures outlined in Baxter and Jensen (1980), Jensen er al. (1982), and
Rai et al. (1990).

Results

The data for the regression line (Figure 1) and the regression
equation of the probit response analysis from which the ECy,
value for cobalt was determined is presented in Table 1. The
estimated EC5, of 0.522 #+ 0.38 ppm (9.0 pM) was confirmed
in a series of runs in which test concentrations of cobalt at 0.56
ppm (9.5 pM) yielded a 50.7% reduction in growth of the test
Chlorella cultures. Using this value, 9.5 uM for Co, and values
of 2.8 pM and 0.89 uM, respectively representing the 96 h
static trial ECs, concentrations of Cu and Cd for Chlorella
vulgaris, a series of cation combination studies were per-
formed. These results are presented in the “observed” column
of Table 2. All metal combinations resulted in greater than 50%
reduction in growth after 96-h of exposure when compared to
control cultures. Assuming control growth to represent 100%,
then combinations of Cd + Cuand Cu + Co resulted in respec-

Table 2. Comparison between expected and observed percent of con-
trol growth of Chlorella vulgaris (* 95% confidence intervals) follow-
ing 96 h exposure to metal combination

Metal combinations Expected Observed

Cd + Cu 25.0 6.1 £0.09
Cu + Co 25.0 7.3 £ 0.09
Cd + Co 25.0 36.6 + 0.17
Cd + Cu + Co 12.5 36.4 = 0.17

Table 3. Percent of control growth of Chlorella vuigaris
(= 95% confidence intervals) at each 24 h interval of exposure to
metal combinations

Time

(h) Cu + Co Cd + Cu Cd + Co Cd + Cu + Co
24 2.8 +0.12 189 =x0.14 44.0=0.18 101.0=0.04
48 31,5+ 0.17 13.6x20.12 58.7+0.18 37.8+0.17
72 142 +0.12 49x0.08 39.9+0.18 19.4 = 0.14
96 732009 6.1 £0.09 36.6=x0.17 364 =0.17

tive growth reductions of 93.9% and 92.7%. The combinations
of Cd + Co, and the three cation combinations (Cd +
Cu + Co) resulted in essentially the same growth reduction
(63.4% and 63.6%). Clearly, copper combined with either
cadmium or cobalt is more toxic than the cadmium-cobalt com-
bination. Surprisingly, the three cation combination is no more
toxic than the cadmium-cobalt combination, and considerably
less toxic than either the cadmium-copper or copper-cobalt
combinations.

To evaluate whether these cation combinations are interact-
ing in an additive, synergistic, or antagonistic manner, a modi-
fication of Colby’s formula was applied. Table 2 presents data
in which the expected and observed growth responses are com-
pared. It can be seen that the combinations of cadmium-copper,
and copper-cobalt both produced greater reductions in growth
than would be predicted by application of Colby’s formula; and
that both the cadmium-cobalt, and three cation combinations
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Fig. 2. Percent response of Chlorella vulgaris to exposure to various
cation combinations
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resulted in growth responses greater (lower percent reduction)
than predicted by application of the formula.

In order to evaluate the growth response of Chlorella vul-
garis to these metal combinations in time frames shorter than
the standard 96-h static trial procedure, replicate cultures were
set up so that counts could be made at 24 h intervals over the
entire 96 h test procedure. In all the bimetal combinations
(Table 3, Figure 2) growth of the cells was less than 50% of
control values at 24 h. The curves for Cu + Co and Cd + Co
were approximately parallel throughout the 96 h exposure, with
both showing a slight recovery at 48 h and then a continued
decline in growth to the final 96 h low values. The Cd + Cu
curve does not show this 48 h recovery, but instead shows a
continued decline in growth through 72 h and then leveled off
for the remaining 24 h of the study. The tri-metal combination
showed a different response; at 24 h growth was same as in
control cultures, and then there was a dramatic decline in
growth at 48 h (38% of control), and at 72 h (19.4% of control).
At 96 h, there was a slight recovery to 36.4% of control, which
is the same level achieved by the Cd + Co bimetallic combina-
tion at the end of the 96 h test run.

Energy dispersive X-ray spectrometric studies for evaluation
of cellular incorporation of metals yielded negative results for
all metal combination trials. That is there was no evidence of
any intracellular metal incorporation. Only the Cu + Co com-
bination indicated any metal incorporation (Figures 3, 4, and
5); these figures, respectively, show the Cu + Co spectra for
(1) the cytoplasm with the formvar platform background sub-

Fig. 3. Energy dispersive X-ray
analysis spectra of Chlorella vul-
garis to the cation combination of
Cu + Co. Cytoplasm with form-
var platform background sub-
tracted

tracted, (2) the spectra of the polyphosphate body, and (3) the
spectra of the polyphosphate body with the background cyto-
plasm subtracted. A weak cytoplasmic copper peak, indicating
slight cellular incorporation, is clearly evident (Figures 3, 4) at
the 8.0 KEV position.

Discussion

The toxicity of cobalt to Chlorella vulgaris (9.0 pM) is less
than either the toxicity of Cu (2.8 pM) or Cd (0.89 uM). The
series for toxicity of these three cations to Chlorella vulgaris is
Cd > Cu > Co. In confirmation runs a concentration of 9.5
WM cobalt yielded 50.7% reduction in the population growth of
the alga after 96 h of exposure (Table 1). This was the cobalt
dose selected for use in the combined metal studies, as it repre-
sents an actual tested EC5, concentration rather than the value
of 9.0 pM estimated from the regression response curve (Fig-
ure 1).

All metal combinations resulted, after 96 h of exposure, in
greater than the 50% growth reduction of the single cation
treatments. Using our modification of Colby’s formula as the
response predictor, combinations of Cd + Cu and Cu + Co
resulted in reductions in growth greater than that expected for
these bimetallic combinations, and are, therefore, acting in a
synergistic fashion (Table 2). This contrasts with the bimetallic
combination of Cd + Co, and the tri-metal combination
(Cd + Cu + Co), which gave growth reductions less than ex-
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pected for these combinations, indicating antagonistic interac-
tions. These data demonstrate that Cu combined with either Cd
or Co is more toxic than either Cd combined with Co or the
tri-metal combination. The combination of the most toxic cat-
ion (Cd) with the least toxic action (Co) resulted in antagonistic
interactions, even when Cu was added. The antagonistic inter-
action of Cd and Co seems to be great enough to overcome the
demonstrated synergism between Cd and Cu. These resuits,
coupled with the results of the energy dispersive X-ray spectro-
mefric studies, in which no intracellular metal incorporation,
other than a weak cytoplasmic copper peak at the 8.0 KEV
position, was found (Figure 3, 4, and 5) strongly suggest that
the effects of these metal interactions result from membrane
phenomena rather than intracellular toxicity. That metals com-
pete for adsorption sites on the plasma membrane and evoke a
toxicity response by affecting what traverses the membrane is
well known (Rosko and Rachlin 1975, 1977; Rai et al. 1981;
Rachlin ez al. 1982, 1984, 1985; Sunda 1988/89; Majidi et al.
1990; Xue and Sigg 1990; Ionouhe et al. 1991; Visviki and
Rachlin 1991). The non-linear response to these cation combi-
nations, when examined at each 24 h time interval (Table 3,
Figure 2), indicates that the toxic response is not uniform over
time. This is consistent with a response resulting from alter-
ations in membrane permeability. That cations interact with
sulfhydryl groups on proteinaceous membranes to produce -S-
metal-S-bridges, which can then alter membrane permeability
was demonstrated by Rothstein (1959), and Simkiss (1979)
indicated the importance of proteins and lipoproteins in trap-
ping metals, which provides a mechanism for removing cations
from the cell as a detoxification mechanism. These actions
might account for the slight recovery (Figure 2) observed at 48
h in the Cd + Co and Cu + Co trials and in the tri-metal
(Cd + Cu + Co) combination at 96 h.
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