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cing transport of betaine and proline (Cairney
et al 1985a,b). Proline biosynthetic genes, proABC, control
production of proline from its parent amino acid glutamate
and it is known that mutation in proA gene overproduce of
proline. Such mutants no longer showed feedback inhibition
control of its activity by proline, and that is why proline
overproducing, proA, mutant, selected for resistant to pro-
line analog L -azetidine-2-carboxylate, show salinity/osmot-
ic resistant phenotype (Mahan and Csonka 1983, Jakowec
et al 1988). Similarly, otsA and otsB genes are aso osmo-
inducible and, thus, synthesized trehalose as an osmo-pro-
ucible K* uptake, shown  tectant under osmotic stress condition (Giaever et al 1988).
ansduction pathway for adaptation ~ The omp genes of Escherichia coli produce characteristic
alderhaugh et al 1987). This pri- porin proteins as a function of osmotic-stress and salinity-
signal activates genes function-  stress conditions (Csonka and Hanson 1991).

ically either in the transport, or in the synthesis Cyanobacteria are oxygenic photosynthetic prokaryotes
ation of compatible organic solutes. The product ~ and little knowledge is available on their molecular charac-
cible proU and proP genes offer protectionby  teristic of salt/osmo adaptation. Some recent studies have

Osmoadaptable organi
to varying levels of i

sizing and accurgulatin
solutes like \&

Keywords. Diazotrophy; L-azetidine-2-carboxylate; mutation; proline accumulation; proline oxidase; salinity/osmotic stress

Abbreviations used: AAS, Atomic absorption spectroscopy; Ac-R, L-azetidine-2-corboxylate resistant; CFUs, colony forming units;
Chl a, chlorophyll a.
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shown trehalose, sucrose, glucosyl-glycerol functioning as
osmobalancer in either fresh water or marine cyanobacteria
and glycine-betaine as osmobalancer in hypersaline
cyanobacteria (Mackey et al 1984; Warr et al 1988). Genetic
engineering of salt/osmo tolerance for both nitrogenase
activity and diazotrophy has been achieved in Klebsiella
pneumoniae (Le Rudulier et al 1982; Le Rudulier and
Bouillard 1983). Blumwald and Tel-Or (1982) reported that
sucrose function as osmo-regulator in the diazotrophic het-
erocystous cyanobacterium Nostoc muscorum PCC 7119
apparently without any increase in free-proline content.
Similar results were obtained in the case of fresh-water
Gloeocapsa and Anabaena cylindrica (Borowitzka 1981).
In few marine cyanobacteria glucosyl-glyceral is the major
osmolyte (Erdmann et al 1992).

Accumulation of proline in response to osmotic stress
has been documented in higher plants (Dix and Pearce
1981; Voteburg and Stewart 1984; Bhaskaran et al 1985;
Kapuya et al 1985; Handa et al 1986; Roosen et al 1999),
algae (Brown and Hellebust 1980) and bacteria (Csonka
1989), but not in cyanobacteria. Many studies indicate a
correlation between the degree of osmotlc stressand the Iev-

osmotic stress accumulation of proline results in bald
the osmotic strength of the cytoplasm with that of the e

water-binding capacity of protein (Schobert and
1978).

In this study, the proline
late (Ac) has been used

capable of overproduci
ing tolerance to salinit

um), grown axenicaly in
Gerloff et al 1950) without any
e. Cultures were incubated at
ed with daylight fluorescent tubes
oton fluence rate of 50 umol m—2 s=1. The cul-
was buffered to pH 7.5 with 10 mol m=3

2.2 Estimation of percent survival

Nutrient agar plates at different graded concentration of the
inhibitor were prepared. Exponentially growing diazotrophic

J. Biosci. 31(2), June 2006

cultures of the cyanobacterium in quantities of 5 x 107
colony forming units (CFUs) were inoculated on to each
plate. A control plate containing no inhibitor was also inoc-
ulated. After 6 days of growth, the number of CFUs appear-
ntrol

ing on each plate was compared with respect to t
and expressed as percent of the control. The to
CFUs survival on the control plate was pr
100% survival.

2.3 Isolation of L-azetidine-2-
mutant of the

d| ne-2-carboxylate r
proline metabolsas onentially growing
ium N. muscorum
swere inOculated onto the dia-

mol m—=3 Ac, a dose 10-fold

(1989). One such mutant colony was isola-
ined on nutrient slant containing the proline

4 Growth, chlorophyll a and protein measurement

Inliquid culture medium, N. muscorum cells were homoge-
neous, therefore, a direct absorbance change at 663 nm was
proportional to its multiplication and was used for measure-
ment of growth. Whereas the chlorophyll a (Chl a) contents
was estimated by the method of Mackinney (1941), the pro-
tein contents was estimated by the method of Lowry et al
(1951) by using lysozyme (Sigma, St. Louis, MO, USA) as
a standard.

2.5 Estimation of 14C-proline transport activity

The method of Gour et al (1997) was used for measurement
of 14C-proline uptake. The cyanobacterial cells were cen-
trifuged, washed and resuspended in 10 mol m—3 HEPES-
NaOH buffer (pH 7.5) and equilibrated for 30 min at 28°C
at aphoton fluence rate of 50 umol m—2 s-1. 14C-proline was
then added to the incubation mixtureto afinal concentration
of 0.05 mol m=3 (specific activity 7.5 KBg mol-1). Samples
were withdrawn at regular time intervals and reaction was
terminated by the addition of 0.1 ml of 2 N HCI. A 2.5 ml of
scintillation cocktail containing four parts of 0.8%
PPO (2,5-diphenyloxazole) plus 0.01% POPOP [1,4-bis
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(4-methyl-5-phenyl-2-oxazol€)-benzene] in toluene and
three parts of ethanol was added to each sample vial. 14C-
proline transport activity was counted in liquid scintillation
counter (Wallac 1409, Finland). The activity was expressed
in terms of mmol proline g1 Chl a.

2.6 Determination of proline oxidase activity

Proline oxidase activity was measured by the method of
Dendinger and Brill (1970) with dlight modification as
described by Spence and Stewart (1986). Exponentialy
growing cultures were harvested and permeabilized in
1 cm3 of 100 mol m~3 sodium cacodylate buffer (pH 6.6) for
5 min using 0.3 cm3 of toluene at 30°C and then centrifuged
at low speed. The pellet was resuspended in 1 cm3 of
sodium cacodylate buffer to which 1 cm3 of 2000 mol m=3 L-
proline and 0.2 cm3 of 50-mol m—3 aminobenzaldehyde
were added. The reaction was terminated with trichloro
acetic acid (TCA). The reaction mixture was incubated in
dark for 10 min and then centrifuged at low speed and the
absorbency of the supernatant was read at 443 nm.

2.7 Estimation of K* transport activity

K* uptake was measured under stressed and unstress
ditions by atomic absorption spectroscopy (AAS).
m~3 HEPES-NaOH buffer (pH 7.5) wss used as
to estimate K* uptake by exponentially growing

terial cultures under the given growt iti
experimental samples were gl
stressed-buffer medium for
5 ppm (0.128 mol m3),KCI. T
was created by the To)g)

buffer medium. K* up
the K* content i

by AAS, and then subtracting these values from the control
value.

Heterocyst frequency, nitrogenase activity, photosynthet-
ic O, evolution and intracellular proline contents were
measured as described previously by Bhargava et al (2003).

3. Results

The spontaneously occurring Ac-R
mutation frequency of 0.6 — 0.8 x 1

in the chromosomal gene. T
no heterocysts/nitrogenase
taining 1 mol m=3 prolipe or 1

3 proline or 1 mol m=3 NH,CI.

3 NH,Cl medium. Thus, while Ac-R mutant of
obacterium has lost genetically proline-repression con-
of heterocyst and nitrogenase activity, has not lost its
H,*- repression control of heterocyst and nitrogenase
activity during the course of its mutation to Ac-R pheno-
type. Evidently, lack of heterocyst and nitrogenase activity
in proline grown culture of the parent strain coupled with its
ability to grow better than itsAc-R strain in proline medium

Ac-R mutant
Proline Proline
Nitrogenase  oxidase Nitrogenase oxidase
HF %  activity activity Growth HF (%) activity activity
0.76 + 0.05 7-8 1228+ 027 246+0.12 0.77 £ 0.04 7-8 12.14 £ 0.52 0-0
0.80 + 0.06 0-0 0-0 223+0.10 0.80 + 0.06 0-0 0-0 0-0
0.82 £ 0.09 0-0 0-0 3.98 £ 0.09 0.82 =+ 0.08 7-8 11.82 + 0.27 0-0

proline

One mol m~3 proline grown cultures were source of inocula for the experiments. Such inocula were grown for six days in respective
growth media and then used for estimation of their characteristics. Each reading is an average (+SEM) of three independent experimental
determinations.
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Table 2. Effect of salinity stress and osmotic stress on nitrogenase activity (nmol C,H, formed mg-1
Chl a h™1) and photosynthetic O, evolution (umol O, evolved mg-1 Chl a h-1) of the parent N. muscorum and

its Ac-R mutant strain.

Nitrogenase activity

Photosynthetic O, evolution

Treatment Parent Ac-R mutant Parent Ac-R mutan
Control 12.28 + 0.28 12.14 £ 0.26 524 + 18.6 520 £

+ 25 mol m=3 NaCl 8.26+ 0.16 12.03+0.21 488 + 20.3

+ 50 mol m=3 NaCl 6.80 £ 0.21 11.78 + 0.16 320+ 19.8

+ 75 mol m=3 NaCl 2.20+ 0.09 11.14 + 0.22 128 + 10.3

+ 100 mol m=3 sucrose 8.56 + 0.27 11.76 £ 0.24 512+ 225

+ 150 mol m=3 sucrose 5.60 + 0.22 12.02 + 0.12 318 + 16.6

+ 200 mol m—3 sucrose 1.50 £ 0.08 11.78 + 0.19 100 + 5.6

Six-day-old diazotrophically grown cultures of the two strains were used as sour

suggest that N. muscorumis capable of assimilating proline as
anitrogen source and that its mutation to Ac-R phenotype has
resulted in loss of this ability. Furthermore, analyses of thetwo
cyanobacteria strains with respect to their proline-cataboliz-
ing enzyme, proline oxidase, reved the presence, i
enzyme in the parent, but its absence in the Ac-R mut®
addition, the mutationd lack of proline oxidase activity
ciated with the lack of proline assimilation in the Ac-R
strongly implicates a definite role of the oxidase
cyanobacterial assimilation of proline as nitrogen
The parent and its Ac-R mutant were further ¢
with respect to their nitrogenase activity
O, evolution under normal ini
ditions (table 2) which show!
photosynthetic O, evolytion w
NaCl and sucrose str in

sucrose resistance level
parison to its parent showed that
der unstressed condition in dia-
was considered to be 100%.

hal to the parent strain. In comparison, the
owed nearly 88% salinity survival or 92%
a under such stress conditions. The mutation
to Ac-R phenotype thus appears to have caused develop-
ment of both salinity tolerance and osmotic tolerance in
it (figure 1). Exogenous proline was counteracted salinity/
osmotic-stress lethality in the parent strain, while the Ac-R
mutant strain remained uninfluenced.

J. Biosci. 31(2), June 2006

of prolin€’(umol g protein) in
gntaining 75 mol m—3 NaCl and
nd its Ac-R mutant strain.

Ac-R mutant
9.60 +0.28 3480+ 2.1
12.20 + 0.32 39.20+ 2.6
3 sucrose 10.80 + 0.26 40.60+ 1.8

azotrophically grown cultures were used as source
a in the present series of experiments. NaCl and sucrose
&Ued to the experimental cultures before 3 h of the start of
Pxperiment. Each reading is an average (+SEM) of three inde-
dent experimental determinations.

For the role of salinity and osmotic stress in regulation
of proline uptake and accumulation in the two strains
(figures 2 and 3); proline uptake and accumulation were
extremely sensitive to the uncoupler (CCCP) of photophos-
phorylation, suggesting that the cyanobacterial proline
uptake and accumulation process is an active energy-requir-
ing process. Salinity stress of 75 mol m=3 NaCl or osmotic
stress of 200 mol m3 sucrose resulted in rise of proline
uptake activity by about 7-fold in the Ac -R strain and by
about 9-fold in the parent strain over a period of 10 min.
Evidently, the proline uptake system in N. muscorum is
salt/osmo stimulable and its mutation to Ac-R phenotype
has left its salt/osmo stimulable proline uptake process
amost unaffected. Thus, the Ac-R mutant does not seem
to have suffered genetic damage in its salt/osmo-regul ated
proline-transport activity.

Figure 4 represents comparison of the parent and its
Ac-R mutant for the activity of their salinity-inducible K*
transport system. Mutant and the parent under normal dia-
zotrophic condition exhibited a K* transport activity, which
increase many folds under the NaCl stress condition.
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Figure 1. Percent survival of the parent N. muscorury
its Ac-R mutant strain () to increasing concentratiol
(------- ) and sucrose (- ). Mean values from three
ent determinations are shown = SEM, wh
dimensions of the symbols.

amost similar inr
inducible K+ tr ort

to Ac-R phe-
the activi-

ng to bacteria (Csonka
obacteria (Warr et al 1988), algae
980), fungi (Jennings and Burke
artels and Nelson 1994) accumu-
more low-molecular weight organic compounds
mpatibl e solutes to maintain osmotic balance of
against high osmolarity of the environment.
0) showed a role of proline in protection of
bacteria against salinity or osmotic stress. This led to the
study of genes involved in proline production from its par-
ent amino acid glutamate in enterobacteria. Such studies
discovered three genes viz. proABC controlling proline pro-
duction from glutamate. Further studies showed feed back

3.5 7

= N
o N o
. . .

e proline uptake (m mol g “chi a)

N
I

6
Time in min

ffect of 75 mol m—3 NaCl (O), 200 mol m-3 sucrose
(O) and 0.01 mol m~3 CCCP (m) on uptake of
the parent N. muscorum. Mean values from three
dent determinations are shown * SEM, where these
e dimensions of the symbols.

nhibition of the first enzyme of proline biosynthesis, i.e. of
yglutamyl kinase by proline in which proA gene coded for
the first enzyme of the pathway. Mutation in the proA gene
led to production of ~glutamy! kinase which was no longer
capable of feed back inhibition by proline. As aresult, such
mutants were over-producers of proline. Similar proline
over-producing mutants were generated in enterobacteria by
selecting them for resistance to growth-inhibitory action of
proline analog L -azetidine-2-carboxylate. Thus, mutation in
the proA gene resulted in over-production of proline and
acquisition of salinity/osmotic resistance in enterobacteria
(Csonka 1981; Csonka and Hanson 1991). A similar mech-
anism of proline over-production and osmotolerance is
demonstrated in higher plants (Bartels and Nelson 1994).
The mechanism involved in over production of proline by
bacterial mutant resistance to L-azetidine 2-carboxylate has
been the result of loss of feed back inhibition of yglutamyl
kinase by proline. Since Ac is an analog of proline and analog
toxicity is a function of cellular proline level. The proline
over producer strain naturally exhibits resistance to proline
analog in which relatively much higher level of intracellular
level of proline preventsthe inhibitory effect of itsanalog in
the enterobacteria (Csonka 1989). There is a previous report

J. Biosci. 31(2), June 2006
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'*C proline uptake (mmol g ' Chl a)

Time in min

Figure3. Effect of 75 mol m=3 NaCl (O), 200 mol m—3 g
(®), without stress () and 0.01 mol m—3 CCCP (M) on
14C-proline in the Ac-R mutant strain of N. muscorum.
ues from three independent determinations are show
where these exceed the dimensions of the symbols.

on proline over producing

proline oxidase (Sing
assimilate proline as a

ant to aminoa?n
of the pareghsystem j

permeability
@ The mut

id under this situation the analog
result of the production of excess

given organism.

lead to loss of proline catabolizing enzyme
leading to over accumulating of proline and,
thereby, exhibiting apparent resistance against the amino
acid analog.

The present Ac-R cyanobacteria strain is also the over-pro-
ducer of proline, and the mechanism of resistance to proline
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K* uptake under un

T05

. uptake pattern in the parent N. muscorum (O) and
R mutant strain (O) under 75 mol m—3 NaCl stressed
condition and unstressed (-----) condition. Mean values
three independent determinations are shown + SEM, where
Se exceed the dimensions of the symbols.

analog appears to result from relatively higher levels of
intracellular proline. The fact that analog-resistant mutant
being a product of permeability mutation would be ruled out
on the basis that if it is a permeability mutant strain, it can
not be a proline over-producer merely because the latter
condition would require an additional mutation to occur in
the pathway of proline metabolism. Similar condition and
reasoning would rule out enzymatic detoxification of pro-
line analog as a cause of the cyanobacterium resistant to it.

In the present study it has been shown that mutational
loss of proline oxidase resultsin loss of the ability to assim-
ilate proline as a nitrogen source and such mutants were
found proline over accumulating, heterocyst forming and
N, fixing. In addition they were aso found salinity as
well as osmotic tolerant in terms of nitrogenase activity
(Singh et al 1996), photosynthetic O, evolution, without
influencing in any way the salinity inducible potassium
transport system. Therefore it would be interesting to gener-
ate proline over-producing cyanobacterial mutant strains
lacking osmo/salinity inducible K* transport system
because study of such mutant will decide whether proline
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over production still depends on this salinity/osmotic signal.
In Anabaena torulosa and E. coli while potassium deficien-
cy enhanced the synthesis of certain osmotic-induced
proteins, addition of K* repressed the synthesis of these
proteins (Alahari and Apte 2004). In enterobacterial system
proU gene is restricted to media of high osmolarity, while
the kdp (K* uptake) system activatesin media of low osmo-
larity. In addition, the presence of proline in the growth
media at high osmolarity reduces the expression of proU,
but has no effect on expression of kdp system. High K* con-
centrations repress the Kdp system, whereas they are essen-
tial for the expression of the ProU system. This comparison
of kdp and proU expression signals indicates that the
expression of proU genes depend on the accumulation of
potassium in the cytoplasm (Sutherland et al 1986). Briefly
stated, cyanobacterium N. muscorum like enterobacteria
uses proline as compatible solutes for salinity/osmotic pro-
tection without influencing adversely the cyanobacterial
heterocyst frequency and nitrogenase charactersitic. This
finding can be applied for generating biofertilizer strain of
cyanobacteria for saline and user soils.

5. Conclusions

(i) The Ac-R mutant of the cyanobacterium is a g
over-accumulating strain and shows tolerance tq
stress as well as osmotic stress.
(if) Mutation to the Ac-R phenotype results from t
proline oxidase activity, leading to over

ilar in respect of ghe acti
transport syst*

facilities under SAP and COSIST
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