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Summary. The toxicity of Cu, Ni and Fe individu- 
ally, as well as in combination (Cu + Ni, Cu + Fe, 
Ni+Fe),  on growth-rate depression, uptake of 
NO~- and NH~-, photosynthesis, nitrate reduc- 
tase and urease activity of Chlorella vulgaris has 
been studied. All the test metals when used indi- 
vidually showed pronounced toxicity on all the 
parameters studied. However, their interactive ef- 
fect was mostly antagonistic except for Cu+ Ni 
(synergism). Pre-addition of Fe offered more pro- 
tection to the cells against copper and nickel tox- 
icity. The data of statistical analysis reconfirmed 
that 14CO2 uptake is the most sensitive parameter 
(significant at P<0.005, both for time and treat- 
ment) than others in metal toxicity assessment. 
However, these results suggest further that expo- 
sure time and sequence of metal addition are very 
important in biomonitoring of heavy metal toxici- 
ty. 
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Introduction 

Biological monitoring of heavy metal toxicity us- 
ing algae as a tool has been much appreciated 
during the last few years. Most earlier laboratory 
toxicity tests are based on the effect of a particu- 
lar metal on various metabolic processes of the 
test organism (Stratton and Corke 1979; Rai et al. 
1981; Whitton 1984; Rai and Raizada 1986, 1987, 
1989; Dubey and Rai 1987). Since in natural 
aquatic ecosystems, metal ions always occur in as- 
sociation and not in isolation, studies on the inter- 
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action of metal combinations should be ecologi- 
cally more significant. 

Despite the fact that metals generally occur in 
combination in natural ecosystems (Rai et al. 
1981; Whitton 1984; Morel 1986; Wong 1987), 
very few attempts seem to have been made to 
study the metal-combination effects (Hutchinson 
and Stokes 1975; Stratton and Corke 1979; 
Prasad and Prasad 1982). The study of Stratton 
and Corke on Anabaena inaqualis is mainly con- 
cerned with the reduction in growth of alga. 
Though the use of growth in biological monitor- 
ing of heavy metal toxicity cannot be denigrated, 
there is a pressing need for some physiological 
and biochemical processes that could be both sen- 
sitive and quick. The major objective of our labo- 
ratory has been to develop a suitable algal test 
system which could be successfully employed in 
the laboratory and possibly in the field for assess- 
ment of heavy metal pollution. Considering the 
wide gap in our knowledge of multimetallic toxic- 
ity, it was decided to study the toxicity of Cu, Ni 
and Fe alone as well as in combination using such 
parameters as growth-rate depression, nutrient 
(NO3, NH~-) uptake, photosynthesis, nitrate re- 
ductase and urease activity o f  a freshwater green 
alga Chlorella vulgaris. The effect of the metal ad- 
dition sequence on the toxicity of the metals to- 
wards the test alga has also been assessed. 

Materials and methods 

Test system. The unicellular green alga Chlorella vulgaris was 
grown axenically in modified Chu-10 medium (Gerloff et al. 
1950) buffered with 4 mM Tris/HC1 (pH 6.5) under 14.4 
W m -2 of light intensity and a 14/10-h photoperiod at 
26 ° C_+2 ° C. Cultures from the logarithmic phase were used 
for toxicity tests. Stock solutions of CuC12.2H20, NiC12.6H20 
and FeC13 were filter-sterilized by passing through Millipore 
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membrane filters (0.45 txm) before addit ion to the culture me- 
dium. Metals were added to the experimental systems in the 
following ways: (a) both  the metals were added simulta- 
neously or (b) one metal was added 12 h and 1 h period to 
addit ion of the other metal respectively for growth and other 
physiological experiments. The actual metal concentrations 
used were the ECso values determined previously for individ- 
ual metals by the p la te /colony count method. However, the 
growth behaviour  of Chlorella was studied at three different 
concentrations viz (a) ECs0, (b) one concentration below ECso 
and (c) one concentrat ion above ECso for all the test metals 
used. 

Growth measurement. Growth of the organism was measured 
with the help of a Bausch and Lomb spectronic-20 spectrocolo- 
rimeter by recording the absorbance at 663 nm. The percent- 
age of growth-rate depression, i, was calculated by using the 
following equat ion (Beg et al. 1982): 

,=(1 
where/zc is the specific growth rate of the control culture and 
fli is the specific growth rate of the treated culture. The specific 
growth rate (/t) was calculated by 

ln (n2/n O 
# 

t2 -- t~ 

where n2 and n~ are the absorbances of the culture suspension 
at time intervals t~ and t2. Interactive effects between two 
heavy metals were defined as follows: 

synergistic if il,2 > i~ + i2 ; 
additive if il,2 = il +i2; 
antagonistic if ii,2 < i~ o r  i2 

where, i~,2 is the percentage of growth-rate inhibit ion induced 
by interaction between two different metals; ia and i2 represent 
the percentage of growth-rate inhibit ion induced by metals 1 
and 2 respectively. 

Estimation of  protein. Protein was estimated by the Folin phe- 
nol reagent (Lowry et al. 1951) using bovine serum albumin as 
standard. The absorbance of the blue colour developed was 
measured at 700 nm in a colorimeter. The amount  of protein 
was estimated from the standard curve. 

Estimation of  NHJ  and NOS uptake. For studying the effect 
of metal combinations on NH4 + and NO~- uptake, cultures 
were incubated in 5 mM KNO3 and 1 mM NH4CI respective- 
ly. Uptake of  NH~- was estimated colorimetrically using 
Nessler 's reagent (Herbert et al. 1971). The resulting orange- 
red colour was measured at 420 nm. N O ~ was estimated by 
the brucine /su lphur ic  acid method of Nicholas and Nason 
(1957) by recording the absorbance at 410 nm. 

14C02 uptake. Photosynthesis was assayed as a function of up- 
take of 14CO2 from NaH14CO3. 1.0 ml exponentially grown 
culture of C. vuIgaris (100 ~tg protein m l -  1) was transferred to 
scintillation vials (Beckman, USA) supplemented with test me- 
tals and 50 Ixl of NaH14CO3 (specific activity 1.85 Bq). The up- 
take was measured in a liquid scintillation counter after 1 h of 
t reatment as described by Rai and Raizada (1986). The values 
are expressed (counts/minute).  

Measurement of  nitrate reductase activity. Enzyme activity was 
estimated by method of Carom and Stein (1974). Incubated 
samples were withdrawn at intervals and nitrite formed was 
measured by the diazo-coupling method of Lowe and Evans 
(1964). 

Urease activity. This was estimated by measuring the for- 
mation of NH + by breakdown of urea in the medium. 

Table 1. Effect of metal combinations on growth behaviour  of Chlorella vulgaris 

Concen- Growth rate Metal il, 2 
t rat ion depression, combinations (%) 
(ktg ml -~) i (%) 

il  + i 2  
(%) 

Remarks 

Cu 2 .0+ 1.0 Ni 100 78.7 S 
Control  - -  Cu 2.0+ 2.0 Ni 100 142.2 - -  
Cu 1.0 10.7 Cu 2.0+ 3.0 Ni 100 168.2 --  
Cu 2.0 74.2 Cu 2.0+ 5.0 Fe 34.7 86.2 A 
Cu 3.0 N G  Cu 2.0+ 10.0 Fe 59.0 126.9 A 

Cu 2 .0+ 15.0 Fe 100 144.5 - -  

Ni 2 .0+ 1.0 Cu 100 82.0 S 
Ni 1.0 7.5 Ni 2 .0+ 2.0 Cu 100 142.2 - -  
Ni 2.0 68.1 Ni 2 .0+ 3.0 Cu 100 153.1 --  
Ni 3.0 93.0 Ni 2 .0+ 5.0 Fe 39.2 92.3 A 

Ni 2 .0+ 10.0 Fe 69.9 133.0 A 
Ni 2 .0+ 15.0 Fe 92.7 150.6 A 

Fe 10.0+ 1.0 Cu 31.1 69.5 A 
Fe 10.0+2.0 Cu 69.9 133.0 A 

Fe 5.0 11.7 
Fe 10.0+3.0 Cu 89.3 158.3 A 

Fe 10.0 58.8 
Fe 10.0+ 1.0 Ni 30.3 66.3 A 

Fe 15.0 88.1 
Fe 10.0+2.0 Ni 59.0 126.0 A 
Fe 10.0+3.0 Ni 87.5 137.5 A 

N G  = no growth; S = synergistic; A = antagonistic 



225 

NH + formed was measured by Nessler's reagent (Herbert  et 
al. 1971). 

Analysis of variance (ANO VA). The variance ratio (F) for dif- 
ferent parameters was calculated by following equation:  
F =  treatment mean square/residual  mean square 

Results 

Effect of  metal interaction on growth 

The growth behaviour of  Chlorella vulgaris as in- 
fluenced by individual metal ions as well as their 
combinations has been studied and the observed 
percentage depression in growth r a t e  (i1,2) , along 
with its expected values (il + i2), are given in Table 
1. The observed values of  growth-rate depression 
for Cu and Ni combination was found to be 
higher than the expected values. This combina- 
tion showed a very clear case of  synergistic inter- 
action at lower concentrations (expected inhibi- 
t ion=79%, observed inhibi t ion= 100%). The 
mode of  interaction did not change even at higher 
concentrations of  Ni. All the combinations of  Cu- 
Fe and Ni-Fe were found to interact antagonisti- 
cally. However,  any change in the concentration 
of  either metal of  this combination produced a 
pronounced growth-rate inhibition (Table 1). 

Effect of  sequential addition of metals 

0 .7  

0-5 

E 
c 

m 0.4 
tD 

I--- 

d 0.3 

d 

0.6 

0-2 

0.1 

0 3 6 9 12 15 

D A Y S  

Fig. 1. Interactive effect of Cu and Ni on growth performance 
of C. vulgaris. Control ( 0 - - 0 ) ;  Cu alone ( @ - - @ ) ;  Ni alone 
( A - - A ) ;  Cu (pre-addi t ion)+Ni  ( a t - - a t ) ;  Ni (pre-addi- 
t i o n ) + C u  ( n - - D ) ;  simultaneous ( O - - - O )  

Effect of  metal combination on NO~, NH + and 
14C02 uptake 

The effect of  sublethal concentrations of test 
metals alone, as well as in combination, on 
NO;-,  NH2- and 14CO2 uptake of  the test alga is 

Copper and nickel. The interactive effect of  copper 
and nickel on the growth behaviour of  the test or- o.z 
ganism with respect to its pre- and post-addition 
effects is presented in Fig. 1. Simultaneous addi- 
tion in this case was found to be more toxic. No o.e 
significant difference in the growth performance 
of  test organisms was noticed by changing the se- o.~ 
quence of  metal addition (either copper first or E 
nickel) = 

" ~ 0.4 
Copper and iron. Figure 2 summarizes the interac- ~ 
tive effect of  copper and iron on growth behav- 

< 0.3 iour of  C. vulgaris. When both the metals were ad- d 
ded to the medium simultaneously, 66.7% inhibi- d 
tion of  final yield was noticed. Addition of  iron 0.2 
prior to copper produced a considerable increase 
in the growth (Fig. 2). However, pre-addition of  

0.1 
copper resulted in greater inhibition of  growth 
than either the addition of  Fe first or both the me- 
tals simultaneously. 

Nickel and iron. Iron and nickel were found to be- 
have in the same way as Cu + Fe (Fig. 3). The pre- 
addition of nickel was found to be more toxic 
than pre- or simultaneous addition of  iron. 
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Fig. 2. Interactive effect of Cu and Fe on growth performance 
of C. vulgaris. Control  ( O - - O ) ;  Cu alone ( @ - - @ ) ;  Fe alone 
( A - - A ) ;  Cu (pre-addi t ion)+Fe  ( a t - - A ) ;  Fe (pre-addi- 
tion) + Cu ( [] - -  [] ); simultaneous ( 0  - - - O ) 
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Fig. 3. Interactive effect of Ni and Fe on growth performance 
of  C. vulgaris. Control ( © - - © ) ;  Ni alone (A--zX);  Fe alone 
( 0 - - 0 ) ;  Ni (pre-addit ion)+Fe ( E l - - D ) ;  Fe (pre-addi- 
tion) + Ni ( • - -  • ); simultaneous (© - - - © ) 

given in Table 2. The sequential addition of Cu or 
Ni showed lower inhibitory effect on NO~- up- 
take than simultaneous addition. But as in the 
case of C u + F e  and Fe+ Ni combinations, the 
uptake of NO3 was least inhibited by pre-addi- 
tion of iron. For ammonium uptake the combina- 

Table 3. Effect of metal combinations on nitrate reductase and 
urease activity after 72 h of treatment 

Concentration Activity (inhibition, %) of 
(Ixg m l -  1) 

Nitrate Urease 
reductase (lxg NH~-- lxg 
(lxg NOy .p.g protein -1) 
protein-  1) 

Control 0.129 ( - )  1.087 ( - )  

2.0 Cu 0.031 (76.0) 0.490 (55.1) 
2.0 Ni 0.043 (66.7) 0.378 (65.3) 

10.0 Fe 0.006 (95.4) 0.841 (32.8) 

a. Cu + Ni 0.023 (82.2) 0.199 (81.8) 
b. N i + C u  0.029 (77.6) 0.160 (86.3) 
c. Cu + Ni 0.013 (90.0) 0.139 (88.8) 

a. C u + F e  0.015 (87.4) 0.291 (73.3) 
b. F e + C u  0.006 (95.4) 0.471 (51.7) 
c. C u +  Fe 0.008 (93.8) 0.301 (72.4) 

a. N i +  Fe 0.019 (85.3) 0.288 (73.6) 
b. F e + N i  0.006 (95.4) 0.485 (55.4) 
c. Ni + Fe 0.011 (91.5) 0.299 (72.5) 

a, b and c are the same as in Table 2. Data in parentheses 
denote percentage inhibition. ANOVA F12,24 (treatment) value 
is significant at P<0.005 for all results 

tions of Cu + Ni, Cu + Fe and Ni + Fe interacted 
in the same way as noted for NO3 uptake. Max- 
imum inhibition (94%) of 14CO2 uptake was noted 
following a 1-h exposure of algal cells in iron- 
containing medium. However, on spiking Fe with 
Cu and Ni the percentage of inhibition decreased 

T a b l e  2. Effect of metal combinations on nutrient uptake (NO3 and NH +) and carbon fixation following treatment for 72 h and 
1 h, respectively 

Concentration Uptake (inhibition, %) of 
(~tg m l -  ~) 

N O ~ -  NH~- 14CO2 
(lxg N O 3 .  Ixg protein - ~) (txg N H £ .  Ixg protein - 1) (cpm x 10-3) 

Control 0.70 ( - )  1.15 ( - )  7.505 ( - )  

2.0 Cu 0.29 (59.6) 0.68 (40.8) 2.300 (70.3) 
2.0 Ni 0.32 (47.2) 0.92 (20.6) 4.939 (34.2) 

10.0 Fe 0.37 (47.2) 0.87 (24.1) 1.195 (94.0) 

a. Cu + Ni 0.07 (90.0) 0.44 (61.7) 1.710 (77.1) 
b. N i + C u  0.09 (87.9) 0.37 (67.8) 2.109 (71.9) 
c. Cu + Fe 0.02 (97.8) 0.31 (73.1) 1.855 (75.4) 

a. C u +  Fe 0.09 (87.9) 0.54 (53.1) 1.979 (73.7) 
b. Fe+  Cu 0.19 (72.9) 0.63 (45.3) 0.868 (88.4) 
c. C u +  Fe 0.13 (81.5) 0.55 (52.2) 0.915 (87.8) 

a. Ni + Fe 0.12 (82.9) 0.53 (53,9) 1.991 (73.5) 
b. Fe+  Ni 0.25 (64.3) 0.61 (46.9) 1.092 (85.4) 
c. N i + F e  0.15 (77.6) 0.55 (52.2) 1.627 (79.3) 

In (a) and (b) the second metal was added 1 h after the addition of the first metal; (c) addition was simultaneous. 
Data in parentheses denote inhibition (%). For N O ;  and NH +, ANOVA F|2,2 4 (treatment) value is significant at P<0.005; for 
t4CO2, ANOVA F12,24 (treatment) and F2,24 (time) are significant at P<0.005 
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(Table 2), thus depicting a clear case of antagon- 
ism. Interestingly however, the combination of Cu 
and Ni interacted additively on this process. 

Effect o f  metal combinations on nitrate reductase 
and urease activities 

Response of nitrate reductase and urease to metal 
combinations is summarized in Table 3. Nitrate 
reductase was maximally inhibited by C u + F e  
and N i +  Fe combinations. In Cu + Ni combina- 
tion pre-addition of  Cu was found to be more 
toxic than either adding Ni first or both simulta- 
neously. The interactive effect of  test metals on 
urease was similar to nitrate reductase. However, 
the pre-addition of  Fe proved less inhibitory for 
urease activity. 

Dicussion 

The significant difference between observed and 
expected toxicity values of metal combinations 
showed a complex interactive behaviour of  metal 
mixtures. A critical analysis of the effect of  
Ni + Cu combination reveals a clear synergism on 
the growth behaviour of C. vulgaris. This synergis- 
tic effect of  C u + N i  combination parallels the 
findings of Hutchinson (1973), Stokes (1975) and 
Hutchinson and Stokes (1975). However, in the 
Cu + Fe and Ni + Fe combination antagonistic in- 
teraction has been observed (actual percentage of  
growth-rate depression was less than the expected 
values). The reduction in Cu toxicity following Fe 
addition may be due to reduced Cu uptake by 
Chlorella in the presence of Fe (De Filipps and 
Pallaghy 1976). Since Ni has the same valency 
state as Cu, the antagonistic interaction of Ni + Fe 
might be explained in the same way as for 
Cu + Fe. 

The sequence of metal addition seems to have 
considerable bearing on the metal toxicity. Our 
results clearly indicated that pre-addition of Fe 
decreased the toxicity. Similarly, in the case of 
Cu + Ni combination, the toxicity was reduced a 
little when Cu and Ni were added in a sequential 
fashion as compared to their simultaneous addi- 
tion. The protection offered by one metal against 
another can be explained in the light of  reduction 
in available cellular binding sites as they are occu- 
pied by the metal added first. 

We did not notice any deviation in the results 
dealing with effects of  metals on uptake of 
NO3,  NH + and 14C02, or in nitrate reductase 

and urease activities. Thus reduction in toxicity 
following addition of Fe are the artifact of  some 
interactive strategy of metals. As nitrate reductase 
and 14C02 uptake were found to be inhibited 
maximally by Fe alone, this continued even in 
combination with other metals. 

The response from photosynthetic experi- 
ments offers further support to the above findings 
(clear antagonism in Cu + Fe and Ni + Fe combi- 
nation). However, in the C u + N i  combination, 
additive interaction has been observed for this 
process. It has been reported earlier that, when 
copper and nickel are present together, the nickel 
initially accumulate on the cell wall while the 
copper moves into the cytoplasm. The increased 
internal concentration of copper influences the 
permeability of the plasmalemma which allows 
nickel to flow into the cell, thus resulting in syner- 
gistic inhibition (Stokes 1975). The shifting of sy- 
nergism to additive interaction may be due to in- 
sufficient exposure time, which is necessary for 
mass flow of nickel into the cell. 

Based on the present study the following im- 
portant conclusions can be made: (a) a general- 
ized trend in assessing toxicity cannot be drawn 
from single-metal-supplemented data; (b) the in- 
teraction of metals not only depends on the order 
of metal addition but also on the test criterion 
chosen; (c) 14CO2 uptake is the most sensitive pa- 
rameter in toxicity evaluation and, hence, it 
should be employed as a tool for the bioassay of 
metal toxicity in the laboratory and, possibly, in 
the natural ecosystem. 
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