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Summary. The toxicity of chromium and tin on growth, 
photosynthetic carbon-fixation, oxygen evolution, het- 
erocyst differentiation and nitrogenase activity of Ana- 
baena doliolum and its interaction with bivalent cations 
has been studied. Some interacting cations, viz. Ca 2+, 
Mg 2+ and Mn 2+, substantially antagonised the toxic 
effects of chromium and tin with reference to growth, 
heterocyst differentiation and nitrogenase activity in 
the following hierarchal sequence: 
Ca 2+ >Mg 2+ > M n  2+. However, the sequence of hier- 
archy was Mg 2+ >Ca  2+ > M n  2+ for carbon fixation 
and Mn z+ >Mg 2+ >Ca  2+ for photosynthetic oxygen 
evolution. Synergistically inhibitory patterns were no- 
ticed for all the parameters, viz. growth, 14CO2 uptake, 
oxygen evolution, heterocyst differentiation and nitro- 
genase activity of A. doliolum when Ni 2+, Co 2+ and 
Zn 2+ were combined with the test metals in the growth 
medium. These cations followed the following se- 
quence of synergistic inhibition: Ni 2+ > C o  2+ > Zn 2+. 
Among all the interacting cations, Ca 2+, Mg 2+ and 
Mn 2+ exhibited antagonistic effects which relieved the 
test cyanobacterium from metal toxicity. In contrast to 
this, Ni 2+, CO 2+ and Zn 2+ showed synergistic inhibi- 
tion which potentiating the toxicity of test metals in the 
Nz-fixing cyanobacterium A. doliolum. It is evident 
from the present study that bivalent cations, viz. Ca 2 +, 
Mg 2+, Mn 2+, Ni 2+, Co 2+ and Zn 2+, may appreciably 
regulate the toxicity of heavy metals in N2-fixing cya- 
nobacteria if present in aquatic media. 
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Introduction 

The toxicity of an environmental contaminant to the 
microbiota is influenced, in part, by the physico-chemi- 
cal characteristics of the recipient environment. A large 
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number of factors determine the toxicity: metal specia- 
tion, mobility, bioavailability, redox potential, pH, so- 
lubility, exchangeability of metals, presence of other 
cations, complexing inorganic and organic ligands and 
algal population density. Notwithstanding this, several 
inorganic substances, metal ligands, chelators and func- 
tional groups also determine the toxicity of metals in 
aquatic as well as laboratory microsoms. The metal-in- 
teraction experiments in environmental studies are vital 
because: (a) the algal nutrient media contain essential 
macro- and micro-nutrients, and (b) the natural envi- 
ronment never contains only one metal. Several investi- 
gations have revealed the co-existence of heavy metals 
in natural habitats (Whitton 1970; Rana and Kumar 
1974; Henriksen and Wright 1978; Rai et al. 1981). An- 
tagonism results from competition among cations for 
the common uptake sites on the target, while synergism 
involves the adsorption of both the cations on a com- 
mon cell surface. The adsorption of one metal may in- 
crease the cell permeability to the second metal (Babich 
and Stotzky 1980). The effect of metal combinations on 
eucaryotic algae has been extensively studied (Whitton 
1970; Rai et al. 1981; Stokes 1983; Starodub et al. 
1987); however, only a few reports are available on cya- 
nobacteria (Stratton and Corke 1979; Singh and Yadav 
1984; Rai and Raizada 1985, 1987; Rai and Dubey 
1989). 

Since Ca 2+, Mg 2+ and Mn 2+ are required for var- 
ious physiological and biochemical processes of living 
organisms, including algae, they are known to interact 
with toxic metals during uptake. Notwithstanding this, 
there are certain metal cations, viz. Ni 2+, Co 2+, Zn 2+, 
Cu 2+ etc., which are required in trace amounts for var- 
ious biochemical processes of mciroorganisms although 
they are toxic at higher concentrations. Since the 
aquatic environment possesses a large array of toxic 
and non-toxic cations, interaction of these cations with 
different processes of microorganisms including cyano- 
bacteria is likely to be intricate and interesting from an 
ecological view point. Toxic cations, viz. Ni 2+, Hg 2+, 
Cd 2+, Zn 2+ and Cu 2+, possibly interact with each 
other either in synergistic or antagonistic fashion de- 



Table 1. Effect of test metals on photosynthetic 
interaction with bivalent cations 
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oxygen evolution, heterocyst differentiation and nitrogenase activity of A. doliolum: 

Supplementation Concentration 02 evolved Heterocyst 
(gg/ml) (ppm/10 rain) frequency 

(%) 

Nitrogenase activity 
(nmol C2H4 ~tg Chl a -~ h -1) 

None (control) - -  2.4 5.5 5.2 +_ 0.1 

Cr 40 0.7 3.5 1.2+0.1 
Sn 50 0.2 3.2 1.6+0.1 

Cr + Mn 100 2.0 3.6 1.3 _+ 0.1 
Cr + Mg 100 1.8 3.7 1.8 + 0.1 
C r + C a  150 1.6 3.8 2.0+0.1 
Cr + Ni 0.5 0.4 6.8 0.8 _+ 0.1 
C r + C o  5 0.5 6.4 0.9+0.1 
Cr + Zn 2 0.6 6.0 1.0 + 0.1 

S N + M n  100 2.1 3.3 2.0+0.1 
Sn + Mg 100 1.9 3.5 1.9 + 0.1 
S n + C a  t50 1.7 4.0 2.0_+0.1 
Sn + Ni 0.5 0.05 6.2 1.0 + 0.1 
Sn + Co 5 0.10 6.0 1.3 + 0.1 
S n + Z n  2 0.15 5.7 1.5+0.1 

The concentration of CrC12 was always 40 gg m l -  1, that of SnCI2 always 50 gg ml-1, the concentrations listed are those of the second 
chloride. Heterocyst frequency and nitrogenase activity were determined after 72 h of incubation 

pending on the valency state, speciation, concentration 
and sequence of the cations used. It is well known that 
metal cations, viz. Mn 2+, Mg 2+, Ca 2+, Ni 2+, Co 2+, 
Zn 2+, Cu 2+ etc., play an important role in the activa- 
tion/biosynthesis of various macromolecules and en- 
zymes of microorganisms but the interaction of these 
cations with chromium and tin has not been studied so 
far despite their significant role in the transport of nu- 
trients, nitrogen-fixation, nitrate reduction, ammonia 
assimilation, chlorophyll biosynthesis and maintenance 
of integrity of  cell envelopes. 

Taking recourse to such considerations, it was pro- 
posed to study the interactive behaviour of bivalent ca- 
tions, viz. Ca 2+, Mg 2+, Mn 2+, Ni 2+, C o  2+ and Zn 2+, 
on the toxicity of chromium and tin in the N2-fixing 
cyanobacterium Anabaena doliolum with reference to 
growth, carbon fication, O2 evolution, heterocyst differ- 
entiation and nitrogenase activity. 

Materials and methods 

Organ&m and growth conditions. The test cyanobacterium Ana- 
baena do#olum was grown axenically in a modified medium of 
Allen and Arnon (1955) buffered with Tris/HC1 pH 7,5. The cul- 
tures were illuminated with fluorescent light of 2500 Lx intensity 
in a 14-h light and 10-h dark cycle at 25 + 1 ° C. These incubation 
conditions were standard for all growth, carbon fixation, O2 evo- 
lution and nitrogenase activity experiments. Stock solutions of 
test metals (CrO3, SnCI2) and interactive metals (CaCI2, MgCI2, 
MnCl2, NiC12, COC12 and ZnC12) were prepared separately and 
sterilized by passing through Millipore membrane filters 
(0.45 ~tm) before adding them to algal cultures. The percentage 
survival was scored as given by Dubey et al. (1986). Sublethal con- 
centrations of chromium chloride (40 ~tgm1-1) and tin chloride 
(50 9g ml -~) were used in metal interaction experiments. Chlo- 
rides of interacting cations, viz. CaC12, MnC12, MgC12, COC12, 

NiCl2 and ZnC12, were used at their non-inhibitory concentrations 
(see Table 1). Growth of the alga was recorded by measuring ab- 
sorbance at 663 nm in a Bausch and Lomb Spectronic-20 spectro- 
colorimeter and chlorophyll a content as by Mackinney (1941). 

Carbon fixation measurement. Carbon fixation by A. doliolum was 
measured following uptake of 14CO2 from NaH14CO3 (50 p.Ci), as 
described by Rai and Raizada (1985); 0.2 ml dilute NaH~4CO3 
was added to 1.0 ml algal suspension and incubated for known 
time periods. The reaction was terminated by adding 0,2 ml 50% 
acetic acid. The resulting suspension, after bubbling with air for 
4 mi n, was spiked with 5 ml scintillation cocktail. A Beckman li- 
quid scintillation counter LS-7000 was employed to measure the 
radioactivity (as counts/minute). 

Measurement of oxygen evolution. Photosynthetic 0 2 evolution 
was measured using an oxyen electrode. Approximately 15 ml al- 
gal suspension (A663 = 0.2) was taken in a cuvette. The tempera- 
ture of the cuvette was controlled by a thermocirculator. Oxyen 
evolution was recorded (as ppm/min)  with an Oz analyser (Bio- 
chem. 76T model). 

Heterocyst frequency. Heterocyst frequency was determined by 
counting the number of heterocysts/100 vegetative cells in at least 
25-30 filaments of approximately equal length, 

Nitrogenase activity measurement. Nitrogenase activity was meas- 
ured by acetylene reduction (Stewart et al. 1968). Activity was 
measured in triplicate in serum vials of about 7.5-ml capacity. The 
acetylene concentration was kept at 10% (by vol.) and 2 ml algal 
suspension was injected into each vial. Reactions were terminated 
following injection of 0.8 ml 15% (mass/vol.) trichloroacetic acid. 
Ethylene formed was measured in a CIC gas chromatograph (Ba- 
roda, India) equipped with a Porapak-R column and a hydrogen 
flame ionization detector. 

Chemicals. NaH14CO3 was obtained from BARC, Bombay, other 
chemicals from BDH, India. 
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Results 

Effect o f  chromium and tin on growth: interaction with 
metal cations 

It is evident from Fig. 1 that the final growth yield of A. 
doliolum exposed to the LDso of  chromium and tin was 
51.2% and 55.8% of  the control, respectively. Substan- 
tial recovery (74% in chromium and 79% in tin-spiked 
cultures) in the final yield was recorded following sup- 
plementation by calcium. Similar recovery patterns in 
growth were noticed for chromium (65%) and tin (72%) 
after supplementat ion of  100 txg ml-~ MgC12. The final 
yield was however, found to be 58.1% and 65.1% of  
control in cultures treated with bimetallic combinations 
of  C r 2 + + M n  2+ and S n 2 + + M n  2+, respectively (Fig. 
1). Nickel, cobalt and zinc supplementat ion with suble- 
thal concentrations of  chromium produced significant 
inhibitory patterns of  interaction giving final yields of  
23.3%, 30.2% and 37.2% of  control for cultures grown in 
metal combinations Cr 2+ + N i  2+, Cr 2+ - { - C o  2 +  and 
Cr 2+ + Z n  2+, respectively. Almost similar interaction 
patterns were observed when these cations were com- 
bined with the LDso of  tin. The final yield recorded was 
32.6% for S n 2 + + N i  2+, 37.2% for S n 2 + + C o  2+ and 
48.8% for Sn 2+ + Zn z+ combinations (Fig. 2). It is inter- 
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Fig. 1. Effect of  sublethal  concentrat ions of  (A) ch romium and 
(B) tin on growth behaviour ofA. doliolum: interaction with metal 
cations. (A) Control (O); Cr 2+ (Q); Cr2++ea 2+ (zx); 
Cr2++Mg z+ (A); Cr2++Mn 2+ (11). (B) Control (O); Sn z+ 
(0);  Sn2++Ca 2+ (A); Sn2+ +Mg 2+ (A); Sn2++Mn 2+ ( I )  
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Fig. 2. Effect of sublethal concentrations of (A) chromium and 
(B) tin on growth of Anabaena doliolum:interaction with metal 
cations. (A) Control (©); Cr 2 (0);  Cr2++Zn 2+ (A); 
Cr 2+ +Co 2+ (A); Cr 2+ +Ni 2+ (11). (B) Control (O); Sn z+ (O); 
Sn2+ +Zn 2+ (A); Sn2++Co 2+ (A); Sn2+ +Ni 2+ (11) 

esting to note that nickel, cobalt and zinc were non- 
inhibitory to test algae at the concentrations used indi- 
vidually but showed synergistic inhibition of  growth 
when mixed with the LDs0 of  chromium and tin. Nickel 
addition proved to be more toxic to A. doliolum than 
cobalt and zinc. 

Effect of  chromium and tin on carbon fixation: 
interaction with metal cations 

The influence o f  sublethal concentrations of  test metals 
in combination with metal cations on carbon fixation 
of  A. doliolum is given in Figs. 3 and 4. Restoration of  
carbon fixation by Ca 2+, Mg 2+ and Mn 2+ was 22%, 
31% and 14% respectively in chromium-spiked cultures. 
14CO2 uptake of  test alga as influenced by bimetallic 
combinations of  S n 2 + + C a  2+, Sn2++Mg2+,  Sn2++ 
Mn 2+ was 83.3%, 88.8% and 77.7% of control,  respec- 
tively, thereby showing protection of carbon fixation 
against metal toxicity (Fig. 3). However, combination of  
chromium with nickel, cobalt and zinc resulted in the 
synergistic inhibition of 14CO2 uptake as the recorded 
uptake was 30.5%, 36.1% and 41.6%, respectively. Like- 
wise interaction of  Sn 2+ with Ni 2+, Co 2+ and Zn z+ 
also showed synergistic inhibition of  ~4CO2 uptake. It is 
interesting to note that interaction of  nickel with test 
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Fig. 3, ~4CO2 uptake ofA. doliolum at sublethal concentrations of 
(A) chromium and (B) tin: interaction with metal cations. (A) 
Control (©); Cr 2+ (0);  Cri++Ca 2+ (zx); Cr2++Mg 2+ (A); 
Cr 2+ +Mn a+ (11). (B) Control (©); Sn 2+ (0);  Sn 2+ +Ca 2+ (zX); 
Sn2++Mf + (A); sng++Mn 2+ (11) 
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Fig, 4. I 4 C 0 2  uptake ofA. doliolum at sublethal concentrations of 
(A) chromium and (B) tin: interaction with metal cations. (A) 
Control (O); Cr 2+ (0);  Cr2++Zn 2+ (A); Cr2++C02+ (zX); 
Cr2++Ni a+ (m). (B) Control (O); Sn 2+ (0);  Sn 2+ +Zn 2+ (•); 
Sn 2+ +Co 2+ (zx); Sn 2+ +Ni 2+ (m) 

metals depicted the most  p ronounced  synergistic inhi- 
bition of  carbon fixation (Fig. 4). 

Effect of test metals on oxygen evolution: interaction 
with metal cations 

Photosynthetic oxygen evolution by A. doliolum in me- 
tal-spiked cultures is shown in Table 1. It is interesting 
to note that Mn 2+ and Mg 2+ stimulated 02 evolution 
while Ca 2+ was slightly inhibitory. Supplementat ion 
with Ni 2+, Co 2+ and Zn 2+ separately inhibited the 02 
evolution differentially. Approximate ly  2.5% inhibition 
of 02 evolution was observed for nickel-supplemented 
cultures and this was fol lowed by Zn 2+ (20.8%) and 
Co 2+ (21%). Cultures treated with sublethal concentra- 
tions of  Cr 2+ and Sn 2+ exhibited 29.0% and 8.0% 02 
evolution of  the control, respectively. It is evident f rom 
Table 1 that oxygen evolution was restored in cultures 
treated with Cr 2+ and Sn 2+ and amended  with Ca 2+, 
Mg 2+ and Mn 2+. The restoration pattern of  02 evolu- 
tion by bivalent cations appears  to be in the following 
sequence: Mn 2+ > Mg 2+ > Ca 2+. Approximate ly  54.0% 
restoration of  02 evolution was recorded in the pres- 
ence of  Mn 2+. Bimetallic combinations,  viz. 
Cr 2+ + N i  2+, Cr 2+ + C o  2+, Cr 2+ + Z n  2+, Sn 2+ + N i  2+, 
Sn 2+ + C o  2+ and Sn 2+ + Z n  2+, exibited synergistic in- 
hibition of  photosynthet ic  oxygen evolution. 

Effect of chromium and tin on nitroyenase activity and 
heterocyst differentiation: interaction with metal cations 

Approximate ly  23% and 31% inhibition of  nitrogenase 
activity was noticed at sublethal concentrations of  
chromium and tin, respectively (Table 1). It  is also clear 
from Table 1 that  calcium, magnesium and manganese  
showed antagonistic interaction with test metals. Their  
protective efficiency may be expressed in the following 
hierarchial sequence: Ca 2+ > Mg 2+ > Mn 2+. Calcium 
restored the nitrogenase activity of  A. doliolum compa-  
ratively better than magnes ium and manganese in me- 
tal-spiked conditions. The levels of  restoration of nitro- 
genase activity by Ca 2+, Mg 2+ and Mn e+ were 15.5%, 
11.6% and 2.0% for chromium-supplemented  cultures 
and 11.5%, 7.7% and 5.7% for t in-supplemented test al- 
gae. However  nickel, cobalt  and zinc inhibited the ni- 
trogenase activity synergistically in the following hier- 
archial sequence: N i 2 + > C o 2 + > Z n  2+, when supple- 
mented with test metals. A slight induction in hetero- 
cyst frequency (from 5.5% to 5.8%) was noticed by cal- 
cium supplementat ion while Mg 2+ and Mn 2+ proved 
ineffective for heterocyst induction. Max imum induc- 
tion of  heterocyst frequency was observed for nickel 
(from 5.5% to 8.0%), followed by cobalt  (5.5% to 7.7%) 
and zinc (from 5.5% to 6.0%). Combinat ions  of  chrom- 
ium and tin with Ca 2+, Mg 2+ and Mn 2+ caused resto- 
ration of  heterocyst differentiation in the following se- 
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quence:  Ca 2+ > Mg 2+ > Mn 2+. Stimulation of  hetero- 
cyst differentiation, on the one hand,  and inhibition of 
nitrogenase activity, on the other, critically suggested a 
dual role for nickel, cobalt  and zinc in A. doliolum. 

Discussion 

Heavy metal toxicological studies with reference to al- 
gae have assumed considerable attention with the result 
that  a large number  of  research papers  and reviews 
dealing with various aspects of  metal  toxicity have been 
published (Rai et al. 1981; Stokes 1983; Raizada and 
Rai 1985; Rai and Raizada 1987). Reduction in growth 
and content  of  macromolecules  of  test alga at increas- 
ing concentrations of  test metals confirms their toxic 
characteristics. Toxicity may be manifested either by 
disruption of  the  integrity of  cell membranes  or by inhi- 
bition of photosynthet ic  pigments  and key enzymes of 
nitrogen metabolism, viz. nitrogenase, nitrate reductase 
and glutamine synthetase of  cyanobacter ia  (Dubey et 
al. 1986; Dubey  and Rai 1987; Rai and Dubey  1989). 
Heavy  metal toxicity is regulated by such physico- 
chemical factors as pH,  redox potential,  salinity, alkal- 
inity, availability of  nutrients, popula t ion  density, ex- 
tracellular metabolites,  chelating agents and organic 
acids. Micronutrients may  influence the bio-availabili ty 
and uptake of  heavy metals to the microbiota  as the 
aquatic environment  is comprised of  several toxic and 
non-toxic metallic ions and their inorganic /organic  
complexes which regulate the bioavailabil i ty of  metals 
to the microorganisms exposed to these metals (Stee- 
mann-Nie lsen  et al. 1969). The exact mechanism of  me- 
tal interaction in the natural  environment  has not yet 
been clearly explored as the toxicity of  heavy metals is 
governed by several factors acting together at one time. 
The non-toxic cations present  in the aquatic environs, 
viz. Ca 2+, Mg 2+, Mn 2+, Na  +, K + etc., exert protective 
effects against toxic metals towards microorganisms in- 
cluding cyanobacteria.  Ameliorat ion of  test metal  toxic- 
ity by Ca 2+, Mg 2+ and Mn 2+ may be due to the antag- 
onistic interaction of these nutrients with toxic heavy 
metals. It  results f rom compet i t ion between non-toxic 
cations for common  sites on the surface of target cells, 
thus the more efficient compet i tor  prevents the uptake 
of  other toxic cations. The synergistic interaction of  the 
test metal  cations Cr 2+ and Sn 2+ with Ni 2+, Co 2+ and 
Zn 2+ possibly resulted f rom the adsorpt ion of  both  ca- 
tions on the surface of cyanobacterial  cells. Calcium is 
known to regulate the toxicity of  Cd 2+, Zn 2+, Pb 2+, 
Ni 2+ and Ag 2+ in green algae and cyanobacter ia  (Say 
and Whitton 1977; Fennikoh et al. 1978; Rai et al. 
1981; Rai and Raizada 1985; Raizada and Rai 1985). In 
the present  study the toxicity of  chromium and tin was 
ameliorated not only by Ca 2+ but also by Mn 2+ and 
Mg 2+, especially with reference to growth, nitrogenase, 
oxygen evolution and carbon fixation of  A.  doliolum. 
T h e  suggested mechanisms for the ameliorative behav-  
iour of  C a  2+ ions may  be (a) compet i t ion for t ransport  
across the b iomembranes ,  and (b) protect ion of target 

sites f rom toxic metals at the cell interior (Gipps and 
Coller 1980). 

This study has demonstra ted that  metal  toxicity can 
be regulated by different metal  cations in the laboratory 
microcosm. However,  such interaction in field condi- 
tions remains to be explored. 
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