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Summary. This study presents the effects of Cr, Pb, Ni 
and Ag on growth, pigments, protein, DNA, RNA, het- 
erocyst frequency, uptake of NH + and NO~-, loss of 
electrolytes (Na + and K+), nitrate reductase and glu- 
tamine synthetase activities of Nostoc muscorum. The 
statistical tests revealed a direct positive correlation be- 
tween the metal concentration and inhibition of differ- 
ent processes. Ni was found to be more toxic against 
growth, pigments and heterocyst differentiation com- 
pared to the other metals. Inhibition of pigment 
showed the following trend: chlorophyll > phyco- 
cyanin > carotenoid. No generalized trend for inhibi- 
tion of macromolecules was observed. The loss of K + 
and Na + as affected by Cr, Ni and Pb was similar but 
more pronounced for K + than Na +. The inhibition of 
physiological variables depicted the following trend: 
Na + loss > K + loss > glutamine synthetase > NH + 
uptake > growth > NO~- uptake > nitrate reductase 
> heterocyst frequency. This study therefore suggests 
that loss of electrolytes can be used as a first signal of 
metal toxicity in cyanobacteria. However, further study 
is needed to confirm whether the abnormality induced 
by nickel (branch formation) is a physiological or ge- 
netic phenomenon. 
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Introduction 

Much information has been accumulated on the toxic- 
ity of heavy metals to different organisms including al- 
gae (Rai et al. 1981a; Stokes 1983; Whitton 1984). Al- 
though most heavy metals are toxic to microorganisms 
at higher concentrations, some are required in trace 
quantities by algae for various physiological and bio- 
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chemical processes. Heavy metals are known to in- 
crease the generation time of algae and other microor- 
ganisms. De Filippis and Pallaghy (1976) and Rai et al. 
(1981b) noticed an increase in the carotenoid/chloro- 
phyll ratio of Chlorella following treatment with mer- 
cury but this ratio decreases at higher concentrations of 
zinc. Conway (1978) found a significant lowering of 
pigment content after addition of cadmium in Asterion- 
ella formosa cultures. 

Certain heavy metals, viz. Cd, Ni, Hg and Cr, are 
also known to inhibit growth, pigment synthesis, nu- 
trient uptake, nitrogen fixation and photosynthesis in 
Anabaena inaequalis, Anabaena doliolum and Nostoc 
muscorum (Stratton et al. 1979; Rai and Raizada 1986). 
Heavy metals are also reported to interfere in the regu- 
lation of DNA synthesis by blocking the - -SH groups 
or inhibition of DNA polymerase III activity (Vallee 
and Ulmer 1972; Bonaly et al. 1980). 

The primary target of heavy metals is the cell mem- 
brane. A change in membrane potential of the slime 
mould Physarum polyeephalum was observed following 
metal supplementation. Passow and Rothstein (1960) 
observed the loss of K + by Hg 2+ ions in yeast cells. 
The loss of electrolytes has therefore, been used as a 
reliable criterion to ensure membrane damage caused 
by heavy metals. In addition to this, heavy metals are 
also known to induce formative changes and inhibit the 
vital metabolic processes. 

It is worth mentioning here that all the above stud- 
ies are mainly concerned with effects of one or two me- 
tals on specific metabolic processes of green algae. 
Though cyanobacteria are agriculturally most impor- 
tant, no worthwhile attempts have been made to study 
the heavy metal toxicity on their physiological proc- 
esses. Keeping these considerations in view, we have 
studied the effect of Cr, Pb, Ni and Ag on growth, het- 
erocyst differentiation, pigment content, macromole- 
cules (protein, DNA, RNA), loss of K +, Na +, uptake 
of NO~-, NH2 and the activities of nitrate reductase 
and glutamine synthetase. Attempts have been made to 
verify these results statistically. 
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Materials and methods 

The test sys tem 

Survival of the test alga was scored by the plate/colony count 
method (Raizada and Rai 1985), selecting 10-40 ~tg ml - '  Cr and 
Pb, 0.5-1.5 ~tg m l - '  Ni and 0.002-0.01 ixg m1-1 Ag. To determine 
the effect of different doses of test metals (Cr, Pb, Ni and Ag) on 
growth, the experimental medium was supplemented with (10, 20, 
30~tgm1-1 Cr and Pb, 0.5-1.2~tgml -~ Ni and 0.002- 
0.008 txgml -~ Ag) taking different amounts of reagent-grade 
K2Cr2OT, PbC12, NiClu.6H20 and AgCI2. Stock solutions of test 
metals and other chemical were prepared in sterilized double-dis- 
tilled water. The pH of the growth medium was maintained by 
Tris/HC1 pH 7.5. The final yield and pigment content were esti- 
mated as described by Rai et al. (1981b). The protein and nucleic 
acid contents were estimated by the method of Lowry et al. (1951) 
and Herbert et al. (1971), respectively. In order to study heterocyst 
frequency the method of Rai and Raizada (1986) was followed. 
Uptake of NOF and NH£ was measured by determining their 
depletion from the external growth medium by the methods of 
Nicholas and Nason (1957) and Herbert et al. (1971), respectively. 
The loss of K + and Na + contents from algal cells exposed to me- 
tals was measured as given by Rai and Raizada (1987). Nitrate 
reductase and glutamine synthetase activities in vivo were esti- 
mated by the methods of Camm and Stein (1974) and Stacey et al. 
(1977), as described by Dubey and Rai (1987). 

Statistical analysis. Correlation coefficients (r) were calculated for 
metal concentration and percentage inhibition of different proc- 
esses according to the following equation: 

n S X Y -  (~x)(r,r) 
F =  

f n s x  2 -  (sx)  2 f n Z ~ -  ( s t y  

where, X represents the metal concentration, Y represents the per- 
centage inhibition of any process and n is the number of observa- 
tions. 

Results 

The LCs0 values  for four  test metals  agains t  Nostoc  
were 20, 20, 1.0 and  0.004 llg m l - 1  for ch romium,  lead, 

Table 1. Effect of different concentrations of test metals on 
growth and heterocyst frequency of N. muscorum 

Metal Concen- Final yield Heterocyst 
tration attained on frequency 
(Ixg/ml) 15th day (%) 

(-'4663 nm) 

None (control) 0.27 _+ 0.0001 ( - ) 4.94 ( - )  

Cr 10 0.22___0.001 (18.5) 4.60 (6.8) 
20 0.14+0.005 (48.2) 3.50 (29.5) 
30 0.05_+0.001 (81.5) 3.20 (35.5) 

Pb 10 0.20_+0.001 (19.1) 4.40 (10.9) 
20 0.10_+0.002 (54.8) 4.00 (19.0) 
30 0.05 _+ 0.004 (79.7) 3.50 (29.1) 

Ni 0.5 0.19 _+ 0.002 (26.6) 4.88 (1.20) 
1.0 0.11 _+ 0.003 (53.4) 3.90 (21.0) 
1.2 0.10+0.001 (56.7) 3.41 (30.9) 

Ag 0.002 0.15_+0.001 (31.5) 4.00 (19.0) 
0.004 0.12_+0.002 (42.9) 3.50 (29.1) 
0 . 0 0 8  0.045:0.001 (85.2) 3.00 (39.2) 

Data in parentheses denote percentage inhibition 

nickel  a nd  silver, respectively.  G r o w t h  response  of  test 
algae to different  concen t ra t ions  of  metals  used  is given 
in Table  1. With  increase in  meta l  concen t ra t ions ,  there 
was a gradua l  decl ine  in  f inal  yield (negat ive and  sig- 
n i f i can t  corre la t ion  r = - 0 . 8 7 6 ,  d f = l l ,  P<0 .001) .  At 
h igher  concent ra t ions ,  however ,  a severe r educ t ion  in  
growth was no t iced  only  for silver (14.8%). It  can  be 
infer red  f rom Table  1 that  silver is more  toxic t h a n  
other  metals.  Table  2 showed the effect of  d i f ferent  
concen t ra t ions  of  test metals  on  chlorophyl l ,  carote- 
no id  a nd  p h y c o c y a n i n  contents  of  Nostoc  muscorum at- 
t a ined  on  15th day of  exper iment .  M a x i m u m  inh ib i t i on  
of  ch lorophyl l  by all the test metals  was not iced  
(r = - 0.748, P <  0.01). The test metals  caused  a concen-  
t r a t i o n - d e p e n d e n t  decrease in p i gme n t  contents .  The 

Table 2. Effect of chromium, lead, nickel and silver on chlorophyll, carotenoid and phycocyanin contents of N. muscorum (after 15th 
day) 

Metal Concentration Chlorophyll Carotenoid Phycocyanin 
0xg/ml) (mg/1) (mg/1) (mg/1) 

None (control) 

Chromium 

Lead 

Nickel 

Silver 

24.54 _ 0.460 ( -- ) 83.33 4- 0.054 ( -- ) 0.182 _ 0.004 ( -- ) 

10 17.87 + 0.062 (27.1) 73.33 + 0.009 (12.0) 0.147 + 0.011 (19.2) 
20 11.47 ___ 0.011 (53.2) 57.33 + 0.001 (31.2) 0.095 + 0.004 (47.8) 
30 05.00 _ 0.001 (79.6) 14.00 ___ 0.110 (83.2) no growth 

10 20.14+0.004 (17.9) 81.00+0.001 (2.79) 0.180___0.001 (1.10) 
20 11.84+0.002 (51.7) 69.00+0.001 ( 1 7 . 1 )  0.120___0.007 (34.0) 
30 02.00 _ 0.140 (91.8) 08.33 + 0.011 (90.0) no growth 

0.5 15.95 + 0.005 (35.0) 76.00 + 0.030 (8.7) 0.140 + 0.011 (23.0) 
1.0 10.80 + 0.007 (55.99) 42.13 _+ 0.001 (49.4) 0.090 + 0.011 (50.50) 
1.2 09.29 + 0.001 (62.1) 38.31 ___ 0.011 (54.0) 0.060 + 0.003 (67.0) 

0.002 16.75+0.260 (31.7) 56.81___0.001 ( 3 1 . 8 )  0.170+_0.007 (6.5) 
0.004 14.00 + 0.041 (42.9) 49.23 + 0.011 (40.9) 0.120 + 0.001 (34.0) 
0.008 02.81 ___0.001 (88.5) 10.41 +0.002 (87.5) 0.09_+0.011 (50.5) 

Data in parentheses denote percentage inhibition 



Fig. 1. Photomicrograph of N.  m u s c o r u m  showing irregular ar- 
rangement of cells and branch formation 

inhibition of  pigments follows the following trend: 
chlorophyll  > phycocyanin > carotenoid. 

Microscopic observations revealed cell enlargement 
at 20 ~tg m l -  ~ each of  Cr and Pb and irregular arrange- 
ment of  cells in the filaments in case of  1.0 lxg m l -  ~ of 
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Ni after one week of  treatment (Fig. 1). Reduction in 
heterocyst frequency was concentrat ion-dependent  (Ta- 
ble 1) and followed the course of  growth. Changes in 
the cell constituents, viz. protein, DNA, and RNA at 
different levels of  metals, are given in Fig. 2. Maximum 
inhibition was found in the case of  silver: at sublethal 
concentrations, inhibitions of  57%, 50% and 57% were 
observed for protein, RNA and DNA, respectively. 

Table 3 summarizes the effect of different concen- 
trations of test metals on cellular K + and Na + in long- 
term experiments (after 48 h). The extent of  loss of  
Na + and K + from cells as induced by Cr, Pb and Ni 
was similar. However, the loss of  K + from the cells was 
more pronounced as compared to Na+.  Maximum loss 
of  K + and Na + from the silver-treated algae further 
confirms the greater toxic potential of  this metal as 
compared to others. 

The uptake of  ammonium, as influenced by differ- 
ent doses of  metals, is given in Fig. 3. It can be inferred 
from this graph that the extent of  inhibition of  ammon- 
ium uptake by Cr, Pb and Ag followed almost the same 
course at sublethal as well as higher concentrations of  
these metals. The situation was different for nickel, 
however. At sublethal and highest concentrations of  
nickel used, the uptake of  ammonium was twofold 
higher than for other metals. Similar results were also 
found for NO~- uptake (Fig. 4), the uptake of which 
was higher (59% and 40%) for nickel concentrations of 
1.0 and 1.2 gg ml-a ,  respectively. 

Sublethal concentrations of Cr, Pb, Ni and Ag were 
found to inhibit nitrate reductase activity by 78%, 70%, 
70% and 78%, respectively (Fig. 5). Inhibition of  glu- 
tamine synthetase activity was also concentration-de- 
pendent  ( r = - 0 . 7 2 1 ,  P <  0.001) with inhibitions of  ap- 
proximately 53%, 44%, 61% and 62%, respectively at 
LCso levels of test metals. Like other parameters, glu- 
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Table 3. Loss of  K + and Na + from N.  m u s c o r u m  cells exposed to test metals (after 
48 h) 

Metal Concen- K + (p,g/mg Loss Na + (~g/mg Loss 
tration protein) of  K + protein) of  Na + 
(ttg/ml) (%) (%) 

None (control) 60±0.002 - -  15 ±0.003 - -  

Chromium 10 30±0.001 50 9 ±0.011 40 
20 15 ±0.004 75 3 ±0.002 80 
30 10±0.001 84 2±0.006 83 

Lead 10 36±0.002 40 9±0.003 40 
20 18±0.003 70 4±0.004 74 
30 15 ±0.001 75 3 ±0.004 80 

Nickel 0.5 25 ±0.003 59 8±0.005 47 
1.0 15 ±0.001 75 3 ±0.001 80 
1.5 08 ±0.004 83 2±0.003 83 

Silver 0.002 24±0.011 60 10±0.001 34 
0.004 15±0.001 75 7±0.004 53 
0.008 06±0.002 90 4±0.003 73 

tamine synthetase also displayed highest sensitivity for 
silver. 

D i s c u s s i o n  

Though some heavy metals are needed by living organ- 
isms for various metabolic processes, the physiological 
and/or metabolic requirements of such metals as 
chromium, lead, nickel, and silver are not properly un- 
derstood. The immediate effect of  an increased supply 
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of the heavy metals seems to result in inhibition of gen- 
eral growth of N.  m u s e o r u m .  The observed changes in 
pigment contents of the cyanobacterium suggest similar 
responses of chlorophyll and carotenoid to increasing 
concentrations of the test metals. The level of phyco- 
cyanin, however, declined markedly with increasing 
concentrations of metals. Such a decline in phyco- 
cyanin level might be attributable to its possible de- 
gradation, thus leading to nitrogen starvation (Allen 
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Fig. 5. Inhibition of nitrate reductase and 
glutamine synthetase activities of N. musco- 
rum at different concentrations of Cr, Pb, Ni 
and Ag 

and Smith 1969), as phycocyanins  are major  reserves 
for nitrogen (Cohen-Bazire and Bryant 1982) in cyano- 
bacteria. It is quite clear f rom our observations that the 
test metals affect the synthesis of  light-harvesting pig- 
ments in N. muscorum. Decline in pigment  contents 
may be due to lysis of  the cell wall and disruption of  
the thylakoid membrane  as known for Anabaena  f los-  
aquae (Rai et al. 1989). Present observations on cell ab- 
normali ty are in agreement  with Stratton et al. (1979) in 
Anabaena  inaequalis. Cell abnormali ty,  as suggested by 
these workers,  might result f rom uptake of  metal  ions 
rather than adsorpt ion onto the cell surface. Though 
not very frequent,  nickel (1.0 lxg m1-1) was found to in- 
duce format ion  of abnormal  cells and branch-like 
structures in N. muscorum. Thus this study supports  the 
earlier findings of  Pandey (1981) where irregular ar- 
rangement  of  cells and branch format ion was noticed in 
Nostoc calcicola as a result of  cadmium toxicity. 

The data on macromolecule  synthesis indicate that 
protein content  was affected more by all the test metals 
than were D N A  and RNA. Inhibit ion of  D N A  content 
as observed for N. muscorum agrees with that for Eu- 
9lena gracilis (Bonaly et al. 1980). This reduction might 
be due to blocking o f - - S H  groups (Vallee and Ulmer  
1972) or inhibition of  D N A  polymerase  I I I  activity by 
test metals. The reduction in protein content could also 
be due to inhibiton of  membrane  protein (Brown and 
Beckett 1984). 

Thomas  and Apte (1984) explicitly demonstra ted  
the crucial involvement  of  sodium for cyanobacterial  
nitrogen metabolism. A concentra t ion-dependent  loss 
of  Na  + and K + ions as observed in the present  study 
could be attributed to increased cell permeabil i ty,  thus 
allowing the ions to be released f rom the cyanobacter-  
ial cells. The increased cell permeabil i ty may make the 
cells more prone  to metals, thus resulting in their death 
at high concentration.  

Cyanobacter ia  have many  alternative ways to meet  
their nitrogen demand,  either through biological ni- 

trogen fixation or utilization of NO~-, NO;-  or NH4 + 
which are finally converted into organic nitrogen. The 
inhibition of  NH~- and NO~- uptake may be due 
either to competi t ion of  heavy metals with these nu- 
trients (Vallee and Ulmer  1972), inactivation of  the en- 
zyme complexes by binding with their sulfhydryl 
groups (Porter and Sheridan 1981) or exhaustion of  en- 
ergy-yielding substrates (Norris and Kelly 1977) which 
are required for the active uptake. The inhibition of  ni- 
trate reductase and glutamine synthetase by the test me- 
tals can be attributed either to exhaustion of  energy- 
yielding substrates or direct inactivation of  enzyme 
complexes. 

These observations suggest that heavy metals exert 
differential toxicity on different parameters  of  cyano- 
bacteria. On the basis of  the present observations, the 
order of  metal  toxicity to N. muscorum can be given as 
A g >  N i > C r >  Pb. 
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