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ABSTRACT

Growth and percent survival in the cyanobacterium Nostoc muscorum severely inhibited, when challenged with salinity
(NaCl) and osmotic (sucrose) stresses. The spontaneously occurring NaCl-R and sucrose-R (Su-R) mutant clones were
examined with regards to their cross-resistant relationships. The NaCl-R mutant when challenged with salinity and
osmotic stresses simultaneously showing cross-resistance with the sucrose stress. In contrast, the Su-R mutant showing
resistant only to osmotic stress and was salinity sensitive. The physiological response towards osmotic stress in both the
mutant clones was the over-production of proline. The ionic component of the salinity stress in the NaCI-R mutant was
overcome by the Na*-efflux. The Su-R mutant clones missing Na™ efflux mechanism, consequently, they became salt
sensitive. These findings highlight that the organic osmolyte strategy in N. muscorum assured osmotic resistance.
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INTRODUCTION

Cyanobacteria are prokaryotic, photoautotroph growing
and multiplying luxuriantly in natural and agricultural
ecosystems, despite facing substantial fluctuation in the
range of environmental conditions including salinity and
osmotic stresses. They exhibit photo-assimilation of
nitrogen, CO, and contribute to O, production. Some of
the cyanobacterial forms are the progenitor of chloroplast
evolution in eukaryotes through the process of
endosymbiosis. Therefore, they are considered as
evolutionarily the most important group of organisms
(Douglas, 1994). Saline soil creates ionic stress as well as
osmotic stress and inhibiting microbial and crop
productivity by creating water stress and Na' toxicity.
Therefore, the microorganisms that thrive in such stressful
habitat alter their physiology to cope up with the changing
environment. The ionic component of the stress factor is
readily overcome by the Na*/H™ antiporter activity (Inaba
et al., 2001; Elanskaya et al., 2002; Waditee et al., 2002).
The cytoplasmic osmotic potential is balanced either by
accumulation or by synthesis of compatible solutes
(Csonka, 1989; Alia and Gahiza, 2007). The synthesis of
compatible solutes is usually regulated by the
cyanobacterial habitat. The fresh water cyanobacterial
strains were found to be least tolerant and are known to
produce sucrose, trehalose and proline as compatible
solutes (Hagemann et al., 1996; Singh et al., 1996). The
moderately halotolerant cyanobacteria produces glucosyl-
glycerol as organic osmolyte for such adaptation (Borges
et al., 2002; Hincha and Hagemann, 2004; Marin et al.,
2006).
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In comparison, hyper saline cyanobacterial strains are
known to produce glycine-betaine as compatible solutes
(Warr et al., 1988).

The present study indicates that different biochemical
mechanism operate to remove ionic (salinity) and non-
ionic (osmotic) stresses in the N. muscorum. The ionic
stress is overcome by Na™ export and osmotic stress by
the synthesis of low molecular weight organic compatible
solute i.e. proline.

MATERIALS AND METHODS

The Nostoc muscorum used in the present study was a
fresh water, filamentous, nitrogen fixing (diazotroph),
heterocystous cyanobacterium. It was grown axenically in
Chu No. 10 (Gerloff et al., 1950) at 28 + 2°C and
illuminated with fluorescent tubes having a photon
fluence rate of 50 umol m? s* with 16/8 h light/dark
cycle. The culture medium was buffered to pH 7.5 with
10 mol m™® HEPES-NaOH.

Salt and osmotic concentrations were adjusted by adding
100 mol m™ NaCl and 250 mol m™® sucrose to the
diazotrophic growth medium. Such diazotrophically
grown cultures were periodically examined (3, 6, 9, 12
hours) for their respective characteristics.

NaCl at the concentration of 100 mol m™ and sucrose at
the concentration of 250 mol m™ were found lethal to the
diazotrophic growth of the cyanobacterium N. muscorum.
NaCl-Resistant (NaCI-R) and Sucrose-Resistant (Su-R)
mutants of the cyanobacterium were isolated by plating
2.5-3.0x10’ colony forming units (CFUs) on diazotrophic
growth medium containing 100 mol m™ NaCl and 250
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mol m® sucrose. The spontaneously occurring mutant
clones were checked for their stability by the method
described previously (Bhargava and Singh, 2006).

For the measurement of Na* efflux cyanobacterial strains
were Na* starved by growing them in diazotrophic growth
medium lacking Na* for 72 hours. The cyanobacterial
strains were centrifuged, washed and resuspended in
DH,0 buffered by 10 mol m* HEPES-NaOH at pH 7.5.
Cultures were incubated for 30 min at 28 + 2°C under
continuous light at a photon fluence rate of 50 pmol m?s™.
NaCl at a concentration of 5 mol m? was added to the
incubation mixture. The amount of Na* present in the
buffer was measured with the help of Flame Photometer.

Estimation of growth, percent survival, chlorophyll a
(Mackinney, 1941), protein (Lowry et al, 1951)
nitrogenase activity, intracellular proline contents and
proline oxidase activity was done as described previously
(Bhargava and Singh, 2006).

RESULTS

NaCl-R mutant and Su-R mutant clones reported here
arose with a mutational frequency of 0.6 ~ 0.8 x 10
suggesting that the resulting mutant phenotype is a
product of point mutation in the chromosomal genes. The
physiological response of N. muscorum and its
spontaneously occurring NaCIl-R and Su-R mutant clones
were compared under NaCl stress and sucrose stress
conditions. The percent survival decreases with the
increasing time of stress exposure. A dose of 100 mol m?
NaCl and 250 mol m™ sucrose for 12 hours completely
inhibit the growth of the wild type strain (Fig. 1).

A comparison of percent survival of the Su-R mutant
under NaCl and sucrose stresses was done. The
observation indicates that Su-R mutant clones were
showing resistance only to sucrose stress. On further
examination Su-R mutant clones were found to be
sensitive to NaCl stress (Fig. 2). The NaCI-R mutant
clones were compared for their percent survival in the
diazotrophic growth medium containing 100 mol m?
NaCl and 250 mol m™ sucrose. The results (data not

shown) suggested that NaCl-R mutant clones exhibited
almost complete resistance to growth inhibitory action of
100 mol m™ NaCl and 250 mol m™ sucrose.
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Fig. 1. Percent survival of the wild type N. muscorum
challenged with NaCl stress (—) and under sucrose (---)
stress conditions under diazotrophic growth condition.
Each reading is an average (+xSEM) of three independent
experimental determinations.
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Fig. 2. Percent survival of the sucrose-R mutant clones
challenged with NaCl stress (—) and sucrose stress (---)
conditions under diazotrophic growth condition.

Table 1. Growth (OD change at 663nm), heterocyst frequency (HF %), nitrogenase activity (m mol C,H, formed g*
Chl a h™) and proline oxidase activity (m mol proline oxidized g™ Chl a h™) of the N. muscorum and its various

mutant clones.

Parameters Wild type NaCl-R Sucrose-R
Growth 0.82 +0.08 0.78 +0.07 0.80 +£0.08
HF% 7-8 7-8 7-8
Nitrogenase activity 12.28 +0.78 11.15+0.81 11.54 +0.79
Proline oxidase activity 2.56 +0.14 0-0 0-0

Non-heterocystous NH," grown cultures were source of inoculum for the experiments. Such cultures were grown for six days in
diazotrophic growth medium and then used for estimation of their characteristics.
Each reading is an average (+SEM) of three independent experimental determinations.
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Each reading is an average (+xSEM) of three independent
experimental determinations.

Further experiments were done to compare various
mutant clones with its wild type in respect to
photoautotrophic ~ growth,  heterocyst  frequency,
nitrogenase activity, proline oxidase activity, intracellular
proline contents and Na* uptake. The results as shown in
the table 1 suggested that mutant strains showed almost
similar level of photoautotrophic growth, heterocyst
frequency and nitrogenase activity in the diazotrophic
medium. The wild type strains did not produce heterocyst
and nitrogenase activity in the growth medium containing
1 mol m™ proline suggested that N. muscorum is capable
of assimilating proline as a nitrogen source and its
mutation to NaCl-R and Su-R phenotypes have resulted in
loss of this ability. Thus it can be concluded that mutant
clones have lost genetically proline repression control of
heterocyst and nitrogenase activity. Further analysis in
respect of proline catabolizing enzyme i.e., proline
oxidase revealed the presence of this enzyme in the wild
type and its absence in the mutant clones. Consequently,
mutation to resistant phenotype resulted in over-
production of proline and acquisition of osmotic
resistance in the cyanobacterium.
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Fig. 3. Effects of salinity stress on intracellular contents
of proline in the wild type N. muscorum (blank bars) and
its NaCI-R (check bars) and sucrose-R (dark bars) mutant
clones.

Each reading is an average (+SEM) of three independent
experimental determinations.

The additional noteworthy characteristic of mutant clones
(NaCl-R and Su-R) were its higher contents of the proline
than that found in the wild type. In addition the proline
contents of the NaCl-R mutant showed slight rise when
stressed with NaCl (Fig. 3) or sucrose (Fig. 4). In
comparison wild type with or without stress has not
exhibit any variation in its proline contents. Similarly Su-
R mutant was found similar to the wild type in
intracellular proline contents under NaCl stress.

The pattern of Na*-uptake was also examined in the wild
type and in the NaCl-R and Su-R mutant strains. The

results as shown in the figure 3 indicates that Na" uptake
pattern in the wild type and its Su-R mutant was more
pronounced as compared to the NaCl-R mutant. This
observation suggested that Na* uptake pattern in the Su-R
mutant remained unaltered, while the acquision of NaCl-
R phenotype mitigates the Na* entry.
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Fig. 4. Effects of osmotic stress on intracellular contents
of proline in the wild type N. muscorum (blank bars) and
its NaCI-R (check bars) and sucrose-R (dark bars) mutant
clones.

Each reading is an average (+SEM) of three independent
experimental determinations.
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Fig. 5. Na" efflux pattern in the wild type N. muscorum
(blank bars) and its NaCI-R (check bars) and sucrose-R
mutant strains (dark bars).

Each reading is an average (+xSEM) of three independent
experimental determinations.

DISCUSSION

The physiological impact of salt and osmotic stresses has
been analyzed in the N. muscorum and its spontaneously
occurring mutant clones resistant to growth inhibitory
action of salt and sucrose. NaCl-R mutant and Su-R
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mutant were also analyzed for cross-resistant relationship
with salt and osmotic stress. The NaCI-R mutant clones
show cross relationship with osmotic stress, therefore, we
suggest that mutation to NaCI-R phenotype may involve
two different kinds of mutation one leading to ionic stress
and another leading to osmotic stress components. On the
contrary Su-R mutant clones showing resistant to sucrose
stress only and are NaCl sensitive. Therefore, it can be
concluded that Su-R phenotype involves mutation only in
osmotic stress component.

Wild type N. muscorum and its mutant clones differ in a
most noticeable way with regards to their intracellular
proline contents. Wild type with or without stress has not
exhibit any variation in its proline contents. In
comparison NaCI-R and Su-R mutant exhibit manifold
higher intracellular proline contents under normal growth
condition. Since sucrose-R phenotype is not found cross-
resistance to NaCl stress while having high intracellular
proline contents the obvious cause for lack of cross-
resistance of NaCl in Su-R mutant seem to be the efflux
mechanisms which might have remain unaltered in the
sucrose-R mutant clones.

The common molecular component in NaCl-R and Su-R
mutants is high intracellular levels of proline. This
common molecular phenotype correlates well with the
physiological phenotype of osmo resistance (Mikkat et
al., 1996; Marin et al., 1998; Marin et al., 2006). We may
conclude that intracellular accumulation of proline is the
common cause of osmotic resistance in the mutant clones.
Our observation regarding the compatible solute synthesis
during osmatic stress is in agreement with results already
published on Synechocystis (Marin et al., 2006). The two
genes viz. putP and putA are known to involve in
accumulation or synthesis of proline in bacterial systems
(Csonka, 1989). Mutational inactivation of the putA gene
inhibits the catabolism of proline therefore such strains
are proline-overproducer. Our findings supported by the
above fact because the mutant clones reported here are
also proline overproducer.

Singh et al. (1996) reported that enzyme proline oxidase
is required to assimilate exogenous proline in the
cyanobacterium N. muscorum. The mutants clones
reported here missing proline oxidase activity, this could
be the reason of proline over-production in the mutant
clones. Similar findings were reported in bacterial
systems by Dendinger and Brill (1970).

The NaCl-R mutant reported here involved two mutations
leading to resistant phenotype. The osmotic stress
component is overcome by the synthesis of compatible
solute i.e. proline and the ionic component by the active
efflux of Na*. Our findings are quite in agreement with
the previous reports regarding Na™ efflux mechanism in
bacterial and cyanobacterial systems (Padan and

Schuldiner, 1994; Blumwald et al., 1984; Apte et al.,
1987; Inaba et al., 2001; Elanskaya et al., 2002).

ACKNOWLEDGEMENTS

SB and SD are thankful to the MAPCOST, Bhopal (M.P)
for the financial support. RM and VKS are thankful to the
Director, RGTU, Bhopal (M.P) for providing laboratory
facility.

REFERENCES

Alia, EA. and Gahiza, 1A. 2007. Accumulation of amino
acids in Anabaena oryzae in response to sodium chloride
salinity. Journal of Applied Sciences Research. 3(3):263-
266.

Apte, SK.,, Reddy, BR. and Thomas, ST. 1987.
Relationship between sodium influx and salt tolerance of
nitrogen-fixing cyanobacteria. Applied and Environ-
mental Microbiology. 53:1934-1939.

Bhargava, S. and Singh, K. 2006. Differential response of
NaCl-Resistant mutants of the cyanobacterium Nostoc
muscorum to salinity and osmotic stresses. World Journal
of Microbiology and Biotechnology. 22:783-789.

Blumwald, E., Wolosin, JM. and Packer, L. 1984. Na*/H*
exchange in the cyanobacterium Synechococcus 6311.
Biochemical and Biophysical Research Communications.
122:452-459.

Borges, N., Ramos, A., Raven, ND., Sharp, RJ. and
Santos, H. 2002. Comparative study of the
thermostabilizing properties of mannosylglycerate and
other compatible solutes on model enzymes.
Extremophiles. 6:209-216.

Csonka, LN. 1989. Physiological and genetic responses of
bacteria to osmotic stress. Microbiological Reviews. 53:
121-147.

Dendinger, S. and Brill, WJ. 1970. Regulation of proline
degradation in Salmonella typhimurium. Journal of
Bacteriology. 103(1):144-152.

Douglas, SE. 1994 Chloroplast origin and evolution. In:
The molecular biology of cynobacteria. Eds. Bryant, DA.
Kluwer  Academic  Publishers, Dordrecht, The
Netherlands. 91-118.

Elanskaya, 1V., Karandashova, V., Bogachev, AV. and
Hagemann, M. 2002. Functional analysis of the Na*/H"
antiporter encoding genes of the cynobacterium
Synechocystis PCC 6803. Biochemistry. 67:432-440.

Gerloff, GC., Fitzerald, GP. and Skoog, F. 1950. The
isolation, purification and culture of blue-green algae.
American Journal of Botany. 37:216-218.

Hagemann, M., Richter, S., Zuther, E. and Schoor, A.
1996. Characterization of a glucosyl-glycerol-phosphate-



Kachouli et al.

673

accumulating, salt sensitive mutant of the cyanobacterium
Synechocystis sp. strain  PCC 6803. Archives of
Microbiology. 166:83-91.

Hincha, DK. and Hagemann, M. 2004. Stabilization of
model membranes during drying by campatible solutes
involved in the stress tolerance of plants and
microorganisms. Biochemistry Journal. 383:277-283.

Inaba, M., Sakamoto, A. and Murata, N. 2001. Functional
expression in Escherichia coli of low-affinity and high-
affinity Na® (Li")/H") antiporters of Synechocystis.
Journal of Bacteriology. 183:1376-1384.

Lowry, OH., Rosebrough, NJ., Fall, AL. and Ransdall,
RJ. 1951. Protein measurement with Folin-phenol
reagent. Journal of Biological Chemistry. 193:265-275

Mackinney, M. 1941. Absorption of chlorophyll solution.
Journal of Biological Chemistry. 140:315-322.

Marin, K., Stirnberg, M., Eisenhut, M., Kramer, R. and
Hagemann M. 2006. Osmotic stress in Synechocystis sp.
PCC 6803: low tolerance towards nonionic osmotic stress
results from lacking activation of glucosylglycerol
accumulation. Microbiology. 152:2023-2030.

Marin, K., Zuther, E., Kerstan, A. and Hagemann, M.
1998. The ggpS gene from Synechocystis sp. strain PCC
6803 encoding glucosyl-glycerol-phosphate synthase is
involved in osmolyte synthesis. Journal of Bacteriology.
180:4843-4849.

Mikkat, S., Hagemann, M. and Schoor, A. 1996. Active
transport of glucosylglycerol is involved in salt adaptation
of the cyanobacterium Synechocystis sp. strain 6803.
Microbiology. 142:1725-1732.

Padan, E. and Schuldiner, S. 1994. Molecular physiology
of the Na*/H" antiporter in Escherichia coli. Journal of
Experimental Botany. 196:443-456.

Singh, AK., Chakravarthy, D., Singh, TPK. and Singh,
HN. 1996. Evidence for a role of L-proline as a salinity
protectant in the cyanobacterium Nostoc muscorum. Plant
Cell & Environment. 19:490-494.

Waditee, R., Hibino, T., Nakamura, T., Incharoensakdi,
A. and Takabe, T. 2002. Overexpression of a Na*/H"
antiporter confers salt tolerance on a freshwater
cyanobacterium, making it capable of growth in sea
water. Proceedings of National academy of Sciences
USA. 99:4109-4114.

Warr, SRC., Reed, RH. and Stewart, WDP. 1988. The
compatibility of osmotica in cyanobacteria. Plant, Cell &
Environment. 11:137-142.



