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GENERAL | NTRODUCTI ON

Cyanobacteria, popularly called blue-green algae are
Gram negative, oxygenic photosynthetic prokaryotes (Fay, 1983).
They are capable of growh and multiplication in a wide range of
ecological habits ranging from extreme environments such as
deserts (de Chazal et a1. 1992, Pal mer & Friedmann 1990), hot
springs (Ward et a1. 1989), hot brines (Dor & Paz 1989), frigid
|akes (Crcutt et a1l. 1986), soda lakes (CGferri 1983) and open
oceans poor in nutrients (Fogg 1982), to synbiotic association
with plants, animals and fungi (Rai 1990) . A nmmjority of them
are diazotrophic, capable of growmh at the sinple expense of
light, water and air. Since 1970s, they are being used as nodel
systems for studies on photosynthetic N -fixation, H -production,
NH -production as well as for their use as biofertilizers in
ni trogen econony of natural ecosystens. In addition, they are
al so being used as nodel systens for understanding the nol ecul ar
nmechani sms of vegetative cell differentiation into heterocysts,
hormogonia, akinetes, buoyancy regulation, secondary netabolism
(Fay & Van Baalen 1980) and for studies on role of light, ions
and tenperature in regulation of gene expression for conponents
of the photosynthetic apparatus and in photosynthetic state
transitions (Debus 1992).

Their application potentials as agents in biotechnol ogy
is enornmous (Stewart et al. 1987; Elhai 1994, Hall et al. 1995)
and include application in desert reclamation (Painter 1993),

waste water tr eat ment (Wlde et a1. 1991), bioremediation
(Kuritz & wolk 1994), as biofertilizer in rice agriculture
(Venkataraman 1975) and in recl anati on of usar | ands
(S ngh 1961). Sever al | aboratories have proposed that
cyanobacteria can be used as bioinsecticides to deliver toxins
for grazing nosqui to | arvae (Mirphy & Stevens 1992;
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Soltes-Rak et al . 1993) and in biological control of plant
pat hogeni c fungi and bacteria (Kulik 1995). In addition, they
are also considered as potential resources of pharmaceuticals
(Metting & Pyne 1986). The successful exploitation of these
cyanobacteri al potential s woul d greatly depend on our
understanding of the molecular biology of these oxygenic
phot osyntheti ¢ prokaryotes, which at the nonent is under intense

i nvestigation. The techniques that have developed during the
last two decades for genetic analysis of cyanobacteria at
mol ecul ar | evel i ncl ude; introduction of foreign DNA into

cyanobacteria by various neans (Porter 1986; Elhai & Wolk 1988;
Thiel & Poo 1989; Thiel 1994), to make nutations tagged with
transposons (Wl k et a1. 1991) and to identify genes by
conpl enentation  of nmutations induced by classical neans
(Wl k et al. 1988; olden 1988; Hasel korn 1991). It is also
possible to fuse the regulatory region of one gene with an open
reading frame of another called a reporter gene to nonitor the
regul atory aspect of gene expression  during het er ocyst
differentiation, nif gene expression etc. (Hhai & Wlk 1990).
Mbst of these tools have found their use in genetic analysis and
in physi cal genetic mappi ng of cyanobacteri al genones
(Thiel 1994). Recent advances in bioengineering has also nmade it
possible to artificially create a stable cyanobacterium-crop
associ ation (Ganter et al. 1991).

In the following pages, an attenpt has been nade to
delineate areas of current interest and discuss only few of the
f undanent al aspects while giving due respect (wher eever
necessary) to other inportant mnilestones in the field of
cyanobacteriology. The first definite evidence for heterocystous
forns fixing N was provided by Drewes (1928) and Fogg (1942).



Fay et al. (1968) proposed a role of heterocyst in N -fixation in
het erocystous cyanobacteria while Stewart et a1. (1969) and
Fl em ng & Haselkorn (1973) showed occurence and synthesis of
nitrogenase in it. Wyatt & Silvey (1969) provided the first
conclusive evidence for aerobic N -fixation in [|aboratory
cultures of a non-heterocystous cyanobacterium. Subsequent |y
microaerobic N -fixation in a non-heterocystous filanentous
cyanobacterium  was reported by Stewart & Lex (1970).
Wolk & Wbl jciuch (1971) provided conclusive evidence for
localization of nitrogenase activity in heterocysts in isolated
popul ati on of cyanobacteria. Stewart & Singh (1975) reported nif
gene transfer in Nostoc muscorum. Mazur et al. (1980) identified
nif genes at nolecular level in cyanobacteria. Millineaux et al.

(1981) denonstrat ed t enpor al separati on of oxygeni ¢
phot osynt hesi s and N -fixation in a non- het er ocyst ous
cyanobacterium as a nmechanism of protection of nitrogenase
agai nst oxygen toxicity. Col den et al. (1985) discovered the

classical feature of cyanobacterial nif gene rearrangenent during
heterocyst differentiation and Wl k et al. (1984) «carried out
gene transfer between E. coli and cyanobacteria. It has now been
establ i shed beyond doubt that heterocyst is the oxygen protection
nechani sm of nitrogenase activity in filamentous cyanobacteria
(Fay 1992; Gallon 1992). An exception to this rule are the two
filamentous strains Trichodesmium (Bergman et al. 1994) and
Lyngbya aestuari i (Paerlet al. 1991). Recent techni ques of
immunofluorescence and TEM have conclusively denonstrated that
nitrogenase in Trichodesmumis confined only to a limted nunber
of cells of unknown cell type (Bergnman & Carpenter 1991) and the
quantity of nitrogenase in such cells has been shown to vary
diurnally (Fredriksson & Bergnman 1995). The oxygen protection
nmechani sns of N -fixation in unicellular forns are under intense
investigation and forms which exhibit N -fixation under
photosynthetic condition are suggested to develop oxygen
protection nmechani snms under such condi tions (Fay 1992;
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Gal lon 1992). Further detailed studies showed that mature
heterocysts lack ribul ose 1,6-bis-phosphate carboxylase (Rubisco)
activity (Cossar et al. 1985), Ps-II activity (Fay et al. 1968),
nitrate reductase (NR activity (Kunar et al. 1985), glutamate
synthase (QOGAT) activity (Thonas et al. 1977) and contains an
upt ake hydrogenase (Peterson & wolk 1978), functional nif genes
and nitrogenase enzyme involved in production of ammonia from N.
(Hasel korn 1978) . The activity of Pps-I of heterocyst and its
active respiration at the expense of organic carbon received from
adj acent vegetative cells together constitute the source of ATP
and reductant for the oxygen labile nitrogenase activity
(Hasel korn 1986) .

Strains of Anabaena or Nostoc are photosynthetic
prokaryotes capable of aerobic N.-fixation in norphol ogically and
bi ochem cally distinct cells called heterocysts. Heterocysts and
their adjacent vegetative cells live in a kind of nutritionally
synbiotic relation - the heterocyst supplying fixed nitrogen to

the vegetative «cells and the latter in turn providing
phot osynthetically fixed carbon to the fornmer (as a source of
reductant energy ) that is required for N -fixation. The
differentiation of a photosynthetic vegetative <cell to a
N -fixing heterocyst requires the co-ordinated regul ation of many
sets of genes. The genes controlling novel envelopes of
heterocysts are induced or activated. The devel opi ng het erocyst
turns-off PS-11, stops fixing co,, breaks down phycobilisomes,

turns-on the system for generation of ATP and reductant for
ni trogenase and induces the synthesis for nitrogenase, peptides,
pol ypeptides and co-factors (Buikema & Hasel korn 1993). In
addition, heterocysts also lack NR activity (Kumar et al. 1985).
It has been shown in N muscorum that heterocysts are the



exclusive sites of nitrogenase activity and vegetative cells the
exclusive sites of NR activity (Bagchi et al . 1985a). Such
het erocystous filaments, on growth with NO as nitrogen source,
devel op into non-heterocystous, non-N,-fixing filaments composed
of exclusively vegetative cells with an active NO -assimlating

enzynme system The repressor signal for NO -repression of
heterocyst and N -fixation seens to be a metabolic product of
NO -assimlation in N. muscorum (Bagchi & Si ngh 1984).

NH,-assimilating cultures of N rmuscorum show conpl ete repression
of N -fixing heterocyst, NO -assimlating enzyne systens and
NH -transport system (Bagchi & Singh 1984; Verma et al. 1990;
Singh et al. 1994) .

Vegetative cells of NH -grown cultures of Nostoc or
Anabaena on transfer to conbined nitrogen-free nedium (N,),
undergo nitrogen starvation leading to activation of proteases
catal yzi ng degradati on of phycobilisomes in certain cells evenly

spaced along the filament. These cells are the first visible
synptons of a differentiating vegetative cell Jleading to an
internediate stage called proheterocyst. Het erocyst spaci ng

pattern comes into operation at the stage of proheterocyst
formation by which time the proheterocysts, while [|acking
oxygeni ¢ photosynthesis still do not develop the ability to fix
N . In Anabaena sp. PCC 7120, a mmjor rearrangenent of nif gene
region occurs during the heterocyst differentiation. During this
rearrangenent, two regions of DNA (11 and 55 kb) are excised from
the chronobsonme thus producing a functional ni f regul on
(Hasel korn et al . 1987, 1991; Adans 1992). However, no such nif
gene rearrangenents have been reported in any non-heterocystous
cyanobacterium Wwherein the nifHDK s al ready cl ustered
(Kallas et a1. 1983; Zehr 1992). This characteristic process has
been found in other heterocystous cyanobacteria of Nostoc type,
but not in Fischeriella  Spp. (Saville et al. 1987) or
Mastigocladus spp. (Singh & Stevens 1992) . Still t he
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physi ol ogical significance of nif gene rearrangenents during
het er ocyst devel opnent remains contentious (Gllon 1992).

Heterocyst formation and nitrogenase activity are
wel | -establ i shed processes that exhibit NH -repression control.
Transcription of glnA gene as a function of inorganic nitrogen

source has been denonst r at ed in Anabaena sp. PCC 7120
(Turner et al. 1983). Mutational and recombinational evi dences
suggest involverment of a regulatory gene in positive control of
het er ocyst formation and ni t rogenase activitiy

(Singh et al. 1977; Singh & Singh 1981). A nitrogen control gene
called ntck has been discovered to function, in controlling the
expression of all the genes that are subjected to repression by
NH in non- di azot r ophi c and di azot rophi c cyanobacteria
(Frias et a1. 1993). The product of ntcA gene has been found to
be a sequence specific DNA-binding protein interacting wth
upstream region of several genes including hetR, glnA, gisk or
rbcL and nifL. ntck nutant strains of Anabaena sp. PCC 7120
failed to produce N -fixing heterocysts and to assimlate N. as
sole nitrogen source (Welet al. 1994). NH -repressible hetR
al ong wth pat P (Singh et al. 1994) or pat k
(Buikema & Hasel korn 1993) or hetN (Bl ack & Wolk 1994) have been
inplicated in the regulation of heterocyst pattern fornation.
Mutants of N muscorum selected for glyphosate resistance are
known to lack NH transport system heterocyst formation and
ni trogenase activity (Singh et al. 1989). The identity of such
ntr like gene in positive control of NH transport activity,
heterocyst formation and nitrogenase activity is still unknown.
In the present study on the role of V in nitrogen nutrition, use
has been made of Het*Nif*Nia®, Het*Nif “Nia®, Het?Nif'Nia” and
Het Nif Nia® strains of N nuscorum The molecular nature of the



mutational defect in these mutants is yet to be identified and
characterized. W believe that the Het Nif Nia® nutant night be
a class of mutant defective in hetR or other NH -repressible
nitrogen regulatory genes. However, the conplexity of
devel opnentally regulated genes in heterocyst formation and
ni trogenase activity is an ever growing area of exciting research
and nothing definite can be proposed as a nolecular nodel for
heterocyst formation and N -fixation at the present juncture.

The differentiation of a vegetative cell to a N -fixing
het erocyst exhibits nitrogen control sinilar to nitrogen control
on NH -transport system NO - and NO - assim |l ation
(Hasel korn 1978; Singh et al. 1989; Bagchi et al . 1985b).
Mitants lacking the ability to produce functional NH -transport
system and nitrogenase activity suggested the occurrence of a
regulatory gene nediating nitrogen control of N.-fixation and
NH -transport activity (Singh et al. 1989). The real existence
of such a nitrogen control gene (ntcA) was discovered recently in
Synechococcus sp. PCC 7942  (Vega-Palaset al . 1990). It was
shown that nutational loss of ntcA gene activity was associated
with loss in full expression of NR, nitrite reductase (NR and
GS activities. Subsequent studies established the positive
regulatory role of the product of ntcA gene in regulating the
expression of all the genes known to be under the repression
control of NH in the cyanobacterium. A ntcA nutant failed to
show het er ocyst devel opnent and i nducti on of hetR
(Frias et al. 1994). Recent genetic evidences indicate an
essential role for ntcA gene in assimlation of NOo. or N. as
nitrogen source and in differentiation of heterocyst and nif gene
rearrangement (welet al. 1994). A role of ntcA gene in positive
regul ation of genes under the repression control of NH is now
beyond doubt (Lugue et al . 1994). The ntcA gene has been
characterised by sequencing analysis and its product has been
shown to belong to a famly of Dbacterial transcriptional
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activators that include CRP (cAMP receptor protein), Fnr, FixK

etc., (Vega-Palas et al. 1992). The mechanism nediating the
response of NtcA (=BifA) to the nitrogen status of the cell is
little understood. It is believed that the NtcA protein (factor

VF1) recognizes a sequence designated as VFl-binding sSite
(Wwelet al. 1993) present upstreamto rbcL, glnA, nifH genes and
xi sA, thus acting as a positive transcriptional activator of

glna, nirA (first gene  of the NO -assimilation operon
nirAnrt ABCD narB) and ntcA itself and as a negative effector of
xisA (Welet al . 1994). Further, two nitrogen-regul ated genes

nirB and ntcB have been recently identified in Synechococcus sp.
PCC 7942 and appear to constitute an operon (nirB ntcB) and
transcribed divergently fromthe nirA (Suzuki et al . 1995). The

transcription of nirBntcB increases under nitrogen limted
condition and requires NcA protein. The role of NcB protein
still needs to be ascertained.

One of the nobst exciting devel opments in the nol ecul ar
bi ol ogy  of ni trogen control of ni trogen nutrition in
cyanobacteria has been the discovery of P, protein, which seens
to respond primarily to cellular nitrogen status and inbal anced
electron transport (Tsinoremaset al. 1991). The activity of
this regulatory protein in control of nitrogen nutrition is
regul ated by phosphoryl ation/dephosphorylation carried out by a
cyanobacterial protein kinase/phosphatase enzymes. Such ki nase
and phosphatase activities which nodify the state of P.. mght be
the sensor of prinmary nitrogen signal or nmerely a step in a nore

conpl ex ni trogen si gnal transducti on pat hway
(Forchhammer & de Marsac 1994). Al though an involverent of P,
interacting wth Nt cA has been post ul at ed

(Vega-Pal as et al1. 1992), the phenotype of the ginB nutant is



quite di stinct from t hat of t he nt cA mutant

(Forchhammer & de Marsac 1995). If P was required for
activation of NcA then the phenotypes should have been sinilar
indicating that P._ is not required for NtCA activity. The P

in Synechococcus strains seenms to be involved in nediating the
co-ordination of nitrogen and carbon assimlation and it is yet
to be shown which sensory systenms nonitor the phosphorylation
state of P,, to adjust the cellular functions in response to
ni trogen supply. The enterobacterial system of nitrogen control
of nitrogen nutrition is different from the cyanobacterial
system in that uridylylation/deuridylylation of P is known to
nodul ate the activity of GS enzyne via the classical ntr nediated
control of nitrogen nutrition in the former (Merrick 1995). The
NcA in cyanobacteria appears to be analogous to the NrC of
enterobacteria. There is no evidence of a ntr nediated systemin
gram positive bacteria nor is there any evidence for alternative

global nitrogen regulatory systens in them However, novel
nmechani sns of nitrogen regulation have been found in Streptomyces
spp. , Bacillus subtilis and Clostridium spp. (Merrick 1995). It

nust also be nentioned here that cyanobacterial GS activity has
been shown to be inactivated by NH and/or dark treatments and
found to be fully reversible on exposure to photosynthetic |ight,
thus suggesting a role of photosynthetic electron transport via
the P medi ated cascade, in control of GS activity
(Merida et a1. 1991; Marques et al. 1992). In  Phormidium
laminosum (a non-N -fixing cyanobacterium, GCS activity itself is
required for in vivo inhibition of NO - or NoO,-assimilation, by

NH / gl ut am ne (Tapia et al. 1995). Studies on glutamine
auxotrophic nutants of A cycadeae have shown operation of a
coomon genetic regulation between GS, NO -uptake and NR

(Singh et a1. 1985) and it is interesting to note that
Bagchi et al. (1985b) had then predicted a direct role for GS in
regul ation of No_-uptake and NR activity in it. It is also worth
mentioning here that in Bacillus subtilis GS itself together with
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the gInR product seems to regulate its own transcription
(Schreier 1993). However, the nol ecular nmechani sm of regulatory
interaction involvingn NCcA protein and P protein in
cyanobacterial inorganic nitrogen nutrition such as diazotrophy,
NO; -assimlation and NH;-assimlation remains to be analyzed in
detail .

N trogen control of photosynthesis is conparatively a
little investigated area. Few avail able reports show a role of
nitrogen source in regulation of photosynthetic state transitions
in al gae and cyanobacteri a (Mullineaux & Hol zwarth 1990;
Wger & Turpin 1989) . The discovery of the role of P, protein
in control of oxygenic photosynthesis as a function of nitrogen
source has opened up an entirely new field of research on the
nmol ecul ar mechani sns coupl i ng oxygeni ¢ photosynthesis to the node
of nitrogen nutrition (Tsinoremaset al. 1991). Such a nol ecul ar
signal cascade operating via the P protein coupling both
nitrogen and carbon nutrition is already known in enterobacteria
(Merrick 1988) . The p protein and its gene gInB have now been
shown to be present in a wide range of cyanobacteria where it is
shown to undergo phosphorylation in the absence of NH and/or
under ps-I1 light, i.e. when functioning of Ps-II is favoured
over PS-I (Tsinoremas et al. 1991; Allen 1992). This directly
inplicates a definite role of P regulatory protein in
co-ordinated regulation of oxygenic photosynthesis and inorganic
nitrogen netabolism in cyanobacteria. In Calothrix spp.,
phot osynthetic electron transport is a mjor factor controlling
phycobilisome gene expression and regulating differentiation of
vegetative cells into heterocysts or hormogonia (Canpbell et al.
1993).
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The next question is how the product of ntcA gene
interacts with hetR gene (essential for terminal heterocyst
differentiation and in control of the process of heterocyst
differentiation and pattern formation) in view of the well-known
NH -repressible nature of het genes. A role of hetR gene along
with the genes of heterocyst pattern fornmation patA and patB, in
controlling termnal heterocyst differentiation and pattern
distribution of intercalary heterocyst has been recently shown
(Buikema & Hasel korn 1993). The product of hetN gene has been
suggested to generate a secondary netabolite that regulates
het erocyst spacing pattern by functioning as an inhibitor of
het er ocyst differentiation (Black & wolk 1994). Recent |y,
Bauer et al. (1995) have generated a fragmentation nutant from
Anabaena sp. PCC 7120 by insertional inactivation of fraC and
have denonstrated the essentiality of FraC in maintaining the
integrity of cell junctions, though not directly involved in
nornal differentiation and N -fixation. In order to avoid any
anbi guity in understanding the nol ecul ar mechani sms of heterocyst
pattern formation, the relational identity between ntcA hetN and
patA and patB genes has to be clarified by future studies.

Wiile the genes of heterocyst differentiation and
heterocyst pattern formation are expressed in response to

nitrogen starvation signal in evenly-spaced «cells of the
filament, it is not clearly known whether their expression is
devel opnent al |y regul ated or envi ronnental |y regul at ed.
According to the environment control nodel, DNA rearrangemnents

and transcription of nif genes occur in response to a conbination
of nitrogen deprivation and anaerobiosis (conditions that are
present in a nmature heterocyst), but differentiation itself is
unnecessary (Helber et al. 1988). According to the devel opnental
control nodel, a certain degree of differentiation must precede
r ear r angenent and/ or transcription of ni f related genes
(Elhai & Wl k 1990). Since heterocyst is the site of N,-fixation
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and since heterocyst differentiation is nitrogen regul ated, there
has been a general thinking that N -fixation in heterocystous
cyanobacteria is  nutritionally regulated as NH does in
regulating the expression of nif genes in Klebsiella pneunoni ae
(Merrick et al. 1988). This probl emwas approached by the use of
| ux reporter gene fused to the promoter of nifHDK cyanobacteri al
gene in Anabaena sp. PCC 6942 (Elhai & Wolk 1990) . Such reporter
gene containing NH -grown filaments of the cyanobacterium on
transfer to conbined nitrogen-free nedium exhibited reported
gene activity only in those evenly-spaced cells already committed
to heterocyst differentiation. This powerful technique devel oped

for nmoni tori ng t he probl em of N -fixing het er ocyst
differentiation (whet her devel oprental | 'y or nutritionally
regul at ed), has led to the conclusion that het er ocyst
differentiation and nif gene expression is developnentally and
not envi ronnmental | y regul at ed in Anabaena sp. PCC 7120
(B hai & Wl k 1990) . However, nutants of N. muscorum are known
which produce heterocysts in NH -medium (without showi ng
N -fixation) while continuing to fix N wunder diazotrophic growh
conditions (Kumar et al. 1988). Clearly, there is a strong

evidence in favour of NHnitrogen regulated expression of nif
genes within the heterocyst and not developrmentally regul ated as
suggested by B hai & Wl k (1990) and Ernst et al . (1992).

In a novel study involving the wuse of insitu
hybri di zati on t echni que in het er ocyst ous cyanobacteri a,
Anur adha & N erzw cki-Bauer (1993) have detected rbcL and rbcS
(coding for large and small subunits of Rubisco) in heterocysts,
while also detecting nif transcripts in all the vegetative cells
of a filament. This clearly appears to be in direct conflict
with earlier observations reporting absence of Rubisco in
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heterocysts (Cosser et al. 1985) while detecting nif gene
expression that is devel opmentally regul ated (Elhai & Wolk 1990) .
nly further studies on this aspect can rule out such a paradox.
The importance of the know edge about the mechanism controlling
heterocyst differentiation and N -fixation lies in the fact that

once techniques are available, it will be easy to nanipul ate and
construct appropriate diazotrophic cyanobacterial strains for use
as biofertilizer in agriculture. In addition, heterocystous

cyanobacteria hold great pronmise as a potential source of
photosynthetically generated anmonia under diazotrophic growh
conditions (Mdi et al. 1994). Thus, a conplete know edge on the
biology of N -fixing heterocysts mght enable scientists to
phot oproduce ammonia at conmercial scale from heterocystous
cyanobacterial forns in the near future.

Recent studies discovered a gene called glnN coding for
a new type of GS in Synechocystis sp. PCC 6803 which also
contains glnA, coding for the conventional cyanobacterial GS

(Reyes & Fl orencio 1994). This has opened up an entirely new
field on the physiology of NH -assimlation and its regul ation by
different environnent al condi ti ons. Rhi zobi al strains in

synbiotic association with |egumes are known to produce two
different. GSs, one characteristic of prokaryotic system and
another characteristic of eukaryotic system wth distinct
setabolic roles under di fferent envi ronment al condi tions
(Grlson & chelm 1986) . How wide spread the distribution of ginN
gene encoding for the novel cyanobacterial GS renains to be
investigated. But in N muscorum, there does not seemto be any
reason to suspect the presence of such ginN gene encoded GS as
spontaneously occurring GS nutants are easily obtainable from
this cyanobacterium (Verma et al. 1990; Singh et al. 1994). This
inference is based on the known fact that ginA gene encoded and
glnk gene encoded cyanobacterial GSs are found functionally
equivalent as primary enzymes of NH -assimlation. However, GS
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glutamine auxotrophic mutants are possible to arise in
cyanobacterial strains containing both the ginA and gilnN genes if
the two genes form part of a comon operon. But, such

information at the moment is totally |acking.

Two types of glutamate synthases have been described in
hi gher plants and al gae. One uses pyridine nucleotides
(NAD[P}H-GOGAT) and the other ferredoxin (Fd-GOGAT) as electron
donors (Suzuki & Gadal 1984). Bacteria are known to exhibit only
NADPH GOGAT (Vanoni et al. 1991) , while cyanobacteria contain
only the Fd-GOGAT (Marques et al. 1992). In bacteria, the
NADPH GOGAT conprises two subunits, a smaller subunit encoded by
gltp and a larger subunit encoded by giItB (diver et al. 1987;
Pel enda et al. 1993). However, no information is avail abl e about
the Fd- GOGAT in prokaryotes to trace the origins of plant GOGATs
(Gegerson et al. 1993; Valentin et al. 1993). Recently, studies
have shown the existence of two different genes gltB and gltS
coding for Fd-GOGAT in the cyanobacterium Synechocystis sp.
PCC 6803. These genes are actively expressed under normal growh
conditions and can be inactivated independent of the other
without affecting the growth of the cyanobacterium Further, it
was shown that the gitB gene is nore related to the gene encodi ng
for the NADH GOGAT of higher plants than to its Fd- GOGAT
counterpart. A common origin for various QGOGATs has thus been
hypot hesi zed (Navarro et al. 1995).

A finding of inportance in recent years has been the
obligate requi r enent of functional phosphoenol pyruvat e
carboxyl ase for growh of cyanobacteria and that this requirenent
cannot be elimnated even with the addition of exogenous TCA
cycle internmediates and amino acids (Luinenberg & Coleman 1990) .
Rapid strides have al so been nmade in understanding the physical,
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bi ochenical and molecular genetic basis of CO -concentrating
nechani sns (OOMB) in cyanobacteria with the isolation of high
CO.-requiring nmut ant s and characteri sation of ccm genes
(awa et al. 1994a & b). Inactivation of genes coding for
NAD( P) H dehydr oogenase conplex leads to a high CO. requirenent.
Evidence is now shown for the involvenent of NAD( P) H
dehydrogenase in cyclic electron flow and it is the ATP generated
cyclic electron flow of Ps-I that transports the inorganic carbon
into the cell (Kaplan et a1l. 1994). Evi dences al so suggest that
this is acconplished by packagi ng Rubisco and carboni ¢ anhydrase
(CA) into discrete structures called carboxysomes anal ogous to
pyrenoids of microalgae (Badger & Price 1992). Phot osynt heti c
flux density (PPFD) is an inportant paraneter for growh of
cyanobacteria and the nol ecul ar nechanisns by which it is sensed
still needs to be clarified. The inportance of PPFD in
regul ating the expression of many genes related to photosynthesis
have been recently reviewed (de Marsac & Hounard 1993).

Modern techni ques of nolecul ar genetics have succeeded
in identifying a large number of genes controlling sulfate

transport and met abol i sm in cyanobacteria (Laudenbach
& Grossnman 1991) . A conparative study on the sulfate
nmet abol i zing systems in chloroplast and cyanobacteria have shown
them to be identical. Similar techniques have also led to the

di scovery of multi-gene famlies (unusual for prokaryotes) coding
for D, and D, prot eins of Ps-I1 (CQurtis & Hasel korn 1984,
Gol den 1994). Sonme  photosynthetic  genes are  expressed
differentially as a function of light intensity. Hower the
rel evance of this regulation is little understood at the mnonent
(Gol den 1994) . In Anabaena sp. PCC 7937, plastocyanin and
cytochrome c are alternative electron carriers of the electron
transport chain connecting the tw photosystens and their
synthesis is governed by a copper regulated switch. Pl astocyanin
is made only in cells grown in the presence of copper while
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cytochrone ¢, is nmade in its absence. Such a copper regul ated
switch oper ates at t he transcri ptional | evel wher e
copper -dependent increase in plastocyanin nRNA and decrease in
cytochrome c.. mRNA has been shown (Bovy et al. 1992).

The discovery of biological clocks in prokaryotes has

been a surprise finding in recent years. It is widely believed
t hat ci rcadi an rhyt hns are a eukaryotic characteristic
(Kippert 1991). However, the cyanobacterium Synechococcus RF-1
di spl ays endogenous r hyt hns for ni t rogenase activity
(G obbelar et al . 1986). Recent studies have also shown that
circadi an regul ati on of ni trogenase activity in
Synechococcus RF-1 is controlled at the level of transcription
(Huang & Chow 1990; Huang et al. 1994). Thus, cyanobacteria
form useful nodel systenms for studying the control nechanism of
circadian rhythnms at nolecular and genetic |evel. Recently,

Kondo et al. (1993) have used luciferase reporter gene and
conti nuous automated nonitoring of bioluminescence to denonstrate
unequi vocal |y that cyanobacteria exhibit circadian behavi our that
are fundanentally the sane as circadian rhythns of eukaryotes
thus overturning the non-prokaryote dogna.

Azot obact er vinel andi i is known to contain three
genetically distinct nitrogenases (Bishop & Premkumar 1992). The
nol ybdenum (M) nitrogenase, the vanadium (V) nitrogenase and a

third nitrogenase containing only iron (Fe). Mil tiple enzynmes
systens, like the three nitrogenases carrying out a single
function, inherently inply a role of distinct environnental

factors controlling N,-fixation. M is a known repressor of V-
or Fe-nitrogenase, while V is an inhibitor of Fe-nitrogenase as
vel | (Jacobitz & Bishop 1992; Premakumar et al. 1992). Such
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hierarchial regulation of diazotrophy by M and V, suggests a
specific role of these nutrients governing the distribution of
alternative N -fixing systens in nature. Physi ol ogi cal studies
indicate presence of a V-nitrogenase in the cyanobacterium
Anabaena variabilis as well (Kentemch et al. 1988). V-dependant
nitrogenase and NR activities have also been evidenced in
N. muscorum (Singh et al. 1993a; Singh et al. 1993b) and the
results are discussed in detail in Chapter 3 of this thesis.
Studies at molecular level involving heterologous probes to
identify genes for V-nitrogenase have also been recently
successful in A wvariabilis (Thiel 1993). The physi ol ogi cal
significance of the three nitrogenases is still obscure.

It is encouraging to note that there has been an
upsurge of interest in understanding the nol ecul ar mechani sns of
bi ol ogi cal production of ammonia, NH assimilation, NH transport
and amino acid netabolism The concept of diazotrophic
cyanobacteria as photobiological sources of amonia arose from
the fact that A azollae (living in synbiotic association with
Azolla) provides to its host N.-derived ammonia through a
nechani sm i nvol vi ng repression  of the GS-GOGAT pat hway
(Stewart et al. 1987; Rai et al. 1984). Ammoni um  transport
system in cyanobacteria is characteristically biphasic and its
regul ation by nitrogen source and GS activity has been studied in
detail (Rai et al . 1984; Singh et al. 1985 1987, 1989, 1990).
Strains of free-living diazotrophic cyanobacteria defective in
ammonia assinmilation result in extracellular liberation of
N,-derived ammonia (Stewart et al. 1987, Singh et al. 1983, 1992)
and thus would be ideal for use as biofertilizer in paddy fields.
Met hods are now available to produce and select out ammonia
excreting strains of heterocystous diazotrophic cyanobacteria
(Stewart et al. 1987; Singh et al. 1983) and such ammoni a
excreting diazotrophic cyanobacterial strains have been shown to
supply N -derived ammonia to rice and wheat plants under
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| aboratory conditions (Lattore et al. 1986; Spiller et a1. 1993).

The physiological and genetic |inkage between NH:—transport
system NH‘i—excretion and NH -assimlation still remains to be
explored at nol ecul ar level for succesful construction of strains
with biofertilizer potenti al . An  ideal cyanobacteri al

biofertilizer strain needs to have the followi ng attributes:

(i) Photosynthetic N -fixing strains derepressed for
conbi ned nitrogen,
(ii) Continuous excretion of ammonia generating from
N -fixation,
(iii) Resistance to field herbicides and pesticides,
(iv) Resistance to salinity and/or osnotic,
tenperature and pH stresses, and
(v) Ability to conpete succesfully against native
strains.

Although N -fixing cyanobacteri al strains derepressed for
conbi ned ni trogen are known (Kerby & Stewart 1988;
Kurmar et al. 1988), the nolecul ar biology of repression-control
of N.-fixation is still unclear. Rice-field herbicides have been
found to be extrenmely growth toxic and mutagenic to cyanobacteria
(Singh & vaishampayan 1978; Singh et al. 1979). Evi dent |y,
herbicide studies do indicate the need for constructing
di azotrophi c cyanobacterial biofertiliser strains resistant to
t hem Recently, multiple herbicide resistant ammonia excreting
strains have been generated using the techniques of genetic
transformation and nutation (Mdi et al. 1991). However,
inoculation of non-native strains is found to be a failure ow ng
to interspecific conpetition and environnental constrains
(Gant et a1. 1985). An ammonia excreting strain from a
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rice-field isolate A siamensis has been generated which shows
faster growth rate and adapts to wide tenperature fluctuations as
well as to salinity stress conditions (Thormas et al. 1991).
Spirulina platensis is an alkalophilic cyanobacterium and is
known to withstand and utilise ammonia even at high environnental

pH. A high internal pH inhibits intracellular accunulation of
ammonia in it, thus preventing uncoupling of photosynthesis and
that this high internal pH of the cell is the result of an
increase in the intrathylakoid pH (Belkin & Boussiba 1991) . Such
studies are useful in that, strains conpetitive for growth of the
cyanobacteria under field conditions can be selectively renoved.
A recent study in a yet another alkalophilic cyanobacterium
Hapal osi phon welwitschii, denonstrated the operation of a pH
regul ated copper and zinc efflux systemin it, as a strategy to
grow and multiply in an alkalophilic environnent rich in copper
and/or zinc at concentrations inhibitory to its photosynthetic
activity (Dwivedi et al . 1992). A copper efflux system of
simlar physiological significance has been found to operate in
the neutrophilic cyanobacteriumN. muscorum (Verma & Singh 1991).

O ganisns  are known to grow and nmultiply in
environnents of fluctuating tenperature, dessication, salinity
and osnotic stresses. A know edge about the nolecul ar nature of
such stress tolerance would be extremely useful in production of
strains for use in agriculture, food industry and in nedical
m cr obi ol ogy (Bartels & Nel son 1994). The cyanobact eri um
N. conmune has been shown to be relatively nore dessication
tolerant and has been studied as nodel system for analysis of

dehydrati on i nduced stresses in phot osynt heti c cells
(Potts 1994). Special proteins called dehydrins are known to
confer tol erance agai nst dessi cation stress
(Bartels et a1. 1993). Genetic evi dences suggest t hat

acclimation-induced cold tolerance is |ike dessication tolerance
a quantitative characteristic controlled by a nunber of additive
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genes (Quy 1990). Recent biochem cal and genetic engineering
experiments have denonstrated a definite role of fatty acid
desaturases in acquistion of cold tolerance in higher plants
(Mirrata et al. 1992) and in cyanobacteria (wWwadaet al. 1994). It
is thus possible to nanipul ate photosynthetic organisns for cold
tolerance by the technique of genetic engineering so common in
bi ot echnol ogi cal researches at the nonent.

Gowing problem of hyperosmolarity in agricultural
ecosystens is now naking it obligatory to generate genetically

stable osmotolerant crops and mcrobes. It is therefore
necessary to identify a range of genes that can be engineered
into plants and nicrobes of agricultural inportance. Thi s

requires a know edge of genetic make-up of osnotol erance or salt
tolerance that are characteristic of different biological groups

grow ng in non-sal i ne/ sal i ne habi tats. Di azot r ophi c
cyanobacteria are inportant natural conponents of various
ecosystens from the view point of nitrogen supply. It has now

becone necessary to identify cyanobacterial genes which confer
salinity/osmotolerance and which can be introduced easily for
generation of diazotrophic strains tolerant to salinity/osnotic
stress for use as biofertilizer in agriculture. In this thesis,
studies have been conducted in N muscorum to understand the
nature of osnmobtic and salinity stresses in it and generate nutant
strains resistant to them Chapters 4, 5, 6, &7 constitute a
small contribution in this direction.

On the whole, results presented in this thesis attenpts
to address questions from a basic and a fundanental perspective
and explores avenues for furtherance of basic and applied
cyanobacterial research.
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MATERI ALS AND METHODS

2.1 Organi sm used

Nost oc muscorum is a fresh water photoautotrophic,
unbranched filamentous and diazotrophic cyanobacterium which
grows luxuriously in nodified Chu No. 10 nedium (Cerloff et al.,

1950) . Under these conditions 5-6% of the vegetative cells get
differentiated into regularly spaced heterocysts along the
filanent. The conbined nitrogen-free nedium is represented as

N.-medium and when it is supplemented with a final concentration
of 5 mol m® kNO,, 5 mol m-° NaNO, and 1 mol m-? NH,C1 (buffered

S 3
with 50 mol m~®* HEPES-NaOH, pH 8.5), represented as No. , NO.
+ - — +
and NH nedi a respectively. Addition of NO , NO and NH

inhibits heterocyst formation and nitrogen fixation under
di azotrophic growth conditions (Stewart & Singh, 1975).

Axenic batch cultures of this strain were grown in
liguid nedium in air-conditioned illumnated culture room at a
photon fluence rate of 50 umol m_2 s'l and tenperature of
28+2 °C Conal cultures were naintained on agar slants which
were prepared by adding 1.2% (w/v) agar-agar to the liquid medium
prior to autoclaving.

2.2 CQulture media
3 3

5 cm each of the macronutrients (Table 2.1) and 1 cm
of the micronutrient mxture solution (Table 2.2) were taken in a
final volune of 1000 cm (1 L) double distilled water and its pH
adjusted to 8.5-9.0 (with 0.1 N NaOH) prior to autoclaving.
NO , NO ~ and NH were added to the above medi um when required.
2.3 Sterilization

Culture nedia were sterilized prior to inoculation
under aeseptic conditions by autoclaving at 15 |bs sqg. inch
pressure for 15 min at 121 °C
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Macronutrient stock
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Macronutri ent

Concentration

(gm per 100 cm)

1) cacl,.2H,0 1.1
2) MgSoO,.7H,0 0.5
3) K,HPO, 0.2
4) Na,sio, 0. 88
5) Na,co, 0.44
6) (a) Ctric acid 0.06

(b) Ferric citrate 0. 06




M cronutrient stock

M cronutri ent

Concentration
(gm per 1000 cm )

1)
2)
3)
4)
5)
6)

MnCl2
H3BO3
ZnSO4.7H20
CuSQr.S%?O

Na2M004.2H20

Co (NO,) . 6H,0

1.81
2.86
0.222
0. 079
0. 0177
0.05
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2.4 G owh neasurenent

Cyanobacterial cultures are honbgenous in |iquid medium
and therefore a direct absorbance change at 663 nm is
proportional to its rmultiplication and can be used for growh
measurements, but growh also results in an increase of bionass.
Therefore paraneters |like chlorophyll and protein wll also
facilitate the measurenent of growh in cyanobacteria. The
growth in the present study was wusually neasured at regular
intervals by estimating chlorophyll a.

2.5 Estimation of chlorophyll a

The chlorophyll a content was estimated by using the
method of Mackinney (1941) by extracting into 100% methanol.
5cm of the culture is withdrawmn and centrifuged at 2,000 x g
for 15 min. The supernatant is discarded and the pellet is
di ssolved in equal volume of 100% nethanol in a test tube. It is
then kept in hot water bath maintained at 60 °C for 10 min. The
solution is cyclomixed and once again centrifuged at 2,000 x g

for 10 mn. The absorbance of the supernatant (chlorophyll a
extract) was read at 663 nm The chlorophyll a content is
calculated by using the follow ng formula:

13.42 X A... = ug Chlorophyll a m"*

2.6 Estimation of cellular protein

The protein content of the crude extracts is estimated
by using the method of Lowy et al. (1951). The protein in the
crude extracts is precipitated by adding equal volume of 10%
(wWv) trichloroacetic acid. The nmixture is left overnight at
25 °c and then centrifuged at 3,000 x g for 10 min. The
precipitate is dissolved in 1 N NaCH and a suitable aliquot is
withdrawn for estimating the protein content. A standard curve
is also run using bovine serum al bumn (BSA).
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2.7 Measurenent of heterocyst frequency

Het erocyst frequency was calculated as the number of
heterocysts per 100 vegetative cells by a Ilight microscopic
observation of the filanments of the cyanobacterium used. Cells
were counted using a haemocytometer.

2.8 Estimation of percent survival

Nutrient agar plates at different graded concentrations
of the drug/inhibitor are prepared. A known nunber of col ony
forming units (CFUs) per nutrient plate are inoculated on to each
pl ate. A control plate containing no drug/inhibitor is also
inocul ated. After 6-days of growth, the nunmber of CFUs appearing
on each plate is counted. The nunber of CFUs appearing on each
plate is conpared with respect to the control and expressed as
percent of the control. The total nunber of CFUs survival on the
control plate is presuned to show 100% survi val .

2.9 Assay of nitrogenase (EC 1.8.6.1) activity

Nitrogenase activity was neasured as described by
Stewart & Singh (1975). Assay was done in rubber-stoppered test
tubes containing cyanobacterial <cells (10-15 wug chl a) by
evacuation and replaced by the desired gas phase which contained
10% (v/v) acetylene. The tubes were incubated with intermttent
shaking at 28 C and a photon fluence rate of 50 umol m s
After 1 h of incubation ethylene production was assayed gas
chromatographically wusing a cic Gas Chromatograph. The
nitrogenase activity was expressed in terms of mmol Cc H formed
g leni a'n -.
2.11 Chenical s used

Unl ess otherwise stated, all chemicals used in the
present study were of high purity (analytical grade) and were
obtained from M/s Signa Chenical Co. , USA and from British Drug
House (BDH), India. Radiochemicals were procured from Board of
Radi ati on and |sotope Technology (BRIT), India.
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2.12 Statistical analysis

2.12.1 Standard deviation (sp) and standard error about nean

(SEM

The standard deviation (SD of the data on specific
observations was cal cul ated as:

Standard deviation (SD = J% L o(x; - %)°

The standard error of the data was cal cul ated as:

Standard error (SEM) = Standard deviation (SD)
vn
where n = nunber of variants (experimental determ nations).
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AN EVI DENCE FOR A ROLE CF VANADI UM
IN DI AZOTROPH C GROMH OF THE CYANOBACTERI UM NOSTOC MUSCORUM

3.1 | NTRODUCTI ON

The ability to fix atnmospheric nitrogen and convert it
into a usable form (diazotrophy) by N -fixing mcroorganisnms is
catalyzed by the enzyme nitrogenase. The genes required
specifically for nitrogen fixation are called nif genes. The
essentiality of nolybdenum (M) in N_-fixation becane apparent
when Bortel s (1930) showed that M  was required by

Azot obacter vinelandii for growth on N but not for growth on
4 2

NH . This observation was given a biochenical neaning first by
Bulen & Lecomte (1966) who showed that purified nitrogenase
contained Mo and subsequently by (MIler 1991) who isolated M-Fe
protein of nitrogenase from a variety of diazotrophic bacteria.
Early studies also indicated a role for vanadium (V) in
N -fixation in Azotobacter (Burk & Horner 1935; Bortels 1936).
The first indirect evidence for the occurrence of M-independent
ni trogenase enzyne system cane from the observation that a class
of tungstate resistant (w-R) mutants of Nostoc muscorum did not
fix N nor grew diazotrophically with M in the growh nedia
(Singh et a1. 1978). However, the nost serious challenge to the
dogma of the unique role of Mo cane with genetic studies on nif

mutants of A vinelandii, which showed that sone of these nutants
could fix N in growh medium devoid of M (Bishop et ail. 1980).
Eventual |y, unequivocal confirmation for the occurrence of a
non-M nitrogenase system came with the construction of strains
of both A chroococcum (Robson et al. 1986) and A vinelandii
(Chisnell et al. 1988; Hales et al 1986) where the structural
genes for M-nitrogenase nifHDK were specifically deleted.
Further studies revealed operation of genetically three distinct
nitrogenase systems for N -fixation in A chroococcum and
4. vinelandii (reviewed in Joerger & Bishop 1990; Pau 1991).
Nitrogenase-1 is the conventional M-nitrogenase, expressed only
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when Mo is present in the nutrient medium. The M-nitrogenase is
encoded by the three structural genes nifHDK N trogenase-2 is
the V-nitrogenase, expressed only under conditions of conplete
Mb-starvation but containing V in the nutrient medium and encoded
by the structural genes vnfHDGK. Ni trogenase-3 is the
Fe-ni trogenase, expressed only under conditions of both M- as
well as V-starvation and encoded by the structural genes anfHDX
(Bi shop & Premakumar 1992).

The conventional nitrogenase is coded by the nif
cl uster nifFMZWVSUXNEYTKDH and is simlar to that in
Klebsiella pneunoniae (Eady et al. 1988; Evans et al. 1988;
Jacobson et al . 1989) but without the flanking genes nifQBA or
the nifJ. The nifQB genes have been recently sequenced and
anal ysed (Joerger & Bishop 1988). The genes encoding the
V-nitrogenase include vnfH (in A. chroococcum which is next to a
gene encoding the ferredoxin-like with vnfD&K |ocated 2.5 Kb away
fromthe vnfH (Eady 1994). A simlar nifH2 and a gene encoding a
ferredoxin-like protein were also found in A vinelandii (Raina
et al . 1988). QG her genes specific for the V-nitrogenase have
not yet been identified. The third nitrogenase (Fe-nitrogenase)
has been discovered in A vinelandii, but apparently absent in
A. chroococcum (Chisnell et al. 1988). Its synthesis is
repressed by addition of either M or V or both (B shop
et al. 1982; Prenmakunar et al. 1989). Joerger et al. (1989) have
sequenced the structural genes of this nitrogenase (anfHDXK) from
A vinelandii. Al though the structural genes coding for the
three systens are distinct, few nif genes are required for
activity of all the three enzynes in A vinelandii. These are
nifM (Kennedy et al. 1986), nifB (Joerger et al. 1986; Joerger &
Bi shop 1988) and nifU, S & V (Kennedy & Dean 1992). Mitations in
these genes abolish N -fixation process under all conditions (in
presence of M, V, both M and V or neither netal) . The
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requirenent of nifB and nifV suggests simlarities in the
structure of FelMbco, FeVco and FeFeco. Specifically the
requirenent of nifV inplies that homocitrate is a likely
conmponent (Eady & Leigh 1994). The Hgene encoding the small
sub-unit (nitrogenase reductase) shows a high degree of sequence
hemology in all the three nitrogenases (Kentemichet al. 1990).

The V-nitrogenase (nitrogenase-2) in Azotobacter spp. ,
has a structure simlar to the tw conponents of the
molybdoenzyme (nitrogenase-1). The V-Fe protein however differs
fromits counterpart (Mo-Fe) in that it has three pol ypepetides
(two in the Mod-Fe protein) encoded by the KG genes (Eady &
Lei gh 1994) . The V-nitrogenase reduces nore H and reduces
acetylene (cCH ) wth Ilower rates, than the conventional
Mo- nitrogenase and forms low, but significant amounts of ethane
(C,H,). The nitrogenase-3 probably contains solely Fe-S centres

' fe>
at the prosthetic group (Chisnell et al. 1988) and reduces N and
particularly acetylene with lower rates and produces H wth even
higher rates than the V-enzyne and also forns snall anounts of
et hane. Et hane production is the characteristic feature of
non- Mb- ni trogenases (Dilworth et a1. 1987).

The role of M and V in regulation of the three
genetically distinct nitrogenases in A vinelandii have been
studied in detail (Premakumar et al. 1992). M is a requirenent
for the expression of genes for M-nitrogenase but functions as
inhibitor for expression of V-nitrogenase and Fe-nitrogenase
enzyne systens. The inplication is that V-nitrogenase specific
genes woul d be expressed only under conditions of Mo-deficiency.
It has also been found that in bacterial systens V-nitrogenase
expression is V-dependant. V like M has been found to inhibit
Fe-nitrogenase in bacteria. The organization of V-nitrogenase
genes in Anabaena variabilis was found simlar to that of
A. vinelandii and it was further shown that V-nitrogenase is not
expressed in the presence of M in cyanobacteria (Thiel 1993).
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Chapter 3 Vanadi um nutrition

Bortels (1940) also proposed a role for V in cyanobacterial
N_-fixation. Subsequently, neither Allen & Arnon (1955) nor
Hol m Hanson f ound any evi dence of V  requirenent for
cyanobacterial diazotrophic growh. These findings were extended
by Fay & de Vasconcel os (1974) who found V-inhibiting N -fixation

in Anabaena variabilis. The V-nitrogenase is known to reduce
acetylene to ethylene and ethane, while M-nitrogenase catal yzes
the reduction of acetylene to ethylene alone. This has led to

estimation of ethane production as a nmeasure of V-nitrogenase in
bacterial systens. A variabilis grows and produces ethane from
acetyl ene when grown with V in a M-deficient nedium (Kentemich
et al. 1988; Yakunin et al. 1991) suggesting that this organism
may have an alternative N -fixing enzynme system Following this
approach in A wvariabilis, the presence of a functional
V-nitrogenase has been shown (Kentemch et al. 1988; 1990).
Thiel (1993) has characterized a cluster of genes from
A. variabilis ATCC 29413 that appear to encode a V-dependant
ni trogenase system Evidence for the expression of nitrogenase-3
(Fe-nitrogenase) in Anabaena variabilis has also been recently
shown (Kentemch et a1. 1990).

An earlier observation (Singh et al. 1978) showing
Mo-i ndependent diazotrophic growh in N muscorum was further
investigated during the present study, to find out whether such
Mo- i ndependent di azotrophic system is V-dependent. It has also
been earlier observed that M is indispensable not only for
di azotrophy in N. nuscorum but also for its nitrate assinilation
(S ngh et al . 1978). This led us to examne the role of V in
nitrate nutrition as well. In the present study on the
investigation for a role of Vin nitrogen nutrition, use has been
made of Het*Nif*Nia®, Het'Nif Nia®, Het*Nif'Nia~, Het Nif Nia®
strains of N. nuscorum (Singh et al. 1989).
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W being an analogue of Mb, resistance to it has been
used as a more successful nethod for denonstration of

V-nitrogenase in A chroococcum (Robson et al . 1986). In the
pr esent st udy, tungstate resi st ant (W-R) nut ant s of
heterocystous, N -fixing, nitrate assimlating (Ht Nf Na)
strain; het er ocyst ous, non-N_-fixing, nitrate assimlating
(Het Nif Nla ) strain; heterocystous, N-fixing, non-nitrate
assim |l ating (Het Nf Nia) strain; non- het er ocyst ous,

non-N,-fixing, nitrate assimlating (Het NNf NNa ) strains of
N muscorum have been isolated and examned for their N. and NO
nutritional characteristics with respect to M/V requirenent.
Evidence is provided here to show replacement of M by V in
activity control of nitrogenase and nitrate reductase essential
for growth on N or NO as nitrogen source in the WR nutant
strains the of cyanobacteriumN nmuscorum The present report of
V-dependent nitrate reductase activity and nitrate assimlation
is a new finding in its entirety and there is no previous
exanpl es publ i shed.

3.2 MATERI ALS AND METHODS

Axeni ¢ cl onal cul tures of par ent N. muscorum
(Het Nif Nia strain) was routinely grown in Chu No. 10 medi um as
described in Chapter 2 (Section 2.1) in conbined nitrogen-free
(called diazotrophic or N -nediun) alone. The Het Nif Na and

- - " -3

the Het NNf Nia strains were grown in nedia containing 5 mol m
KNO , while the Het?wNif'nia~ strain was grown in N -nedium
6-day old exponentially growing cultures were used for isolation
of the desired nutants.
3.2.1 Isolation of tungstate resistant (w-R) nutant strains

W is antagonistic to synthesis of active nitrogenase
and nitrate reductase in N nuscorumwhose N -fixing cultures are
nearly 10-fold nore sensitive to W than its NO -assinmlating
cultures (Singh et al . 1978). This observation formed the basis
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for isolating spontaneously occurring nutants capable of
surviving/growing in Wcontaining diazotrophic growth nedium A
dose of 0.3 mol m sodium tungstate was found conpletely |ethal

to N,-fixing cul tures. WR nmutants of N -fixing cultures were

isolated by plating cultures on N -nedium containing 2 nol rn'3

sodium tungstate. The WR nutants of non-N -fixing

NO -assimlating cultures were isolated in a simlar way, but in
I 3 _

the presence of 5 nol m sodi um tungstate on NO -medi um I'n

both cases the growh medium contained M at its nornal
concentration as given in Table 2.% (Chapter-2). 2 x 10 CFUs
each of the cyanobacterial cultures were seeded on solid nutrient
pl at es containing the i nhi bi t or for t he isolation of
sponat neously occurring nutants. Such cultures were incubated
for two weeks under photoautotrophic growh conditions. Few
pi n-head sized colonies appeared on Wcontaining respective
nitrogen nedia, whi ch on  subsequent testing on fresh
Mo-containing N - or NO -nmedium lacking W failed to grow, thus
suggesting them to be defective in M-nutrition and netabolism
Addition of V as vanadyl sulphate at 0.01 ol m to Wcontaining
selective or Wfree selective N.- or NO -nedia, nmde all such
pi n-head tungstate resistant (w-Rr) colonies to respond and grow
very efficiently. Such WR mutant clones growing with V were
isolated and maintained on respective nitrogen mnedia containing
2ml m or 5m m sodium tungstate and 0.01 nmol m  vanadyl

sul phat e. 1 nol m ammoni um chloride containing M/ V-free
nedium was used to grow the two strains separately for about
6-successive sub-cultures, in order to reduce to the nininum

possible contaminating M or V in the cultures which were
subsequently wused as inocula in the experinents detailed as
bel ow.
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3.2.2 Estimation of 99l\/b-transport activity

The nethod of Elliott & Mrtenson (1975) was used for
the measurement of uptake of 99l\/b (as molybdate) into the cells.
NH:—growing exponential cultures of the various parent and rutant
strains of N muscorum were used and incubated in respective N -

or NO -nedia for 6-days. They were then harvested by
3 3
centrifugation, washed twice with 10 mol m HEPES- NaOH buf fer

(pH 7.0), resuspended in the sane and equilibrated for 30 min at
o 99

25 C under photoautotrophic growth conditions. M (as sodium
nol ybdate) was added to the «cell suspensions at a final
concentration of 0.05 nol m- (specific activity 20.4 mci g~ ).
400 1 sanples were drawn at specific tine intervals and
separated from the bathing nmedium by the silicon oil
m crocentrifugation technique of Scott & N cholls (1980) and
counted for cellular level of the radiolabel in a Beckman LS 1800

liquid scintillation counter. Non-specific binding of the
radi ol abel was determined by neasuring its incorporation in
toluene-treated cells (Rai et al. 1984). This val ue was al ways

subtracted from the value obtained of untreated sanples before
anal ysing the results.
3.2.3a Nitrate reductase (EC 1.6.6.3) assay

Cyanobacterial <cells in their exponential phase of

growmth were harvested by |ow speed centrifugation, washed tw ce
3 -3
with 50 nol m Tris buffer (pH 7.5) containing 100 nol m NacCl,

300 mol m~  sucrose and 1 nol m EDTA and resuspended in the
sarne. This suspension was sonicated at 4 °‘c. The broken
material was centrifuged at 30,000 x g for 30 min and the
resulting supernatant was used as a crude enzyme extract.

The method of Manzano et al. (1976) as described by
Bagchi & Singh (1984) was followed for estimating nitrate
reductase activity. The enzyne activity was neasured
colorimetrically followi ng the appearence of nitrite using nethyl
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donor . The reaction mixture contained in a final volune
of 10 ml, glycine-KOH buffer (pH 10.5 100 pumol) ; KNO (20 umol) ;
methyl vi ol ogen (4 umol) and sodiumdithionite (10 umol in 0.1 m
of 250 mel m  sodi um bi carbonbate) and an appropriate anmount of
enzyne. This was incubated at 30 °c for 10 min and the reaction
eixture was termnated by the addition of 0.2 m of 1000 mol m "
zinc acetate. The mxture is then pelleted by |ow speed
centrifugation. The nitrite thus formed in the supernatant was
estinated by followi ng the method of Snell & Snell (1966).

3. 2.3b Determ nation of nitrite
To 1 cm of the supernatant 1 cm of 1% sulphanilamide
(in 25:75 HO :Water) and 1 cnt of 0.02% NED (N-1l-naphthylethylene

diamine di hydrochl ori de) is added, mxed and incubated
for 10 min. The absorbance is read at 540 nm. A standard pl ot
for NO is also nade wusing 1 nmol m aqueous solution of

potassiumnitrite (KNO) .

G owth, chlorophyll a, protein, heterocyst frequency,
percent survival and nitrogenase activity were deternmned as
described in Chapter-2 (Sections 2.4, 2.5, 2.6, 2.7, 28 & 2.9
respectively) .

3. 2. 4 Cheni cal sused

Vanadyl sulfate was procured from M/s Al drich Chenical
Co., WA while all other chemcals used in the present study were
fromMs Sigma Chenical Co. , USA 99l\/b was purchased from Board
of Radi ation and |sotope Technology (BRIT), India.
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3.3 RESULTS

Het er ocyst ous, N -fixing, NO_ -assimilating
(Het+ Ni f+ Ni z;- ) strain, het er ocyst ous, non-N -fixing,
- + - +
NO -assimlating (Ht Nif Nia ) strain, heterocystous, N -fixing,
J— + + J—

non-NO -assimlating (Het Nif Nia ) strain and non-heterocystous,
non-N -fixing, NO -assimlating (Het Nf Nia ) strains  of
N. muscorum used in the present study were those that have been
al ready described (Singh et al. 1989). A brief description of
their phenotypes are shown in Table 3.1. The first three strains
were simlar with respect to heterocyst formation, heterocyst
frequency and nitrogenase activity wunder diazotrophic growh
condition and their repression under NH,-assimilating condition.
Also while the Nia strain contains active nitrate reductase and

shows NO - repression of heterocyst formation and nitrogenase
activity, the Nia strain lacks active nitrate reductase as well
as such NO -repression control. This behaviour is consistant

with the reported role of nitrate reductase activity in
NO -repression of heterocyst formation and nitrogenase activity
in this cyanobacterium (Bagchi & Singh 1984).

The spontaneous mutation frequency with which the WR
nutant clones of the four strains arose was in the range
0.8 - 12 x 10" . Al such WR clones on prelimnary exam nation
were found to survive in the form of pin-head colonies on both
Wcontaining selective and Wfree non-selective N - or NO -
growt h nedia. The lack of growh on M-containing Wfree
di azotrophi ¢/ NO - growth medi um suggested that the nmutant strains
were inpaired in Mo-metabolism. This led us to check for
Mo-transport activity in the parent as well as in the nutant
strains. As shown in Fig. 3.1a, b, ¢ &d, the wW-R mutant strains
were severely defective in M-uptake by about 20-fold wth
respect to their parent strains. These results clearly show,
that the WR nutant strains are deficient in the M-transport
system
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Strains of Nostoc muscorum used in

Table 3.1

the

phenotypes and growth characteristics.

present

study with their

Strains Phenot ypes Gowh characteristics

+ + + : -
par ent Het Nif Nia , produces Gows with N,, NO. or
strain

Fon-N,-fixing
Strain

Bon-NO - assim -
lating strain

|0n~heterocy-
Bous, non-N_-
lixing strain

het erocyst, M-nitro-
genase and Mb-nitrate
reduct ase.

Het NNf Nia , produces
heterocyst and Md-nitrate
reduct ase but showi ng no
ni trogenase activity due
to defect in processing
of Mp-cofactor into
active nitrogenase.

Het Nif Nia , produces
het erocyst and M-nitro-
genase but shows no
nitrate reductase
activity due to lack

of its apoprotein
conponent .

Het NNf NNa , shows no

het erocyst and nitrogenase
activity but producing
Mb-nitrate reductase.

NH™ as nitrogen source
and shows Nog- or NH,-

repressi on of heterocyst
and nitrogenase activity.

. - +
Gows with NO5 Or NH,

but not with N. as

ni trogen source and
shows NOg- or NH,-

repressi on of heterocyst.

Gows with N_ or NH' but

2 4
not with NO as nitrogen

cnur 1C' ~¥r* |
OB Aty 1

repressi on of heterocyst
nd nitrogenase activity,
8’0\/\5 W tﬁ NO3 or NH.4 EJYJI
not with N as nitrogen

sour ce.




Fig. 3.1a
99 + + +

Mb transport activity in the Het Nif N a (parent) strain of
N muscorum (0) and in its w-rR nmutant (°).
Mean values fromthree independent experinmental deterninations
are shomn + SEM where these exceed the dinensions of the
symbols.
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Fig. 3.1b
99 + - +

Mo transport activity in the Het Nif Nia strain of N muscorun
() and in its w-r nmutant (°).
Mean val ues fromthree independent experimental determinations
are shomn + SEM where these exceed the dinmensions of the
symbols.
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Fig. 3.1c
99 + + —

Mo transport activity in the Het NNf Nia strain of N muscorun
(a) and in its ¥W-R nutant (a).
Mean values fromthree independent experimental deterninations
pre showmm + SEM where these exceed the dinensions of the

synbol s.
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Fig. 3.1d
99 —_ - 4+

Mo transport activity in the Het Nif Nia strain of N muscorunm
(0 0) and in its Ww-=R nutant (o _0) .
Mean val ues from three independent experinental deterninations
are showmmn = SEM where these exceed the dinensions of the

synbol s.
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As shown in Table 3.2b, growth, heterocyst frequency,
nitrogenase activity and nitrate reductase activity of the
w-R-Het Nif Nia mutant strain in diazotrophic growh medium
occured in the presence of V but not in mediumw th or w thout M
and increased with increasing concentration of W The presence
of M in the V-nedium did not influence the V-dependent growth
and activities. In conparison, the parent Het NNf Nia strain
showed such a nature with an increased dependence for M in the
growth nedium (Table 3.2a). G owt h, het erocyst frquency,
nitrogenase activity and nitrate reductase of the parent
Het*Nif*Nia® or its w-rR-Het’wif*Nia® strain responded to
increasing concentration of M + V conbination in a way the
par ent Het'Nif*Nia® strain did to M or the w-rR-Het'Nif'nia®
strain did to V.

G owt h, heterocyst frequency, nitrogenase activity and
nitrate reductase activity of the parent Het Nif Nia strain and
its w-r strain in NO-growth medium were also studied
(Table 3.Zc & d) . Wile the parent strain required M for growh
on No and NO -repression of heterocyst formation and nitrogenase
activity, the nutant strain required V. The parent strain
produced heterocysts in NO -growh nedium lacking Mo, or in
presence of V alone, while the nmutant strain produced heterocysts
in No,-growth medium lacking V or in nedium containing M al one.
Both the strains showed simlar heterocyst frequencies in
cultures growmn with or wthout M or V and showed NH
repressi on/ derepression of heterocyst fornation, ni trogenase
activity and nitrate reductase activity. Both the strains, also
showed significantly lower level of nitrate reductase activity
under N -assinilating condition than wunder NO -assimlating
condi tion. Gowth, nitrogenase activity and nitrate reductase
activity of the parent Het®Nif'Nia strain was visible in medium
containing V and could have resulted from contamnating M in
trace anmpunts.
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.v4e 3. 2a

Qowh (optical density at 663 nm), heterocyst frequency (HF%,
nunber of heterocysts per 100 vegetative cells), nitrogenase

(N,ase) activity (mmol c,H, formed g~ Cchl a h™ ) and nitrate
— -1 -1

reductase (NR) activity (mmol NOo. forned g protein min ) of
Het*Nif Nia strain of N muscorum (parent) in N.-medium
containing graded concentrations of sodium nolybdate (M),
vanadyl sulphate (V) or sodium nolybdate + vanadyl sul phate

(M +V) .

%&ncﬁ\‘t’:ﬁiﬁ? 3 Growth *HF% ac tvity acti'f/}izty
Mb- addi ti on
0 0.08 = 0.006 5-6 1.3 + 0.08 0.48 % 0.03
15 0.34 t 0.022 5-6 + 0.21 2.1 + 0.12
30 0.66 = 0.04 5- 6 9.5 =+ 0.74 3.5 + 0.20
60 0.62 + 0.045 5-6 9.3 £+ 0.81 3.4 1 0.18
V- addi tion
0 0.08 + 0.004 5-6 1.2 + 0.06 0.52 + 0.026
15 0.16 + 0.008 5-6 1.4 = 0.075 0.78 + 0.04
30 0.21 + 0.012 5-6 + 0.08 0.84 + 0.043
60 0.18 + 0.009 5-6 1.1 £ 0.09 0.81 £+ 0.041
Mo + V-addition
0 0.08 + 0.004 5-6 1.1 + 0.044 0.52 + 0.025
15 0.29 + 0.014 5-6 2.8 + 0.3 2.2 + 0.16
30 0.58 = 0.03 5-6 8.5+ 0.88 + 0.31
60 0.54 + 0.045 5-6 8.2 i 0.55 2.9 £ 0.22

! tool m NH -grown culture of the parent strain sub-cultured for
6-successive generations (devoid of Mo or V) weas used as inoculum
for the experiments.

Eah reading is an average (x sEM) of three independent
®Xperimental determinations.



Table 3.2b

Gowh (optical density at 663 nm), heterocyst frequency (HFS,

number of heterocysts per 100 vegetative cells), nitrogenase
(N,ase) activity (mnol c.H. formed g~ chl a h™ ) and nitrate
— —1 -1

reductase (NR flctivity (mmol NO forned g protein min ) of
the w-R-Het* Nif' Nia nutant strain of N muscorum in N.-medium
containing graded concentrations of sodium molybdate (M),

vanadyl sulphate (V) or sodium nolybdate + vanadyl sul phate

(M + V) .

W i3y ot e NRGy  activity
Mo-addition
0 0.02 £ 0.002 5.6 0.23 £ 0.02 0.12 + 0.03
15 0.02 £ 0.002 5-6 0.28 + 0.02 0.16 + 0.031
30 0.02 + 0.002 5.6 0.24 £ 0.019 0.14 + 0.015
60 0.02 % 0.002 5-6 0.29 £ 0.022 0.18 % 0.022
V-addition
0 0.02 + 0.001 5-6 0.25 + 0.024 0.16 + 0.04
15 0.32+0.019 5 - 6 3.2+£0.16 1.96+0.06
30 0.58 + 0.037 5-6 7.6 £ 0.31 3.2 + 0.14
60 0.54 ¢ 0.033 5-6 7.8 + 0.55 3.1 + 0.03

Mo + V-addition

0 0.02 £ 0.002 5-6 0.26 £ 0.025 0.18 £ 0.012
15 0.29+0.015 5 - 6 +0.26 1.8+ 0.012
30 0.51+0.031 5 -6 + 0.45 2.9+0.27
60 0.50 + 0.033 5-6 8.2 + 0.75 3.2 + 0.32

1 mol m~ NH -grown culture of the WR nutant strain sub-cul tured
for 6-successive generations (devoid of Mo or V) was wused as
i noculum for the experiments.
fach reading is an average (* SEM  of three i ndependent
*Xperimental determ nations.



2C

QGowh (optical density at 663 nm), heterocyst frequency (HF%
number of heterocysts per 100 vegetative cells), nitrogenase

(N,ase) activity (mnol C_.H. formed g chl a h~) and nitrate
— -1 -1
reductaie (NR) fctivity (mmol NO fornmed g protein min ) of
the Het ' Nif*Nia” strain of N muscorum (parent) in growmh nedium
containing 5 mol m”~ KNO, and graded concentrations of sodium
molybdate (M), vanady| sul phat e Q%) or sodi um

molybdate + vanadyl sul phate (M + V).

%ﬁnice)ntr%%fi:n )  Growth HF% alc\ltf\a}eity activ ity
Mo-addition
0 0.09 £ 0.005 5-6 1.2 + 0.06 0.6 = 0.03
15 0.44 + 0.022 0.0 0.0 3.1 = 0.17
30 0.85 £ 0.043 0.0 0.0 59 = 0.41
60 0.82 + 0.041 0.0 0.0 5.2 += 0.12
V-addition
0 0.09 £ 0.004 5-6 1.3 + 0.06 0.6 = 0.03
15 0.18 = 0.008 4 -5 1.4 +£0.07 0.6 £ 0.08
30 0.22 t 0.011 4 -5 1.8 + 0.09 0.7 = 0.03
60 0.16 £ 0.01 4 -5 2.1 + 0.01 0.6 = 0.09
Mo + v-addition
0 0.08 = 0.004 5-6 1.3 + 0.06 0.7 += 0.039
15 0.39 + 0.017 0.0 0.0 2.9 = 0.1
30 0.79 = 0.045 0.0 0.0 5.6 = 0.56
60 0.79 £ 0.05 0.0 0.0 5.4 + 0.05

lmol m NH -grown culture of the parent strain sub-cultured for
$-successive generations (devoid of M or V) was used as inocul um
for the experinents.

fach readi ng is an average (+x SEM of three i ndependent
€xperimental det erni nations.



3.2d

Qowh (optical density at 663 nm), heterocyst frequency (HF%,
nunber of heterocysts per 100 vegetative cells), nitrogenase

(N,ase) activity (mmol c_.H. fornmed g chl a h~ ) and nitrate

— - -1
reductase (NR) activity (mmol NO, fornmed g protein min ) of
the w-R-Het' Nif ' Nid nutant strain of N muscorum in growt h
medium containing 5 nol m- KNO. and graded concentrations of
sodium molybdate (M), vanady| sul phat e (VM or sodi um
nol ybdate + vanadyl sul phate (M + V) .

c((;(ncfdn:‘rn’?gii @ 3)  “GrEMn HHF% Nai;qf;{ty aclt\IiF\e/ity
Mo-addition
0 0.02+0.001 5 - 60.24+20.02 0.5+0.015
15 0.02 t 0.002 5-6 0.18 + 0.012 0.6 # 0.021
30 0.02 + 0.002 5-6 0.21 + 0.02 0.6 + 0.027
60 0.02 + 0.001 5-6 0.21 + 0.021 0.5 % 0.023
V-addition
0 0.02 + 0.009 5.6 0.21 + 0.016 0.5 + 0.04
15 0.38 + 0.034 0.0 0.0 2.6 + 0.12
30 0.77 + 0.037 0.0 0.0 5.1 + 0.39
60 0.79+20.07 0.0 0.0 4.9+0.25

Mo + v-addition

0 0.02 + 0.002 5-6 0.23 £ 0.01 0.5 £ 0.043
15 0.34 ¢+ 0.034 0.0 0.0 2.9 + 0.21
30 0.710 1 0.033 0.0 0.0 4.1 % 0.3
60 0.68 £ 0.034 0.0 0.0 4.5 0 0.22

Imol m~ NH'-grown culture of the w-R nutant strain sub-cul tured
for 6-succesdive generations (devoid of Mo or V) was used as
noculum for the experinents.
fach reading is an average (* SEM of three i ndependent
®xperimental det ermi nations.



It has been shown here that V can effectively
substitute for M in nitrogenase activity and in nitrate
reductase activity of the w-rR-Het Nif Nia® strain. N. muscorum
thus shows both Mb-dependent nitrogenase activity and nitrate
reductase activity as well as V-dependent nitrogenase activity
and nitrate reductase activity. Can N nuscorum show a mutually
excl usive V-dependant nitrogenase activity or V-dependant nitrate
reductase activity? This problemwas approached by isolating WR
mtants from Het Nif N a strain, Het Nif N a strain and
Het Mif Nia strains of N nuscorum Gowh and nitrate
reductase activity of the parent Het NNf~Nia strain was found to
be Mo-concentration dependent (Table 3.3a) while its WR nutant
V-comcentration dependent (Table 3.3b). sSimilarly, N -dependent
gowh and nitrogenase activity of the Het NNf Nia strain was
found to be Mo-concentration dependent (Table 3.4a)and of its wW-R
nut ant V-concentration dependent (Table 3. 4b). Par ent
Het Mf Nia also showed such M-concentration dependent nature
vwhile its w-R nmutant strain showed a V-concentrati on dependence
(Table 3.5) .

The V-dependent and M-dependent diazotrophy in the
cyanocbacterium N. nuscorum nmight not exhibit a simlar response
to environnental stresses like salinity and osnotic stresses and
since further experiments in the present study involved

understanding the role of alkali nmetals as an agent of
cyanobacterial nutrients/stresses, it was thought proper to
examine, on a prelimnary basis, the response of the diazotrophic
cyanobacterial strains to Nacl stress. As shown in Fig. 3.2

both the parent Het Nif Nia strain and its WR nutant showed
progressive decrease in percent survival wth increase in
salinity stress and a concentration of 100 mol m Nad was found
almost conpletely Ilethal. It was therefore concluded that the
two cyanobacterial strains while differing in respect of the
nature of metal requirement for their diazotrophy, exhibited no
significant difference in their response to salinity stress.
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Table 3.3a

influence of graded concentrations of sodiumnolybdate (M) and
vanadyl sul phate (V) on growh (optical density at 663 nm),
nitrate reductase (NR) activity (mmol NoO- fornmed g protein
min ) and NO,-repression of heterocyst frequency (HF% number of
heterocysts per 100 vegetative cells) of the Het "Nif Na strain
of N muscorum in growth medium containing 5 nol m KNO_.

concentration NR
(» 10 nmol m~ ) Gowth HF activity
Mo-addi tion

0 0.08 t 0.004 5-6 0.6 * 0.033

15 0.48 = 0.017 0.5 - 1 3.4t 0.25

30 0.86 = 0.04 0.0 6.1 %= 0.57

60 0.88 t 0.04 0.0 5.8 =+ 0.4
V- addi tion

0 0.07 1 0.074 5-6 0.6 i 0.033

15 0.12 t 0.012 5-6 0.8 = 0.04

30 0. 14 4 0.014 5-6 0.8 = 0.04

60 0.18 i 0.009 5-6 0.8 *= 0.039
1 mol m NH - grown cul ture of t he Het Nif N a strain

sub-cultured for 6-successive generations (devoid of Mo or V) was
used as inoculum for the experiments.

Each reading is an average (x SEM of three i ndependent
experimental determi nations.



; 2.3b

influence of graded concentrations of sodi um molybdate (M) and
vanadyl sul phate (V) on growh (optical density at 663 run),
nitrate reductase (NR) activity (mmol NO- fornmed g~ protein
min'l) and NO,-repression of heterocyst frequency (HF%, nunber of
heterocysts per 100 vegetative cells) of the w-R-Het*Nif Nia
mutant strain of N muscorum in growh nmedi um  cont ai ni ng

5 mol n'® KNO,, .

+

concentration NR
(- 10 mol m~) Growth HE activity
M o-addition
0 0.02 + 0.002 5-6 0.5 = 0.013
15 0.02 i 0.002 5-6 0.5 t 0.025
30 0.02 £ 0.002 5-6 0.6 = 0.05
(S0) 0.02 + 0.001 5-6 0.6 = 0.053
V-addition
0 0.02 = 0.002 5-6 0.6 * 0.06
15 0.42 + 0.034 0.0 3.1 + 0.06
30 0.78 i 0.03 0.0 5.8 t 0.56
60 0.84 t 0.043 0.0 5.2 + 0.51
1moel m NHf-grown culture of the WRHet Nif~Na strain

sub-cultured for 6-successive generations (devoid of M or V) was
used as inoculum for the experiments.

Each reading is an average (+ SM) of three i ndependent
experimental determ nations.



. Bl IR 1.1

influence of graded concentrations of sodium molybdate (M) and
vanadyl sul phate (V) on growh (optical density at 663 nm),
neterocyst frequency (HF% nunber of heterocysts per 100
vegetative cells) and nitrogenase activity (mmol C.H forned g
chl a h™*) of the Het*Nif*Nia~ strain of N muscorum in
di azotrophic grow h medi um

Concentration. N.,ase
(x 10" mol m ) G owth 1Fx act Tvity
Mo- addi ti on
0 0.06 + 0.006 5- 6 1.1 + 0.03
15 0.28 £ 0.002 5-6 .1+ 0.21
30 0.56 i 0.044 5-6 9.6 = 0.97
60 0.54 + 0.031 5-6 5 + 0.35
V-addi tion
0 0.06 t 0.004 5-6 1.1t 0.036
15 0.11 t 0.009 5-6 1. 5+ 0.05
30 0. 14t 0.01 5-6 1.3 + 0.05
60 0.12 t 0.023 5-6 1.5 £ 0.09
1 rml m ° NH-grown culture of the Het Nf Nia strain

sub-cul tured for 6-successive generations (devoid of M or V) was
used as inoculum for the experinents.

Each reading is an average (x SEM of three i ndependent
experimental determ nations.



Table 3.4b

influence of graded concentrations of sodium molybdate (M) and
vanadyl sul phate (V) on growh (optical density at 663 nm),
heterocyst frequency (HF%, nunber of heterocysts per 100
vegetative cells) and nitrogenase activity (mmol C,H, formed g

chl a h~ ) of the w-R-Het*Nif'Nia”™ nutant strain of N muscorum

in di azotrophic growth medi um

Conceniration N a
x 10 mol m ) Growth HF% ot Tvity
Mo-addition

0 0.02 + 0.002 5 - 6 0.2 = 0.01

15 0.02 *+ 0.002 5 -6 0.2 t 0.01

30 0.02 + 0.001 5- 6 0.2 *+ 0.006

60 0.02 + 0.001 5- 6 0.2 = 0.006
V-addition

0 0.02 * 0.002 5- 6 0.2 4 0.01

15 0.24 t 0.004 5- 6 3.9 + 0.04

30 0.55 i 0.055 5- 6 7.8 4 0.45

60 0.57 4 0.027 5- 6 7.9 4 0.42
1 mol m NH -grown culture of the w-R-Het'Nif Nia® strain

sub-cul tured for 6-successive generations (devoid of M or V) was
used as inoculum for the experinments.

Each reading is an average (x SEM of three i ndependent
txperimental determ nati ons.



Table < 5

influence of graded concentrations of sodi um molybdate (M) and
vanadyl sul phate (V) on growth (optical density at 663 nm) and
nitrate reductase (NR) activity (mmol NO. forned g protein
pin" ) of the Het Nif Nia® and Ww-R-Het Nif Nia® strains of

N. muscorum in growth mediumcontaining 5 nol m KNO..

Strains
- - + e +
concentration Het Nif Nia W-R-Het Nif Nia
(x 10" mol m- ) AR NR
Growth activity Gowth activity
Mb- addi ti on
0 0. 083 0.54 0. 023 0.35
(0.003) (0.021) (0.004) (0.03)
15 0.45 3.1 0. 023 0.53
(0.012) (0. 25) (0.001) (0.03)
30 0.72 5.6 0. 026 0. 67
(0.05) (0. 28) (0.001) (0. 055)
60 0.77 5.6 0. 022 0.69
(0. 06) (0.32) (0.001) (0.02)
V-addi tion
0 0.07 0.53 0. 022 0.55
(0. 006) (0.021) (0.003) (0.011)
15 0.11 0.61 0.44 2.7
(0.05) (0.027) (0.013) (0. 26)
30 0.11 0. 65 0.63 4.7
(0.06) (0. 024) (0. 06) (0.43)
60 0.14 0.63 0.67 5.1
(0.01) (0.024) (0.063) (0. 45)
1 mol n3 NH:Igrown cul tures of the Het Nif Nia and

“-R-Het Nif N a strains of N nuscorum  sub-cul tured for

6-successive generations (devoid of Mo or V) was used as inoculum
for the experiments.

values in parentheses are + SEM values of three independent

experimental determ nations.



Fig. 3.2

Ef fect of increasing concentrations of NaCl on the per cent
survival of the Het*nif'nia®strain of N muscorum (parent) (0)
and in its W-r mutant ().

Mean val ues fromthree independent experinmental determ nations
are showmn = SEM where these exceed the dinensions of the
synbol s.
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Chapter 3 Vanadi um nutrition

Also, both the parent and the WR nutant strain did not nmake
het erocysts during growt h with 1 nol m™ NH c1.
Non- het erocystous NH -grown cultures on transfer to fresh
N -nedium required 24 h for producing N -fixing heterocysts.
Wien such cultures were treated for 8 h wth different
concentrations of Nad (salinity stress) and then transfered to
normal growh nmedium both the strains developed heterocysts
after a progressive lag and showed a progressive decrease in the
nunber of heterocysts and nitrogenase activity with increase in
salinity stress. A salinity stress of 90 nol m NaCl for 8 h
resulted in conplete inhibition of the formation of heterocysts
as well as inhibition of nitrogenase activity (Tables 3.6a & b) .
Evidently, the N -fixing appartus in the two strains of the
cyanobacterium is salinity sensitive.

3.4 DI SCUSSI ON

The role of M and V in regul ation of diazotrophic node
of nutrition or in NO -nutrition in the various strains of
N. muscorum described here were investigated by examning the
ability of their respective WR derivatives for growth under
di azotrophic or NO -assimlating conditions. Since, all the w-r
mutants failed to exhibit significant growth in N -nmedium it was
concluded that WR nmutants have resulted due to inpairnent of
Mo- met abol i sm causing defect in the activity of M-dependant
nitrogenase or nitrate reductase activity. Since, all such WR
mutants resumed growth when they were provided with exogenous V
in their respective growth nedia, it was evident that they were
V-dependant for their growh. Since, the parents showed
considerably nmore rise in N or NO., and in nitrogenase or
nitrate reductase activities with rise in external concentration
of M than with rise in external concentration of V, it is
concluded that the parents predom nantly produced Mb-dependant
nitrogenase activity and/or nitrate reductase activity in
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Efect of increasing concentrations of NaCl on time for
het erocyst differentiation (ty -: in hours), heterocyst frequency
(HF%, nunber of heterocysts per 100 vegetative cells) and
nitrogenase (N.,ase) activity (mmol C.H. g~ Chl a h™*) of
get Nif NNa strain of N. muscorum (parent).

Treatment tHet HF% aczf\ajiy
Control 24-30 5-6 9.8 + 0.45
+ 30 mol m"® NacCl 48 5 -6 7.2 % 0.66
+ 60 mol m"® NaCl 70 3 -4 3.8 ¢ 0.36
+ 90 mol m™> NacCl a 0.0 0.9 + 0.06

Non-heterocystous NH -grown cultures were stressed with NaCl at
different concentrations for 8 h, later washed and used as
inocllumn for incubation on diazotrophic growth medium containing
Mo They were periodically examined for their respective
characteristics.

Eah reading is an average ((* M) of three independent
experimental determinations.



fable 3.6b

Effect of increasing concentrations of NaCl on time for
neterocyst differentiation (t,, .:; in hours), heterocyst frequency

nee

(iF%, number of heterocysts per 100 vegetative cells) and
nitrogenase (N,ase) activity (m mol C.H. g chl a h™Y) of

y/-jzz-z‘lec+ Ni-F Nid mutant strain of N. muscorum.

Treat ment YHet HF% ac}:ftiiy
ontrol 24 5-6 8.1+0.11
+ 30 mol m™> NacCl 48 5-6 5.3 £ 0.43
+ 60 mol m~% NaCl 72 3-4 3.4 0.2
+ 90 mol m~3 NaCl a 0.0 0.4 + 0.016

Non-heterocystous NH,-grown cultures were stressed with NaC at
different concentrations for 8 h, later washed and used as
inoculum for incubation on diazotrophic growth medum containing

V. They were periodically examined for their respective
characteristics.

Eah reading is an average (= $EM) of three independent
experimental determinations.



Mb-containing growh nedium or in growh medium containing both
M and V. The observed |ack of significant increase in growh of
the parent strains in M-free V-nmedium mght be the result of the
presence of Mo as a contam nant under such condition which woul d
then cause inhibition of the activity of V-dependant nitrogenase
or nitrate reductase system Such M induced conplications in
analysis of V nutrition could be avoided if the cyanobacteri al
strains are defective in M-transport. Since all the
cyanobacterial w-rR mutants showi ng dependence of growth on V with
N. or NO as nitrogen source lacked M-transport activity and
since they all exhibited rise in growth with rise in external V
concentration, it is obvious that presence of M interferes with
V-dependant process of N -fixation and NO -assimlation in the
cyanobact eri um Lack of M in cyanobacterial cells is a
pre-requisite for them to express their V-dependant nitrogenase
or V-dependant nitrate reductase systenms. This also explains why
V fails to influence N.-fixation or NO -assinmilation in the
parent strains which have a nornal M-transport system

The observed significantly |lower |evel of M-dependant
nitrate reductase activity under diazotrophic growh condition
than under NO -assimlating condition is because of the limted
availability of M-co-factor for nitrate reductase activity under
the former condition as shown earlier (Bagchi et a1. 1985).
Presumably, the same explanation applies to why V-dependant
nitrate reductase activity under diazotrophic growth condition is
less than under NO -assimlating condition. In other words,
V-co-factor in place of M-co-factor level is diazotrophically
regulated in the cyanobacterium These results sinply suggest
that Mo-transport defective w-rR-Het Nif Nla strain apparently
active in V-transport is the producer of V-dependent nitrogenase
or V-dependent nitrate reductase leading to V-dependent growth in
N, or in No_-medium. Accordingly, the parent strain wth normal
Mo-transport activity is predom nant |y a producer of
Mo- nitrogenase or Mod-nitrate reductase under the given growh
condi tions. The ability of the parent strain not to respond as
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Chapter 3 Vanadi um nutrition

significantly to exogenous V as to exogenous My, suggests either
it is not as efficient as its w-rR mutant in V-transport or that
it is equally efficient in transport of M and V, but presence of
Mo in it inhibits its V-dependent functions as has been reported
for Azotobacter spp. (Robson et al. 1986; Hales et al. 1987).
However, information about the status of V-transport system in
the parent strain is essential, in order to analyze the precise
role of M-transport activity in regulation of V-nutrition and
netabolism in the cyanobacterium There is no apparent role of
Mo/V in heterocyst differentiation and frequency as both the
parent and the nutant had simlar heterocyst frequency in
cultures growing with or without M/ V. Both the parent and the
mutant strain showed NH -repression of heterocyst formation,
nitrogenase activity and nitrate reductase activity and was
nei t her Mo- dependant nor V- dependant . In comnpari son
NO -repression of heterocyst formation and nitrogenase activity
was found Mb-dependant in the parent strains and V-dependant in
the nutant strains. These results further enphasize a role of V
in NO -repression control of heterocyst formation and nitrogenase
activity in the mutant strain. The nutritional and regul atory
role of NO,-nitrogen is a functiona of M-dependant nitrate
reductase in the parent and V-dependant nitrate reductase in the
mutant strain.

W R phenotype is a result of mutational inactivation of
Mb-transport process which blocks M entry in the cyanobacteri al
cells and thereby blocking synthesis of M-nitrogenase and
Mb-nitrate reductase. In a recent study, tw strains of
A vinelandii (FL2 & FL4) with Tn5 insertion mutations showed
alternative nitrogenase dependent diazotrophic growh in the
presence of Mb. The nmutations were in a region which contained 4
open reading franes (CRFs 1-4) whose products showed strong
homology to bacterial periplasmic transport proteins. The
products of orRF4 and oRrRr3 were inplied in M-transport and share
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homology with £. coli chip and chlJ genes respectively
(Lugueet al . 1993). Evi dently, the genetic determinant
controlling M-transport activity is one of the common genetic
determinants involved in the processing of M for active
Mo-nitrogenase or M-nitrate reductase, a finding confirmng
earlier reports of such common genetic determinant in N muscorum
(Bagchi et al . 1985; Bagchi & Singh 1984). Si nce V-dependant
nitrogenase activity and V-dependent nitrate reductase activity
operate simultaneously only under conditions of Mo-deficiency, it
is suggested that Ilike the cyanobacterial Mb-nitrogenase and
Mo-nitrate reductase its V-dependent nitrogenase and V-dependent
nitrate reductase also share sone initial steps of V-metabolism.

While the parent N. nuscorum produces both M- dependent
nitrogenase and M-dependent nitrate reductase sinultaneously,
its WR nutant produces V-dependent nitrogenase and V-dependent
nitrate reductase simltaneously. Can N. rmuscorum exclusively
produce either V-nitrogenase or V-nitrate reductase independent
of each other? This aspect was exam ned in the WR nutant clones
i sol at ed from the heterocystous, non-N -fixing, nitrate
assimlating strain (Het Nif Nia ), from heterocystous,
N -fixing, non-nitrate assimlating strain (Ht Nf Na ) and
from the non-heterocystous, non-N -fixing, nitrate assimlating
strain (Ht Nif~-Nia ) of N nuscorum WR derivatives of
N -fixing nitrate reductase deficient mutant showed absolute
dependence on V for diazotrophic grow h. Gearly, V-dependent
ni trogenase production is possible in the cyanobacterium in the
absence of its nitrate reductase activity. Sinilarly, since the
V-R derivatives of the Het*nif Nia® strain produce V-dependent
nitrate reductase activity and showed V-dependent NO -repression
het er ocyst formation, it is again concluded that t he
cyanobacterium N. rmuscorum can produce V-nitrate reductase in the
absence of its V-nitrogenase. The ability of the w-RrR derivatives
of the Het ™Nif Nia® strain to grow with NoZ and to produce active
nitrate reductase activity only in the presence of V, indicate
that V-nitrate reductase can occur in the cyanobacterium even
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Chapter 3 vanadium nutrition

without the presence of heterocyst and V-nitrogenase activity.
Evi dent |y, N. muscorum can make or regul ate V-dependent
nitrogenase in the absence of active V-dependent  nitrate
reductase and vice versa, as it nmakes or regulates its
Mo-nitrogenase and M-nitrate reductase independently. An
obvious inplication of this finding, would be the occurrence of
V-nitrogenase and M-nitrate reductase in some cyanobacteria as
is inplied for Anabaena variabilis (Kentemich et al. 1988).
Simlarly, one can expect cyanobacteri al strains producing
Mb-ni trogenase and V-nitrate reductase or sinply V-nitrate
reductase alsone as is evidenced in the w-r-Het Nif~Nia and
W-R-Het Nif Nia® strains.

M is known to cause repression of V-nitrogenase in
A. vinelandii (Jacobitz & Bishop 1992). Since w is an inhibitor
of Md-requiring enzymatic processes, it is also expected to
i nhi bit M- dependent repressor signal not only for V-nitrogenase,
but also for V-nitrate reductase. One possible explanation for
the observed requirenent of w for cyanobacterial growh on N - or
NO -nitrogen as reported earlier (Singh et al. 1978), is that W
is required for the inactivation of M-generated inhibitor signal
for cyanobacteri al V-dependent nitrogenase and V-dependent
nitrate reductase in the nmutant strain, and that presence of
contamnating V in the tungsten salt enables such nutant strains

to grow well wth either nitrogen source. This expl anation
however, does not exclude the possibility of an alternative
mechani sm of still wunknown nature underlying such W-requirement

for cyanobacterial growth on N - or NO -nitrogen.

The known mechanisms of salinity tolerance in mcrobes
include the accunul ati on of conpatible organic osmolytes sucrose,
glucosyl-glycerol, trehal ose, glycine betaine or proline
(Csonka 1989) and the activity of Na'/u' anti porter (Padan &
Schul di ner 1994). Since response of V-dependant diazotrophy in
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the w-rR strain to salinity induced stress remained simlar to the
Mo- dependent di azotrophy in the parent strain further detailed
studies on salinity and osnotic stress tolerance have been

confined to the parent strain alone in the subsequent chapters of
the thesis.
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DIAZOTROPHIC RESPONSE OF THE CYANOBACTERIUM NOSTOC MUSCORUM
TO SALINITY (Nacl) STRESS AND CSMOTI C (SUCROSE) STRESS

4.1 | NTRODUCTI ON
Mcrobes grow in a variety of habitats of differing

wat er potentials. Such variations in water potentials of the
habitats could arise from the presence of varying levels of
inorganic/organic osmotica. Natural |y, the success of

m croorgani sns for growh and survival in such habitats, would
greatly depend on their ability to adjust their osnotic potenti al
according to the nature of the habitats. Wen a microbial cell
increases in volunme, part of the increase is brought about by
increasing volume of water within the outer menbrane. The rate
of flow of water into the cell nust be such that the pressure

generated does not cause the nenbrane to burst. When the cell
has a wall, the pressure with which the outer covering can
withstand is much greater. The driving force for the novenent of
water into a cell is the difference in its chemcal potential

across the outer nenbrane. At one extrene are the m croorgani sns
capable of growth in a habitat of very low water potential and at
another extrene are the organi sns which grow in habitats of high
water potential and the nechanisms governing their adaptation to
such osmotically differing habitats is being studied in detail
for practical purposes.

Csnotic studies are apparently of great economc
inportance in food industry, fermentation industry, nedi cal
m crobiology and in agriculture. Agriculturally useful mcrobes
can be genetically engineered for tolerance to salinity or
osnotic stress and then used in saline agriculture for augmenting
the productivity of crops on an industrial scale. In recent
years, there has been a trenmendous increase in studies on
nol ecul ar biology of salt/osnotolerance in microbes and plants
(Csonka & Hanson 1991; Rhodes & Hanson 1993; Bartels & Nelson
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1994). Strains of Escherichia coli or Salnonella typhimurium
when subjected to salinity or osnotic stresses are known to
undergo loss of turgidity, associated with an active accunul ation
of K leading to prevention of further water |oss and restoration
of cell turgor. The cytoplasmically associated K ions in turn
are subsequently replaced by accumulation of conpatible organic
solutes such as trehalose, glucosyl-glycerol, glycinebetaine,
proline etc. These conpatible osnolytes function as
salinity/osnotic protectants in bacteria as well as in plants
growing under salinity/osnotically stressed habitats (H ggins

et al. 1987; warr et al. 1988; GCsonka 1989). As a rule nost
bacteria prefer the accunul ati on of exogenous osmoprotectants to
endogenous bi osynt hesi s. Mich of the genetic information on

osmoregulation is available mainly from studies on nenbers of
ent erobacteri aceae where the products of kdpA-E genetic system
have been shown to function in the transduction of osnotic signal
leading to the activation of proP or proU genes that transport
and accumul ate proline/glycinebetaine fromthe medium or tre and
bet genes that are necessary for synthesis of high cellular
levels of trehalose and gl ycinebetaine (betaine) respectively as
alternative forns osnotic adaptation in them (Csonka 1989).

Cyanobacteri a are prokaryotic phot oaut ot r ophs
distributed in a wide variety of habitats (Chapter 1) . Free
living forms are often abundant in habitats where there is
substantial fluctuation in a range of environmental conditions of
salinity/water status. Studies on adaptation of cyanobacteria to
osnotic stress and salinity stress was started by
Bor owi t zka (1980) . Subsequently, a series of further studies
were conducted to find out the physiol ogi cal nechani sm of osnotic
and salinity stress resistance in various cyanobacteria
characteristic of fresh water, marine and bracki sh water habitats
(Mackay et al . 1984; Blumwald & Tel-or 1982; Reed et al. 1986a;
Varr et al. 1988). Sone correlation has been found between the
nature of habitat and the osmoregulatory solute present in
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Chapter 4 Salinity and osnotic stress tol erance

cyanobacteria adapted to growh wunder such habitats. The
fresh-water strains (least osmotolerant) have been shown to
accunul ate predominantly disaccharides such as sucrose and
trehalose, the narine isolates (noderately osmotolerant) a
heteroside like glucosyl-glycerol and the hypersaline forns
(extrenely osnotol erant) quaternary anmoni um conpounds |ike
glycine betaine (Warr et al. 1988) when challenged with
salinity/osnmotic stress. The involvenent of single netabolites
in controlling resistance to osnotic stress in cyanbacteria is a
very welcone information as it raises the possibility of easy
i solation cyanobacterial mutants showing upper limt of osnotic
tol erance. Mst of these studies concentrated only on growth and
viability of cyanobacteria under osmotically stress conditions.
Very few studies have touched the process of N -fixation and GS
activity in relation to osnotic stress. Warr et al. (1988) found
activity of GS to be sensitive to osnotic stress under in vitro

condi tions. Reed et al. (1986a) have shown compatiblity of
organic osmolytes like glycinebetaine, glucosyl-glycerol and
sucrose wth invitro GS activity at their physiological
concentration. Wil e hyperosmotic stress has been found to
generate various types of organic osmolytes wthin the
cyanobacterial cell, there has been little study with regards to

hypoosmotic shock in such cyanobacteri a. Few avail abl e studies
show extracellular liberation of various organic carbon and fixed
ni t rogen conmpounds fol | owi ng hypoosnot i ¢ shock (Reed &
Stewart 1988; Fulda et al . 1990). In none of these studies,
experinmental attenpts have been nmde to generate genetically
stable salinity resistant or osnotic resistant strains of
fresh-water cyanobacteria and to exam ne the physiol ogical basis
of such salinity-/osnp-resistance in them
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Di azotrophi c cyanobacteria are natural conponents of
water-logged rice ecosystens where they grow under fluctuating

constrains of environmental osmolarity and constitute
biologically the nost stable source of fixed nitrogen year after
yaer (Singh 1961). They are being studied for developing a

viable biofertilizer technology that can generate appropriate
biofertilizer strains for use as supplenent along with chenical

nitrogen fertilizers. In this respect one of the required
attributes include genetic acquisition of salinity and osnotic
tol erance (Venkatraman 1980; Stewart et al . 1987). Few

physi ol ogi cal studies have shown cyanobcterial N -fixation
process to be extrenely sensitive to salinity and osnotic streses
(Tel-Or 1980; Blumwald & Tel-Or 1982; Fernandes et al. 1993). In
general, salinity and osnotic stresses have been considered to be
simlar in bacteria (GCsonka 1989; Weretilnyk & Hanson 1990) and
dissimlar in cyanobacteria (Blummald & Tel-O 1982; Fernandes
et al . 1993). Simlarity or dissinmlarity of biological response
of cyanobacteria to the tw stresses could be analysed

unanbi guousl y by i sol ating cyanobact eri al mut ant strains
resistant to salinity and osnotic stresses and then exami ning for
their cross-resistant relationship. The present study is an

attenpt towards examning the possibility of generating salinity
resi st ant and osnotic resi stant mut ant strains of the
cyanobacterium  Nostoc muscorum and t hen exam ni ng t hem
physiologically for their ability to tolerate such salinity or
osnotic stresses. The results presented here significantly show
that over-accumulation of proline is the cause for increased
tol erance of the cyanobacteriumto salinity and osnotic stress.
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4.2 MATERI ALS AND METHODS
Axenic clonal cultures of parent N muscorum was grown
and nai nt ai ned photoautotrophically as described in Chapter-2.

4.2.1 Isolation of salinity (Nacl) stress and osnotic (sucrose)
stress tolerant strains

Nad at a concentration of 100 mol m and sucrose at a
concentration of 250 mel m were found conpletely lethal to the
cyanobacterial growh. Nad resistant (Nacl-R) and sucrose
resi stant (Sucrose-R) nmutants of the cyanobacterium were isol ated
by plating 3.0 - 3.5 > 10 CFUs on diazotrophic growh medium
containing 100 mol m Nad or 300 nmol m  sucrose.

Further, the upper Nad tolerance limt of such nutants
was al so exami ned. The mutant strain resistant to lethal action
of 100 mol m  Nad grew with 100% survival at 100 or 150 nol m-3
Nad but its survival dropped to zero percent at 200 nmol m-3
Nadl . The 100 mol m Nad resistant clone was designated as
NaCl-R and the second clone of nutants derived from the
NaCl-R strain and capable of survival at 200 nol m Nad were
designated as NaC-R . The NaCl-R mut ant clones could
survive and grow nornmally upto 230 nol m NaCl. The third step
nmutants capable of normal growth and survival in 250 nol m Nad
were selected from the second step NaCl-R mut ant clones by

200
plating them in bulk on diazotrophic nedium containing
250 mol m~3 NadCl . The third step nutants were designated as

The Sucrose-R strain did not survive a concentration
beyond 300 mol m-® sucrose. The various spontaneously occuring
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nmutant clones of the cyanobacterium resistant to Nacl lethality
or sucrose lethality arose with a frequency bet ween
0.8 - 1.5 107",

4.2.2 Estimation of photosynthetic O -evolution

Photosynthetic 0 -evolution was neasured wth a
Cark-type o. electrode. Exponential ly growi ng cyanobacteri al
cells were deposited on a flat platinum cathode that was
polarized at 0.6V with reference to a large Ag/Agcl el ectrode.
The electrodes were imrersed in an electrolyte (consisting of
0.05 M phosphate buffer, pH 7.8; 0.1 M KCl). The electrode was
separated from the nagnetically stirred assay medium by a teflon
menbrane. The difference between the output of the electrode in
water in equilibriumwith air and water in equilibriumwth pure

N was considered to represent 0.235 mmol m in the assay
nmedium  After injection of the same into the assay medium the
nedium was illumnated from opposite side with projector |anps.

The rate of 0 -evolution was determined fromthe initial slope of
el ectrode output as a function of tinme.

4.2.3 Estimation of intracellular proline

The intracellular levels of proline was measured by the
nethod of Bates et al. (1973) with slight modification. G ow ng
cultures of cyanobacteria at a strength of 1.5 > 10 CFUs were

harvested by centrifugation (4000 - g) , washed twice wth

HEPES- NaCOH buffer (pH 7.5), pelleted and broken in liquid N, and
3 P4

then again centrifuged. To 2 cm of of the resulting

supernatant, 2 cm of acid ninhydrin reagent (1.25 g ninhydrin,

3 3 . 3

30 cm glacial acetic acid, 8 cm orthophosphoric acid 12 cm
water and stored in an anber coloured bottle) and 2 cm of
glacial acetic acid were added and the mixture was boiled for 1 h
in a water bath. The reaction was termi nated by dipping the test

tubes in an ice bath. 4 cm? of toluene is then added and the
reaction mixture vigourously mxed on a cyclomixer for 30
seconds. The reactant chromophore extracted into the toluene
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phase is then aspirated from the aqueous phase and its absorbance
neasured at 520 nm. A standard plot is also sinultaneously
calibrated using r-proline.

14
4.2.4 Estinmation of C-proline transport activity
The ﬁt hod of Rai et al . (1984) was used for
nmeasur enent of Cc-proline uptake. The cyanobacterial cells were
centrifuged, washed and resuspended in 10 mol m HEPES- NaCH

buffer (pH 7.5) and equilibrated for 30 min at 25 ‘c at a photon

fluence rate of 50 wmol m S . G proline was then added to
the incubation mxture to a final concentration of 0.05 nmol m
(specific activity 7.5 KBgq mol ). Aliquots of 400 pl were

withdrawn at regular time intervals and quickly separated from
the bathing nmedium by mcrocentrifugation through silicone
oil/dinonyl phthalate (40:60, v/v) into perchloric acid/ water
(15:85, v/v) as described by Scott & N cholls (1980), and then

counted in a LS 1800 liquid scintillation counter. Non-specific
binding of the radiolabel was determned by neasuring its
incorporation in toluene-treated cells (Rai et al. 1984). Thi s

value was always subtracted from the value obtained from the
unt reat ed sanpl es.

22 +
4.2.5 Estimation of Na transport activity 29 4
The protocol for deternination of Na' transport
activity was essentially the same as described for estinmation of

4C—proline transport activity (Section 4.2.4) except that Na
(as Nacl, carrier free, specific activity 7.4 MBgq nol ) at a
concentration of 0.5 nol m was added to the incubation nedi um

4.2.6 Estimation of 4c-sucrose transport activity

The protocol for determnation of G sucrose transport
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activity was essentially the sane as described for estination of
Yc-proline transport activity (Section 4.2.4) except that
l4c-sucrose at a final concentration of 0.3 mol m-3 (specific
activity 9.4 KBg nol ) was added to the incubation nmedi um

Esti mati on of grow h, chl orophyl | a, protein,
het erocyst frequency, percent survival and nitrogenase activity
were done as described in Chapter-2 (Sections 2.4, 2.5, 2.6, 2.7,
2.8 & 2.9 respectively).

4,2.7 Chem cal s used
14

C-proline was obtained from Board of Radiation and
| sotope Technology (BRIT), India while Na was procured from
M/s Amersham plc, UK Al other chemicals used in the present
study were either from Ms Signa Chemical Co. , USA or British
Drug House (BDH), India.

4.3 RESULTS

Parent N muscorum did not nake N -fixing heterocysts
during growth with 1 nol m NH c1. Such cultures always
remai ned non-heterocystous. The first series of experinents

involved examning the effect of salinity and osnotic stresses on
differentiation of N -fixing heterocysts. The doses for inducing
increasing salinity stress were 30, 60 and 90 nol ni3 NaCl and
160, 200 and 240 mol m  sucrose for inducing osnotic stresss in
the growth nmedium The treatnments were given for 8 hours to
non- het erocystous NH -grown cultures of the cyanobacterium. Such
treated cultures along with their respective controls were
i ncubated under di azotrophic growh conditions and then
periodically exam ned nicroscopically for heterocyst formation
and assayed for nitrogenase activity by the acetylene reduction
t echni que. The results are presented in Tables 4.1a & b.
Non- het er ocyst ous NHZ—grown cultures on transfer to fresh
N,-medium required 24 - 30 hours for producing N,-fixing
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Tabl e 4.1la

Effect of increasing concentrations of NaCl on time for
het erocyst differentiation (ther? in hours), heterocyst frequency
(HF%, nunber of heterocysts per 100 vegetative cells) and
ni t rogenase (N,ase) activity (mmol C,H, g~ Chl a n~!
N. muscorum.

) in parent

Treat ment ‘Het HF% ac}tk:::y
Control 24-30 5-6 9.3 + 0.7
+ 30 mol m~* NaCl 48-56 5- 6 7.4 + 0.75
+ 60 mol m~* NaCl 72 3-4 4.1 + 0.4
+ 90 mol m~3 Nacl a 0.0 1.1 + 0.033

Non-heterocystous NH -grown cultures were stressed with Nacl at
different concentrations for 8 h, Jlater washed and used as
inoculum for incubation on diazotrophic growh medium and then
periodically examned for their respective characteristics.

Each reading is an average (* SEM of three independent
experinmental deterninations.



Table 4.1b

Effect of increasing concentrations of sucrose on time for
het erocyst differentiation (thet? in hours), heterocyst frequency
(H% nunber of heterocysts per 100 vegetative cells) and
nitrogenase (N,ase) activity (mmol C,H, g']‘Chl an?
N. muscorum.

) on parent

Treatment et HF% ac:;:i:y
Control 24-30 5-6 10.2 £ 1-22
+ 160 mol m™> Sucrose 48 5-6 5.7 + 0.45
+ 200 mol m~3 Sucrose 72 5-6 3.2 £ 0.24
+ 240 mol m~ Sucrose a 0.5 0.5 £ 0.01

Non-heterocystous NH -grown cultures were stressed with sucrose
at different concentfations for 8 h, later washed and used as
i nocul um for incubation on diazotrophic growth medium and then
periodically examined for their respective characteristics.

Each reading is an average (* SEM of three i ndependent
experinental determ nations.
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het er ocyst s. Such cultures treated for 8 hours wth increasing
concentrations of NaCl or sucrose were subsequently transferred
to growh medium. There was a progressive lag in the
differentiation of N, -fixing heterocysts with increase in
< 3
salinity/osnotic stress and a dose of 90 mol m Nad or
240 mol m sucrose for 8 hours resulted in conplete prevention
of the formation of N -fixing heterocysts. Evidently, the
differentiation  of aerobic N -fixing appar at us in t he
cyanobacterium is salinity/osmosensitive and this mght be the
reason for nitrogenase of the cyanobacterium for exhibiting
greater sensitivity to Nad stress under diazotrophic growth
condi ti on.

Simlarly effects of Nad and sucrose stresses on
oxygeni ¢ photosynthesis in the parent strain were also nmade.
Tables 4.2a & b contains the results of such a study along with
that on N -fixing ability in order to bring out clearly the

differential sensitivity of oxygeni ¢ phot osynt hesi s and

nitrogenase activity of the cyanobacterium to NaCl/sucrose

stress. N -fixation of the cyanobacterium got conpletely
-3 -3

inhibited at a dose of 100 mol m Nad or 250 mol m  sucrose.
Oxygeni ¢ photosynthetic activity though reduced was still
-3 -3
significant even upto 150 nol m Nad  or 300 mol m  sucrose.
It was therefore concluded oxygenic photosynthetic process is
also sensitive to NaC/sucrose stress but its sensitivity is
significantly less than that of its N -fixation process. It is
because of such differential sensitivity of t he t wo
cyanobacterial processes it may not be unreasonable to conclude
that cyanobacterial sensitivity to salinity and osnotic stresses
under diazotrophic growh condition is primarily because of
greater sensitivity of its N -fixation process to the stress
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Tabl e 4.

Conpari son of photosynthetic O.-evolution (mmol O, evolved g

¢hl a h ) and N.-fixation (N ase activity) process (mmol C.H.

formed g_‘I Chl a h") of the parent N muscorum to increasing
concentrations of NacCl.

Tr eat nent 0,-evolution act ?vitv
Cont rol 225 t 21 10.4 + 1.1
+ 50 mol m™~> Nadl 179 + 12 4.7 + 0.4
+ 75 mol m-* Nadl 112 +11 211 0.12
+ 100 mol m~2 Nadl 59 + 3.7 0.0

+ 150 nol m~% Nad 46 = 2.3 0.0

6-day old diazotrophically grown cultures were treated wth
different concentrations of Nacl respectively for 12 h and then
examned for their respective characteristics.

Each reading is an average (% SEM of three i ndependent
experimental determ nations.



Table &.-

Conpari son of photosynthetic 0,-evolution (mnmol o, evolved g
chl a h'l) and N.-fixation (N,ase activity) process (mmol C.H.
formed g"Y chl a h™} of the parent N muscorum to increasing
concentrations of sucrose.

Tr eat ment oz-evolution act‘f?rf:y
Control © 235 +15.6 10.4 * 1.0
+ 160 nol m~> sucrose 132 * 12.2 5.1 + 0.14
+ 200 mol m~* sucrose 49 + 2.4 1.9 + 0.11
+ 250 mol m > sucrose 34 £ 1.7 0.6 + 0.045
+300 mol m~ sucrose 21 £ 2.3 0.0

6-day old diazotrophically grown cultures were treated wth
different concentrations of sucrose respectively for 12 h and
then exam ned for their respective characteristics.

Each reading is an average (x SEM of three i ndependent
experimental determ nations.



parameter.

The spontaneously occuring mutant clones of the
cynaobacterium resistant to Nacl induced lethality or sucrose
induced lethality arose with a frequency of 0.8 - 15 -~ 10
which is characteristic of single mutational events. A
conparison was nade on the effect of proline on heterocyst
formation and nitrogenase activity in the parent and its various
NaCl-R nutant clones (Tables 4.3a & b) . It can be seen that the
parent strain did not produce N -fixing heterocysts in proline
nmedium while its various Nacl-R nutants produced nornal frequency
of heterocysts and showed nitrogenase activity. Evidently, the
mutation for resistance against different levels of NaCl stress
in the cyanobacterium seens to have rendered N -fixing
heterocysts derepressed in proline nedium A conparative study
on the percent survival of the three NaCl-r nutant strains to
Nad was made under diazotrophic growh condition (Fig. 4.1).
Evidently, the three nmutant strains did differ in respect of
their tolerance characteristic to Nad stress. Since NaC stress
tolerance characteristic of the three nutant strains remained
intact over a period of 5-successive sub-cultures in the absence
of Nad stress in the growth nedium it is concluded that the
observed three increasing levels of Nad stress tolerance in the
cyanobacterium are heritable phenotypes. Since proline could not
cause repression of heterocyst fornation and nitrogenase activity
in the three NaCl -R nmutants, it was thought that they m ght have
undergone alteration in their proline nmetabolism as a result of
nutation exhibiting different levels of resistance to Nad
stress.

The intracellular levels of proline were estinated
under NacCl stress (100 nol m~ ) NacCl condition in N -medium
containing or lacking 1 mol m proline. Salinity stress in the
di azotrophic (N ) nedium did not cause any significant rise in
intracellular level of proline in any of the nutant strains.
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Table 4.3a

Gowh (optical density at 663 nm) , heterocyst frequency (HP%
number of heterocysts per 100 vegetative cells) and nitrogenase
(N,ase) activity (m mol C,H, formed g~ ¢Chl a h"l) of the parent
N. muscorum and its various salinity (Nacl) resistant
cl ones under diazotrophic (N,) growth conditions.

mutant

Strains Gowh HF% activity
Parent 0.64 x0.02 5-6 9.8 + 0.83
NaCl1-R, . 0.61 + 0.03 5-6 9.6 + 0.88
NaCl-Rzoo 0.58 £0.03 5-6 9.6+1.1
NaCl-sto 0.56 £0.04 5-6 9.2 * 0.6

Non-heterocystous NH -grown cultures were washed twice and used
as inoculum for incuBation in diazotrophic medium for 6-days
before exam ning them for their characteristics.

Each reading Is an average (x SEM of three i ndependent
experinental determ nations.



fable 4.3b

Gowh (optical density at 663 run), heterocyst frequency (H%
nunber of heterocysts per 100 vegetative cells) and nitrogenase
(N ase) activity (mmol C.H formed g~ Chl a h ) of the parent
N. muscorum and its various salinity (NaCl) resistant mutant
clones in growth mediumcontaining 1 nol m  proline.

Strains Growt h HF% ac-t}\—rizy
Par ent 0.87+0.05 0.0 0.0
NaCl-Rloo 0.64 + 0.03 5-6 9.8 + 0.28
NacCl -RZOO 0.62 +0.06 5-6 9.1 = 0.66
NaC1_R250 0.60 + 0.064 5-6 8.7 + 0.5

Non-heterocystous NH -grown cultures were washed twice and used
as inoculum for incuBation in growth medium containing 1 mol m
proline for 6-days before examining for their characteristics.
Each reading is an average (= SEM of three i ndependent
experi mental determ nations.



Fig. 4.1
Per cent survival of the parent N muscorum (0) and its NaCl-R
Nacl-R, mutant (A) and NaCl-R _, nutant (A) strains

mutant (e),
grow h

to increasing concentrations of Nacl wunder diazotrophic
condi tions.

Mean val ues from three
are shown * SEM where these exceed the dinensions of the

i ndependent experinental determinations

synbol s.
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Chapter 4 Salinity and osnmotic stress tol erance

However, the par ent strain showed an i ncrease by
20.6 u mol proline g protein during its growh under normal in
the presence of 1 nmol m proline. Simlar cultures of the
parent when stressed by 100 nol m Nacl caused 3.5-fold rise in
the intracellular proline level (Table 4.4). Evidently, the
cause of 3.5-fold rise in intracellular proline level in the
parent under salinity stress is the result of increased uptake of
exogenous proline. In conparison, NaCl-R whi | e showi ng about
2 - 3-fold rise in intracellular proline level under stress
condition containing proline did not show any significant
increase under simlar conditions in the absence of Nad stress.
Such a behaviour was true for the other two NaCl -R nmutant strains
(Table 4. 4). These results suggest that the parent strain
cont ai ns bot h nor nmal proline upt ake process and
osmo(salinity)-stimulable proline uptake process and utilizes
proline like a nitrogen source and consequently causing
repression of heterocyst formation in proline nmedium The
salinity stress resi st ant mutants seemed to have only
osmo(salinity)-stimulable proline uptake process while showing a
loss in normal proline transport activity and thus consequently
showi ng derepression for heterocyst fornmation and nitrogenase
activity in proline nedium It was therefore decided to confirm
the operation of normal and salinity-stimulable proline transport
activity in the parent and in the NaCl-R mutant strain using
4C—proline. As shown in Fig. 4.2a, parent exhibited nornal
proline transport activity, as wel | as a
osmo(salinity)-stimulable proline transport activity while the
nutant strain did not show significant level of normal proline
upt ake process. The degree of increase in proline uptake
followng salinity stress in the parent as well as in the mutant
strain was alnost simlar. Thus, nutation to salinity resistance
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Table 4.4

Intracellular levels of proline (umol proline g'l protein) under
unstressed and 3 h Nacl stressed conditions in cultures of the
parent N. muscorum and its various salinity resistant (NaCl-R)
mutant clones following their incubation on diazotrophic medium
and on growt h medium containing proline (1 nol m- ).

Strains

Par ent 00 NaCI'Rzoo
N - nedi um 10.8 40.5 41. 3 48.5
(0.32) (2.45) (0.67) (2.34)
+ Nad 11.6 52.4 53.7 54.2
(0.54) (3.11) (3.56) (3.08)
+ proline 31.4 69. 5 62. 4 61.6
(1.8) (4.97) (3.1) (3.44)
+ proline 103.5 114.6 118.7 120.1
+ Nad (3.69) (5.05) (5.5) (8.21)

6-day old diazotrophically grown cultures were used as source of
inocula in the present series of experinments. Proline and Nad
were added to the experinmental «cultures at the start of the
experinment.

Val ues in parentheses are i SEM of three independent experinmental
determinations.



Fig. 4.2a

Conpari son of 14C—proline upt ake in parent N muscorum (0) and in
its NaCl-R mutant (D) , NacCl-R,,, mutant (A and NacCl-R,.,
mutant (1) strains under unstressed (—_) or 75 mol m~ NaCl
stressed () diazotrophic growmh conditions.

Mean val ues fromthree independent experinental determ nations
are shown * SEM where these exceed the dinmensions of the

synbol s.
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seens to have resulted in loss of nornal proline uptake process

and sinultaneous rise in intracellular proline content. However
no such loss of normal proline uptake process was visible in the
Sucrose-R strain (Fig. 4.2b). Intracellular levels of proline in

the Sucrose-R strain also showed a simlar nature to that
exhi bited by the Nacl-R strains (Table 4.5).

The next series of the experinents were done to exam ne
the kinetics of Na transport process in the parent and in the
nutant strains. Al the Nacl resistant nutant strains exam ned

in this respect were found almost simlar with respect to the
22 +

Na transport and it was therefore decided to include the
result of the parent, NaCI-R and Sucrose-R strains (Fig. 4.3).
The two nutant strains showed about 3-fold less level of Na
transport activity than the parent strain. Evidently, nmutation
associated with salinity or osnotic resistance seens to have been
resulted in curtailment of Na influx in the cyanobacterium.

Experinents were done to exam ne whether the Nad-R
mutants were also resistant to osnotic stress induced by sucrose.
Simlarly, attenpts were nade to study the cross-resistance
nature of osnotic resistant (Sucrose-R) nmutants with salinity
(Nad) stress. Subsequently, we also examned the intracellular
proline level in the Sucrose-R mutant in order to find out the
common bi ochem cal basis of cross-resistance relation between
Sucrose-R and NaCl - R phenotypes. The survival characteristics of
Sucrose-R and Nad -R on diazotrophic nedia are shown in the
Fig. 4.4. Nad-R strain and Sucrose-R strain showed al nost 100%
survival on 100 mol m Nad or on 300 mol m sucr ose. The
results of cross-resistance relation between the two mutant
strains thus suggest that there is a comon nechanism for stress
induced lethality as well as mutationally induced resistance in

the cyanobacterium This also neans that the cyanobacterium
N. muscorum is capable of nutating spontaneously to Nad or
sucrose resistant phenotypes. The frequency of spontaneous
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Fig. 4.2b

Comparison of Cc-proline uptake in parent N muscorum (0) and in
its Sucrose-R mutant (D) under unstressed (—_) or 75 mol m
NaCl stressed () diazotrophic growth conditions.

Mean val ues fromthree independent experinental deterninations
are showmn += SEM where these exceed the dinensions of the

synbol s.
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Influence of salinity (100 mol m~  Nacl) stress and osnotic
(250 mol m- sucrose) stress on the intracellular level of
proline (umol proline g~ protein) on the parent N muscorum and
its salinity stress tolerant (Nacl-R oo) and osnotic stress
tol erant (Sucrose-R) nutant strains.

Strains
Treatment -
Par ent NaCl-R 0 Sucrose-R
Nz-medium 11.4 = 1.1 43.6 * 2.7 47.3+2.3
+ NacCl 11.5 + 1.1 50.4 + 3.9 e 51.1 = 2.0
+ sucrose 10.4 = 1.1 50.6 + 3.45 47.1 £ 2.1

6-day old diazotrophically grown cultures were used as source of

inocula. Incubation of the cultures in the medium at respective
stresses was for 3 h. )
Each reading is an average (* SEM) of three independent

experinental determ nations.



Fig. 4.3
Upt ake of 22Na+ in the parent N muscorum (0) and in its

NaCl-R,, mutant (D) and sucrose-rR nutant (4) sStrains under
di azotrophic growh conditions.

Mean values fromthree independent experinental determnations
are showmmn =+ seM, where these exceed the dinmensions of the

symbol s.
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Fig. 4.4

Per cent survival of the parent N muscorum (0) and of its
NaCl-R mutant (D) and Sucrose-rR nmutant (A) strains to
i ncreasing concentrations of Nacl () or sucrose (—_) under
di azotrophic growth conditions.

Mean val ues fromthree independent experinmental determnations
are showmn + SEM where these exceed the dinmensions of the

synbol s.
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Chapter 4 Salinity and osnotic stress tol erance

mutation of the parent strain to Nacl-R or Sucrose-R phenotypes
was in the range 1.5 x 10 . Such a mutational frequency are
reliable neasures of a single mutational event in the system
Accordingly, it can be inferred that single nutational events in
N. muscorum can generate variants resistant to salinity/osnotic
stress.

14
G sucrose was utilized to nmeasur e t he
sucrose-transport characteristics in the parent, NaC-R and
Sucrose-R mutants of N nuscorum The results are shown in
Fig. 4.5. Al the three strains in general seenmed to be sinmlar
in respect of their sucrose transport characteristic. It is
therefore concluded that nutation to NaC-R phenotype or

Sucrose-R phenotype has not affected significantly the s.ug&osJer
transport while bringing about a sinultaneous reduction in Na
influx (Fig. 4.3). Since the NaCl -R strain and Sucrose-R strain

showed cross-resistance relationship and since NaC -R phenotype
seened to result from mutationally induced accumulation of
proline, it was thought proper to exam ne the intracellular |evel
in Sucrose-R strain in relation to its parent and NaCl -R strains.
As shown in Table 4.5, Sucrose-R strain like NaC -R strain had
higher level of intracellular proline content than the parent
strain. Al so, sucrose or NacCcl stress did not influence in any
significant way the intracellular proline content of parent,
Nacl-R or Sucrose-R strains under diazotrophic growth conditions
(in the absence of exogenous proline). Thus, over-accunulation
of proline seens to be the reason for protection against Nad
stress or sucrose stress in cyanobacterium.

Studi es were al so conducted to exanmine the influence of
nitrogen source on survival characteristics of the parent strain.
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Fig. 4.5

Upt ake of 146 sucrose in the parent N muscorum (0) and in its
NaCl-R,, nutant (D) and Sucrose-r mutant (a) strains under
di azotrophi ¢ growth conditions.

Mean val ues fromthree independent experinental determnations
are shown =+ SeM, where these exceed the dinmensions of the

synbol s.
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The results of such studies are shown in Tables 4.6a & b.
D azotrophically grown cultures on N. or NH media, showed
-3 -3
simlar degree of lethality on 100 mol m Nacl or 250 mol m
sucrose. This indicates that NH as a post-nitrogen source does
not confer any protection to diazotrophic cultures of the parent
strain. However, when such diazotrophic cultures of the parent
strain were plated on N -medium containing 1 nol m proline and
-3 -3
100 mol m Nad or 250 nol m sucrose, the percent survival of
the parent increased by 90% Cearly, the presence of proline in
the stress medium offers near-total protection to the
cyanobacterium against Nad induced lethality. Wien these
experiments were repeated with NH -grown cultures, the survival
characteristics of the parent exhibited alnmbst a simlar pattern
shown by N -grown cultures under a parallel condition. In
conclusion, proline anong the nitrogen sources is capable of
alnost fully recovering the lethality induced by Nad in the
cyanobacterium.

Experinents were also done to examine the effect of N.
or NH as nitrogen source on Na transport in the parent and in
the two mutant strains. Such experinments were done with N, -grown
cultures for N as nitrogen source and NH -grown cultures for NH
as nitrogen source. The results of such studies are shown in
Fig. 4.6. Na transport was found nore in NH -grown cultures
than in N,-grown cultures of the parent strain. I'n conpari son,
Na uptake and accunul ation process in the NaCl-R and Sucrose-R
strains was very nuch reduced and the influence of NH -nitrogen
on Na uptake and accurmulation was not as pronounced in the

mutant Strains as it was in the parent strain. In conclusion, it
can be said that NH -grown cultures are nore efficient in uptake
and accunul ation of Na® than its N -fixing cultures. In this

respect, such NH -regulation of Na uptake and accumulation is
not significantly evident in the two nutant strains.
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Tabl e 4.6a

I nfluence of post-nitrogen source on per cent (% survival and
ni trogenase (Nzase) activity (mrool c2H4 formed g Chl a h ) of
di azotrophically grown cultures of the parent N muscorum under
unstressed, salinity (100 mol m~ NacCl) stressed and osmotic

(250 nol m~ sucrose) stressed conditions.

Tr eat ment % survival acfivity
Nz-medium 100 9.4 + 0.7
+ NacCl 0 0.0
+ Sucrose 0 0.0
NH - medi um 100 0.0
4
+ Nad 2 0.0
+ Sucrose 2-3 0.0
Proline medium 100 0.0
+ Nad 92 8.5 = 0.5
+ Sucrose 94 8.7 *+ 0.8

6-day ol d diazotrophically grown cultures were used as source of
inocula and were incubated on the respective growh media for ten
days before examining them for their characteristics.

Each reading is an average (x SEM) of three i ndependent
experimental determnations.



Tabl e 4.6b

Influence of pre-nitrogen source on per cent (% survival and
ni trogenase (N,ase) activity (mmol C,H, f ormed g'1 chl a h ) of
NH,-grown cultures of the parent N muscorum under wunstressed,

-3 -3
salinity (100 nol m Nacl) stressed and osmotic (250 mol m
sucrose) stressed conditions.

Tr eat nent % survival acfivity
N_.-medium 100 8.6 + 0.5
+ NacCl 0 0.0
+ Sucrose 0 0.0
N—|4- nmedi um 100 0.0
+ Nad 0 0.0
+ Sucrose 0 0.0
Proline medium 100 0.0
+ Nad 94 81 + 0.6
+ Sucrose 94 9.2 £ 0.6
6-day old NH -grown cultures were used as source of inocula and

were incubated on the respective growh media for ten days before
exam ning them for their characteristics.

Each reading is an average (* SEM of three i ndependent
experimental determ nations.



Fig. 4.6
Upt ake of Na® in the parent N muscorum under diazotrophic

gromh condition (0) and MNH -growh condition (¢); in the
NaCl-R , mutant st rain under diazotrophic growth condition (D
and NH -growth condition (¢); and in the Sucrose-rR mutant strain
under di azotrophic growth condition (A and NH -growth
conditions (A).

Mean val ues from three independent experimental deterninations
are shown + SEM, where these exceed the dinensions of the

synbol s.
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Chapter 4 Salinity and osnotic stress tol erance

4.4 DI SCUSSI ON
NaCl is an ionic osmoticum, while sucrose is a

non-ioni c osnoticum Nad stress to the cyanobacterium could

result either from its ionic effect or osnotic effect. Since,

parent N muscorum failed to survive in nedium containing
-3 -3

100 mol m Nad or 250 mol m sucrose and since spontaneously
occuring mutant clones resistant to Nad induced lethality or
sucrose induced lethality arose with a frequency characteristic
of a single mutational event, it is suggested that NaCl-RrR or
Sucrose-R phenotypes are the result of single nutational events
as a consequence of identical stress conditions inposed by Nad

or sucrose (i.e., primarily an osnotic stress). This is
supported further by the cross-resistant relationship of NaCl-R
and Sucrose-R mutant strains of the cyanobacterium Anot her

point in support of this contention is that the NaC-R and
Sucrose-R mutant strains show a considerably reduced |evel of Na
upt ake and accumulation than in the parent strain. I norgani c
ions like Na at high cellular levels are known perturbants of
the structure and function of enzymes and other cellular proteins
(Yancey et al. 1982). Thus, any osmoregulatory cellular
strategy should not only be osmoprotective and osnobal ancing in
nature but also at the sane time nust function in effective

curt aﬂ ment of influx of perturbant ions like Na . Thus, when
+ o . )

t he Na~ transport char aﬁt eristics (Fig. 4.3) are analyzed in

conjunction wth the C sucrose transport characteristics

(Fig. 4.5), it is seen that the parent and its nutant strains
while showing a simlar pattern of sucrose transport differed in
respect of 2Na* influx, which was severely curtailed in the
nut ant strains. Miut ational curtailnment of Na influx associated
with sinultaneous acquisition of osmotic or salinity resistance
does suggest a definite role of curtailed Na influx in salinity-
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or osmoadaptation of the cyanobacterium. Reduction in Na influx
has been reported to be the major mechanism of salt tolerance in
N.-fixing cyanobacteria (Apte et al. 1987). Evidently, the
results also suggest that resistance to the two stresses in this
cyanobact eri um has a comon physi ol ogi cal basi s.

When the parent strain was examined for relative
sensitivity of its oxygenic photosynthesis and nitrogenase
activity to NaCl or sucrose stress, the latter was found nore
sensitive than the forner, there by suggesting that differential
inhibition of the two activities is the primary reason for
cyanobacterial death under salinity or osnotic stress conditions.
This is in agreenent with a previous report on osmoregulation of

oxygeni ¢ photosythesis and N.-fixation (Tel-Or 1982). But if
t hat be so, an exam nation  of the osnosensitivity of
NH -assinmilating cultures to Nad or sucrose is expected to throw
light on this aspect. Since the survival characteristics of

N -growmn and NH -grown cultures of the parent were alnost
simlar, nature of inorganic nitrogen source like N. or NH does
not seemto be the factor influencing cyanobacterial resistance
to Nad or sucrose stress. The differentiation of a vegetative
cell into a N -fixing heterocyst was delayed and conpletely
inhibited with the rise in Nad or sucrose stress. The
structural and organi zational fate of different N -fixing
heterocysts under sub-lethal stress of Nad and sucrose still
renains to be anal yzed.

Turgor sensitive accunulation of compatible nolecul es
either by transport or fresh synthesis or both in response to
salinity or osnotic stresses is the physiological mechanism of
adaptation in cyanobacteria (Reed & Stewart 1985) and in bacteria

(GCsonka 1989). No previous study has attenpted any mutational
approach to examine the possibility of generating genetic
variants capable of overcoming salinity or osnotic stresses. It

is also not clear why proline, the well-known osmoprotectant in
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Chapter 4 Salinity and osnotic stress tol erance

enterobacteria and in higher plants (Rhodes & Hanson 1991) has

not been exanmined for its osmoprotective role in any
cyanobact eri um Proline under normal growth condition is found
to be nmetabolized like a fixed nitrogen source, leading to
repression of heterocyst formation and nitrogenase activity in
the parent strain. Since exogenous proline in N muscorum is
found protecting against Nacl and induced lethality, as it has
been reported to do in nenbers of ent er obact eri aceae
(Csonka 1989) , it thus appears that in this cyanobacterium too

exogenous proline functions as an effective osnmoprotectant. This
finding led us to examine the intracellular levels of proline in
parent and its various nutants exhibiting different I|evels of
resistance to Nad stress under various growh conditions.

Before discussing this aspect it is inmportant to point
out here that N rmuscorum can initially nutate spontaneously to
Nad resistance at a level of 100 mol m Nad and not beyond.
Such Nacl-R mutant clones have been found to increase their
resistance level wupto 200 nmol m Nad by undergoing a second

step of spontaneous mutation. Simlarly, spontaneous mutant
derivatives of the NacCl-R strain exhibited a NaCl resistance
level of 250 mol m . These results inply the involvenent three

i ndependent sequential spontaneous nutations to increase the
salinity resistance level of the cyanobacterium to 250 nol m

The three nutant strains on exanmination for their intracellular
proline level in relation to the intracellular proline level in

the parent strain, showed a correlation between their
intracellular proline levels and the degree of resistance to Nad
resi stance. The nmutant strains like the parent strain also

showed a salinity-stinulable proline uptake process. Al these
results suggest clearly over accunulation of proline resulting
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either from salinity-stimulable uptake of exogenous proline or
from endogenous biosynthetic pathway as the cause of increased
salinity or osmotic tolerance in the cyanobacterium Si nce
exogenous proline did not cause rise in the intracellular |evel
of proline in any of the nutant strains as it did in the parent
strain, it is concluded that nmutation to salinity resistance in
the cyanobacteria has inactivated the activity of normal proline
upt ake process.

Since proline oxidase enzyne activity has been shown
essential for assinmlation of exogenous proline as nitrogen
source in Anabaena PCC 7120 (Spence & Stewart 1986) and in
N. muscorum (Singh et al. 1991) and since all the three salinity
resistant nmutant strains of N rnmuscorum produced N -fixing
heterocyst in proline nedium lack of nornal proline uptake
process or proline oxidase activity or both, could be the reason

why exogenous proline could not be assimlated like a fixed
nitrogen source in the three salinity resistant cyanobacterial
nmutant strains. Since all the three strains are proline

over-producers and since increased proline levels is know to
repress proline oxidase activity and nornal proline transport
activity in bacteria, the observed lack of proline uptake and
proline accunulation in the mutant strains could be result of
repression of proline oxidase enzyme activity and proline uptake
activity by the over-accumulation of intracellular proline
resulting from increased biosynthesis. Such conclusions are
consistent with sinilar findings reported earlier in bacterial
systems (Dendinger & Brill 1970). However, in the absence of
conpl ete know edge on proline netabolism in cyanobacteria under
stress and unstressed conditions, nothing definite can be said
about the primary cause leading to loss of the ability to
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Chapter 4 Salinity and osnotic stress tol erance

assimilate proline like a fixed nitrogen source in the nutant
strains that seemto over-accunul ate proline.

The Sucrose-r differed from the NaC-R in show ng
repression for heterocyst formation in proline nedium and in
showing normal proline transporta activity under unstressed

condi tions. It is thus apparent that different mechanisns
operate both for uptake of proline under unstressed conditions as
well as for its utilization as a nitrogen source under such

conditions in the two nmutant strains. However, Sucrose-R strain
showed over-accumulation of intracellular proline and since it
exhi bited cross-resistance relationship with NaC -R nmutant strain
which too over-accumulated intracellular proline, the latter
seens to be the conmon physi ol ogi cal nmechani sm  of
cross-resistance relationship between these two mutant strains.
These studies further endorse the osmotic nature of stress
produced in the cyanobacterium by both Nacl and sucrose.

Proline is netabolized like a nitrogen source in
cyanobacteria (Spence & Stewart 1986; Singh et al. 1991). The
genetics and nolecular biology on utilization of proline as a
nitrogen source or as a osmo(salinity)-protectant has been

studied in detail in nenbers of enterobacteriaceae (Csonka 1989;
Lucht & Bremer 1994). The product of putA gene and proline
together control putp and putk genes - the two key genes required
for assimilation of proline as nitrogen source. I nactivation of
putP gene results in loss of proline uptake by salinity/osmotic
sensitive proline porter. Evi dently, putP-encoded porter is an
osmosensitive porter for proline in nmenber s of

enterobacteri aceae. Loss of put A gene results in loss of the
enterobacterial ability to oxidatively assimlate proline as
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ni trogen source. There are two other proline porters, one
encoded by the proP gene which is osnoinducible and the other
encoded by the proV operon complex Wwhich is predomnantly
i nvol ved in glycinebetaine uptake and accumul ati on under osnotic

stress condition (Lucht & Bremer 1994). In conparison, nothing
is known about the multiplicity of proline porters in any
cyanobacterium as Yyet. The present results about exogenous

proline uptake under normal and NaCl/sucrose stressed condition
suggests that N muscorum like the enterobacterial system m ght
have two proline porters, one osmo(salinity)-sensitive and
involved in proline utilization as nitrogen source and the other
osmo(salinity)-stimulable and involved in protection of the

cyanobacterium against salinity and osnotic stresses. It is
probably because of this reason the parent strain netabolized
proline like a fixed nitrogen source under control conditions

causing repression of heterocyst-nitrogenase system and used
proline as an effective osmoprotectant under salinity or osnotic
stress conditions permtting it to differentiate heterocysts and

fix atnospheric N.. Apparently, utilization of exogenous proline
in the cyanobacterium as osnoprotectant seenms to be osmoregulated
through osnotic inhibition control of its catabolism. It is

interesting to note that in enterobacteria exogenous proline
upt ake has been shown to be osnoinduci ble (Masures 1975), while
in Rhizobium meliloti depending on the osmolarity of the growth
medi um prol i nebetai ne (a quaternary amoni um conpound) is used as
a nitrogen source or as an  osnoprotectant (Gloux &
Le Rudulier 1989). Since the salinity resistant nutant strains
are defective in nornal proline uptake and are proline
over-accurul ating strains, and since they are products of a
single nutational event, it could be only suggested at the nmonent
that the salinity resistant nutants are pleiotropic in nature
with a genetic |inkage between the gene regulating proline uptake
and utilization as nitrogen source and the genes involved in
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over-production of intracellular proline. Since, the nmutant
strains continued producing N -fixing heterocysts despite having
hi gher intracellular proline level, one can infer that proline

per se is not the repressor of heterocyst formation and
nitrogenase activity in the cyanobacterium

Mutational acquisition of osmotolerance in the
cyanobacterium thus opens out the possibility of identifying
specific cyanobacterial genes and their products in conferring
adaptation to osnotic and salinity stresses. Apte & Haselkorn
(1990) in an interesting study showed NacCl i nduci bl e
transcription of about a hundred genes in the salt tolerant
cyanobacteri um Anabaena torulosa thus suggesting a polygenic
nature of salinity stress. A torulosa is a brackish-water form
which grows under salt stress condition and it is therefore
likely that the genes activated under salt stress may not only be
functioning in generating conpatible osmolytes but al so producing
enzynmes and proteins required for nornal growth of the
cyanobact eri um under such a situation and their specificity in
conferring salt adaptation depends wupon denonstrating directly

the essentiality of their products in such a process. In this
context, it is worth noting that all osmoinducible transcripts in
enterobacteriaceae are not essenti al for acquisition of

osnotol erance by them (Csonka & Hanson 1991; Csonka 1989). The
present findings thus assune significance, mainly because earlier
reports found no evidence for the involvement any single gene
product in regulation of various osmogenes in bacteria (H ggins
et al. 1987) or the salt resistant genes in the cyanobacterium
4. torulosa (Apte & Hasel korn 1990).
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In the present study, responses of the cyanobacterium
to salinity and osnotic study seens to be similar and our results
do not subscribe to the view that cyanobacterial responses to
salinity stress and osnotic stress are physiologically distinct
phenomena (Fernandes et al. 1993). Physiologically simlar
responses have been reported to occur in A variabilis follow ng
induction of stress using Nacl, sucrose or sorbitol (Reed &

Stewart 1985). NH -nitrogen has been shown to protect
cyanobacteria against salinity stress by curtailing Na influx
(Apte et al. 1987; Fernandes et al. 1993). Since, N -fixing
cultures as well as NH -assimlating cultures of N muscorum

exhibited alnost simlar level of sensitivity to Nad stress, it
is concluded that NH -nitrogen does not seens to offer any
protection to this cyanobacterium against Nad or sucrose stress
lethality. Since Na uptake and accunul ation is nore pronounced
in NH -grown cultures of the parent strain than in its
di azotrophic cultures, hence it is further enphasized that
NH -nitrogen plays no role in curtailment of Na influx and
appears to be in direct conflict with earlier reports (Fernandes
et al., (1993).

Since Nad conprises two conponents (the ionic and
osnotic (non-ionic)), the present NaCl-R nutant strains are
primarily the result of sequential single mutational events
showi ng cross-resistance with the sSucrose-r and nost essentially
showi ng the conpatibl e osmolyte based mechani sm of osmoadaptation
by over-accunulating proline and differs froma yet another class
of NaCl-R nutant strain (described in Chapter-6) which is the
result of a single nutational event resulting fromthe effect of
i onic component of NacCl.

Since over-accunulation of proline has been shown to

confer salinity and osnmotic stress tolerance in N rmuscorum it
was thought worthwhile to carry out further studies on proline
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metabolism and analyze its role as a nitrogen source and as an
osnoprotectant in the cyanobacterium The next chapter deals
with isolation and characterization of a yet another nmnutant
strain of N muscorum resistant ot L-azetidine-z-carboxylate (a
toxi ¢ anal ogue of L-proline) and the results have been discussed
fromthis perspective.
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STUDI ES ON PRCLI NE UPTAKE AND PRCLI NE METABQOLI SM I N
A PROLI NE OVER- ACCUMULATI NG STRAI'N
OF THE CYANCBACTERI UM NOSTCC MUSCORUM

5.1 | NTRCDUCTI ON

Osmoadaptable organisnms |ike bacteria and plants
respond to increased environnental osmolarity or salinity by
synthesizing and accunmulating a few conpatible solutes Ilike
trehal ose, sorbitol, manni tol , proline and bet ai ne

(gl yci nebetaine) which function as osnoprotectants and thus
constitute the biochenical basis of their osnpadaptation
(GCsonka 1989; M Cue & Hanson 1990; Lucht & Bremer 1994; Bartels &
Nel son 1994). The genetic basis of osnotic adaptation in enteric
bacteria has been studied in detail which includes kdpA-E genes
required for inducible K uptake (walderhaug et al. 1987), proU
and proP genes required for transport of betaine and proline
(Cairney et al. 1985), proA, B & C required for synthesis of
proline (Jakowec et al. 1985; Mahan & Csonka 1983), otsA & otsB
genes required for synthesis of trehalose (Gaver et al. 1988)
and bet A, B & C genes required for transport of choline and
synthesis of betaine from choline (Styrvold et al. 1986). omp
genetic system has also been shown to contribute to osmotic
adaptation through control of synthesis of porin proteins of
bacterial plasma nmenbrane (Csonka 1991).

Cyanobacteria are oxygenic photosynthetic prokaryotes
and recent studies have identified trehal ose, sucrose or
gl ucosyl -gl ycerol as osnoregul ators characteristic of fresh water
or marine forms and betaine (glycinebetaine) as osmoregulator
characteristic of hypersaline fornms (Mackay et al. 1984; warr

et al. 1988). Genetic engineering of osmotolerance for
nitrogenase activity and diazotrophy has been achieved in
Klebsiella pneumoniae (Le Rudulier et al. 1982). It has been

previously reported that sucrose functions as osnoregulator in

65



Chapter 5 L-Azetidine-2-carboxylate resistance

t he diazotrophic  heterocystous cyanobacterium N muscorum
strain 7119 apparently without any increase in free-proline
content (Blumwald & Tel-or 1982). Simlar results were obtained
in the case of fresh water Gloeocapsa spp. and A cylindrica
(Borow tzka 1981) . It is also known that in few marine
cyanobacteri a gl ucosyl - gl ycerol is t he maj or osmolyte
(Erdmannet al. 1992), wher eas in Aphanothece halophytica
(Tindall et a1. 1977) and Pl ectonema tomasiniarum isolated from
salt lakes an increase in the cellular content of different amino
acids (not including proline) appears to be responsible for
osmoadaptation (Borow tzka 1980).

Accurul ation of proline in response to osnotic stress
has been well-docunented in higher plants (Dx & Pearce 1981,
Voet ber g & Stewart 1984; Bhaskaran et al. 1985;
Kapuya et al. 1985; Handa et al. 1986), al gae (Brown &
Hel | ebust 1980) and bacteria (GCsonka 1989) but not in
cyanobacteria. Many studies indicate a clear correlation between
the degree of osnotic stress and the levels of proline
accumul at ed. It is suggested that proline accumulation is a
cellular adaptation to osnotic stress preventing damage from
cellular dehydration by balancing the osnmotic strength of the
cytoplasm with that of the environment (Yancey et al. 1982).
Proline may also prevent damage from cellular dehydration by
increasing the water binding capacity of protein (Schobert &
Tsechesche 1978).

Since the role of proline as osmo(salinity)-protectant
has not so far been analyzed genetically or physiologically in
any cyanobacterium we approached this problem with the nmnethod
already successful in bacteria (Csonka 1981) al gae (Vanl erberghe
& Brown 1987) and cyanobacteria (Riccardi et al. 1983) by
isolating mutant clones of the cyanobacterium N nuscorum
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resistant to growh inhibitory action of the i-proline anal ogue,
L-azetidine-2-carboxylate (AC and examining it for intracellular
proline | evel, salinity and osnotic stress tol erance
characteristics and nature of proline uptake process. The
results presented in Chapter-4 assume significance in view of its
being the first report for a role of proline in osmoprotection
reported in any cyanobacterium. Further, evidences are presented
in this chapt er to show t hat cyanobacteri al
L-azeti di ne-2-carboxylate resistant (4c-R) mutant is a proline
accumul ating strain and shows tolerance to salinity as well as
osnotic stress (resulting from mutational inactivation of proline
oxi dase being the apparent cause of proline accumulation), and
t hat osmo(salinity)-stimulable increase in the uptake of
exogenous proline by the parent strain is the cause of its
osmotic(salinity) tolerance in proline nedium Evidence is also
presented to show that betaine (glycinebetaine) offers no
protection to the cyanobacterium against salinity or osnotic
stresses and is assinmlated like a nitrogen source. In other
wor ds, proline has been found to be the sole salinity and osnotic
protectant in N muscorum. The results also clearly show a
single gene-controlled nature of salinity and osnotic stress
tolerance in the cyanobacterium W also believe that this
procedure may confirm use of classical nutational nmethods for
genetic engineering of this trait in other cyanobacteria.

5.2 MATERI ALS AND METHODS

Axenic clonal cultures of N nuscorum strain was
maintained in conmbined nitrogen-free medium called diazotrophic
nedium as described in Chapter-2 (Section 2.1).

5.2.1 |solation of L-Azetidine-2-carboxylate resistant (Ac-R) mutant c
the parent Strain
L- Azeti di ne-2-carboxylate (AQ is a growh toxic
anal ogue of L-proline and has been used in bacteria to isolate
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L-Azetidine-z-carboxylate resistant (4c-R) mutants defective in
proline metabolism (Csonka 1981). Exponentially  growi ng
di azotrophic cultures of the cyanobacterium in quantities of
5x 10 colony formng units (CFUs) were inoculated onto the
di azotrophi ¢ nmedium containing 1 mel m AC, a dose ten-fold nore
toxic to the cyanobacterial diazotrophic grow h. I nocul at ed
plates along with the control plates were incubated in the growth
chanber and col oni es appearing on the nutrient plates after three
weeks of such growh incubation were checked for the Ac-R
phenotype followi ng the nethod of Singh et al1., (1989). One such
mutant colony was isolated and maintained on nutrient slant
containing the proline anal ogue.

5.2.2 Physiol ogical characterization of the parent and nutant
strains
The cultures of the parent and Ac-R nutant were grown
di azotrophically or with 1 mol m proline. Such cultures were
assesed for growth, chlorophyll a, protein, heterocyst fornation
and het er ocyst frequency, survi val characteristics and
nitrogenase activity as described in Chapter-2 (Sections 2.4,
2.5, 2.6, 2.7, 2.8 & 2.9 respectively). The nethod of
Bates et al. (1971) was used to estimate intracellular |evels of
proline under nornal, osmotic stress and salinity stress
conditions, while 14C-proline was used to neasure its uptake as
already described in Chapter-4 (Sections 4.2.3 & 4.2.4
respectively).

5.2.3 Determnation of proline oxidase activity

Proline oxidase activity was neasured by the nethod of
Dendi nger & Brill (1970) with slight nodification as described by
Spence & Stewart (1986). 6-day old exponentially grow ng
cultures were harvested and permeabilized in 1 cm of 100 nmol m
sodi um cacodylate buffer (pH 6.6) for 5 min using 0.3 cm of
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toluene at 30 C and then centrifuged at |ow speed. The pell et
was resuspended in 1 ecm of sodium cacodylate buffer to which

3 -3 3 -3
1 cm of 1000 mol m L-proline and 0.2 cm of 50mol m
am nobenzal dehyde were added. The reaction was terminated with

TCA The reaction mxture was incubated in dark for 10 min and
then centrifuged at low speed and the absorbance of the
supernatant read at 443 nm.

5.2.4 Chemical s used
14

C-proline was obtained from Board of Radiation and
Isotope Technology (BRIT), India. Al other chemcals used in
the present study were obtained either from Ms Signma Chem cal
Co., USA or British Drug House (BDH), India.

5.4 RESULTS

Availability of bacterial nutants resistant to various
prol i ne anal ogues has provided incontrovertible evidence for the
role of proline as sole source of carbon, nitrogen or salinity or
osnotic protectant in nmenbers of enterobacteria (Csonka &
Hanson 1991). The spontaneous nutant of N muscorum resistant to
the growth inhibitory action of L-azetidine-a2-carboxylate {Ac-R)
arose with a frequency of 0.8 » 10 . One of the Ac-R clones
thus obtained was grown in bulk for conparison with its parent in
respect of growth, heterocyst frequency, nitrogenase activity and
proline oxidase activity (Tables 5.1a & b) . As shown in
Tabl e-5.1b, it grew slightly better diazotrophically and |ess
well with proline than its parent (Table 5.1a) under parallel
growth conditions. A mcroscopi c exam nation revealed the Ac-R
nutant strain produci ng heterocysts both during growth with N or
proline as nitrogen source with alnmost simlar magnitude, while
its parent showed no heterocysts in growh nedium containing
proline as nitrogen source (Plates | &11) . The Ac-R strain also
showed characteristic nitrogenase activity associated wth
heterocyst formation in growh nmedium containing either N or
proline, while the parent strain showed such an activity in
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Table 5.1a

Gowh (optical density at 663 nm), heterocyst frequency (HF%,
nunber of heterocysts per 100 vegetative cells), nitrogenase
(N,ase) activity (mmol c_H, formed g chl a h~ ) and proline
oxidase (Prox.) activity (mmol proline oxidized gt chl1 a2 b -)
of the parent N. muscorumn different nitrogen growth media.

Medium Growth HF% activity  activity
Nz—medium 0.68 + 0.06 5-6 9.8 + 0.7 2.61 £ 0.24
+ 1 mol m 3 NH4C1 0.71 £ 0.03 0.0 0.0 2.33 £+ 0.2
+ 1 mol m-3 Betaine 0.64 + 0.03 0.0 0.0 2.4 t 0.24
+ 1rool m™3 Proline 0.84 + 0.06 0.0 0.0 4.3 £ 0.27

1 mol m proline grown cultures were source of inocula for the
experiments. Such inocula were grown for six days in respective
nedia and then used for estinmation of their characteristics.

Each reading is an average (z SEM) of three i ndependent
experimental determ nations.



Tabiu

Gowh (optical density at 663 mxn) , heterocyst frequency (H%
nunmber of heterocysts per 100 vegetative cells), nitrogenase
(N,ase) activity (mmol c,H, formed g~ chl a h™ ) and proline
oxi dase (Prox.) activity (mnol proline oxidized g_1 Chl a h_i)
of the Ac-R nutant strain of NN muscorum in different nitrogen
growt h nedi a.

Medium Growth HF% a.c‘ezws!:ty az:?)\:i-ty
N,-medium 0.71 + 0.05 5-6 10.4 + 1.0 0.0
+ 1 nol m % NHCl  0.72 + 0.03 0.0 0.0 0.0
+ 1 mol m™ > Betaine 0.65 + 0.04 0.0 0.0 0.0
+ 1 mol m™> Proline 0.78 + 0.07 5-6 9.6 + 1.3 0.0

1 mol m~ proline grown cultures were source of inocula for the
experiments. Such inocula were grown for six days in respective
nedia and then used for estimation of their characteristics.

Each reading is an average (z SEM) of three i ndependent
experinmental determinations.



Plate |
Fil aments of parent N. muscorumin diazotrophic (N,) medium (A

and in growth medium containing 1 mol m'3 proline (B).

1 mol m NH -grown cultures were the source of inocula. Such
inocula were grown for six days in diazotrophic medium (A andin
growth medium cont ai ni ng 1 mol m proline (B), bef ore

m croscopically examning them



Plate-1




Plate |1
Filaments of the Ac-R nutant strain of N. muscorum in
di azotrophic (N,) mediun (A and in growth medium containing

1 mol m proline (B).

1 mol m NHT-grown cultures were the source of inocula. Sich
inocula were grown for six days in diazotrophic medium (A andin
growth medium containing 1 nol m proline (B) , bef ore

m croscopically examining them
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di azot rophi ¢ medium al one (Tables 5.1a & b) . Evidently, lack of
heterocyst and nitrogenase activity in proline grown culture of
the parent strain coupled with its ability to grow better than
its Ac-R strain in proline nedium suggests that N muscorum is
capabl e of assimlating proline as nitrogen source and that its
mutation to Ac-R phenotype has resulted in loss of this ability.
Further, analysis of the two cyanobacterial strains in respect of
proline catabolizing enzyne proline oxidase reveal ed the presence
of this enzyme in the parent and its absence from the Ac-R
nut ant . Al'so, the mutational lack of proline oxidase activity
associated with the lack of proline assimlation in the Ac-R
strain strongly inplicates a definite role of the oxidase enzyme
in cyanobacterial assimlation of proline as nitrogen source.

The next series of experiments were conducted to
estimate the intracellular level of proline in diazotrophically
grown cultures of the parent and Ac-R strains under normal growth
conditions as well as under salinity stress condition. As shown
in Fig. 5.1, the intracellular proline level always remained
about 3-4 fold higher in the Ac-R mutant strain than in the
parent strain. However, salinity or osnmotic stress did not seem
to cause significant variation in the intracellular level of
proline in either strain. Hence, the first conclusion is that
salinity or osnotic stress does not seem to substantially
i nfl uence t he intracel | ul ar | evel of proline in t he
cyanobacterium and second, that nutational loss of proline
oxi dase activity apparently seens to be the reason for about 3-4
fold higher intracellular level of proline in the Ac-R strain.
This also indicates a role of proline oxidase activity in
regulation of intracellular proline level in the cyanobacterium
and third since both the parent and the nmutant strain exhibit
simlar level of heterocyst formation and nitrogenase activity
despite the latter having a 34 fold higher | evel of

70



Fig. 5.1
Intracellular levels of proline in diazotrophic medium () ad
in diazotrophic mediumcontaining 75 mol m NaCl (— ) in the
parent N. muscorum (0) and in its Ac-R nutant strain (D).

Mean val ues from three independent experinental deterninations
are shown + SEM where these exceed the dinensions of the

synbol s.
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intracellular proline internal proline per se is not the
het erocyst-nitrogenase inhibitor in the cyanobacterium

Table 5.2 and Fig 5.4 shows the degree of survival of
the parent and the Ac-R strains to salinity and osnotic stresses
under different nitrogen treatnents. The degree of survival
under unstressed conditions on diazotrophic growh nedium was
considered to be 100% A dose of 100 mol m~ Nacl or 250 mol m-
sucrose was lethal to the parent strain. In conparison, the Ac-R
strain showed nearly 90% salinity survival or 94% osnotic
survival under such stress conditions. The mutation to Ac-R
phenotype thus appears to have caused developnent of both
salinity tolerance and osnotic tolerance in it. This also neans
that the mechanism causing salinity tolerance and osnotic
tolerance in the cyanobacterial mutant strain is apparently sane.
Exogenous proline was found very effective in counteracting

salinity/osmtic stress lethality in the parent strain. In this
regard, the Ac-R nutant strain remained uninfluenced by addition
of proline. The apparent |ack of osmoprotective effect of

proline in the Ac-R nutant mght be the result of endogenous
accunul ation of an osmoprotectant |ike proline.

Subsequent |y, experiments were conducted to exam ne the
role of salinity and osnotic stress in regulation of proline

uptake and accumulation in the two strains. As shown in
Fig. 5.2, proline uptake and accumulation were extrenely
sensitive to the uncoupler (COCP) of photophosphorylation thus
suggesting t hat t he cyanobacteri al proline upt ake and
accumul ation process is an active energy-requiring process.
Salinity stress of 75 nol m Nadl or osmotic stress of

200 mol m 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
upt ake system in N muscorum i S osmo(salinity)-stimulable and its
mutation to Ac-R phenotype has left its osmo(salinity)-
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Table 5.2

Per cent survival of the parent and Ac-R mutant strains of
N. muscorum in different nitrogen media under salinity and
osnotic stress conditions.

Medi um Par ent Ac-R
Nz—medium 100 100
+ 100 mol m2® Naci 0 90
+ 100 mol_m~> Nadl 1 90
+ 1molm Bet ai ne
+ 100 nol _n~3 Nad 87 95
+ 1 mol m Proline
+ 250 mol n+~ Sucrose 2 94
+ 250 mol m Sucr ose
+ 1 mocl m Betaine 5 95
+ 250 mol m~ Sucrose 93 95

+ 1 mol m- Proline

6-day ol d diazotrophically grown cultures of the two strains were
used as source of inocula for the experinents.

Each reading is an average of three independent experinental
determinations.



Fig 5.2

— 3 —3 -3
Effect of 75 nmbl m_ NacCl, 200 mol m sucrose and 0.01 mol m
CCCP on upt ake of C-proline in the parent N muscorum and in
its Ac-R mutant grown diazotrophically.

(o_0), Untreated cultures of parent strain
o), Parent strain stressed with NaC

(e—_+ ) , Parent strain stressed with sucrose

(0 0), Parent strain treated with CCCP

(o 0), Untreated cultures of the Ac-R mutant strain

(m e ), Ac-Rnmutant strain stressed with Nad

(m e ), Ac-Rnutant strain stressed with sucrose

(o n0), Ac-R nutant strain treated with CCCP

Mean val ues fromthree independent experinmental deterninations
are shown += SEM where these exceed the dinensions of the
synbol s.
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Chapter 5 L-Azetidine-2-carboxylate Tresistance

stimulable proline uptake process alnost unaffected. Thus, the
Ac-R nutant does not seem to have suffered genetic damage in its
normal or osmo(salinity)-regulated proline transport activity.

The two cyanobacterial strains were also investigated
for the response of their nitrogenase activity to salinity stress
of 75 mol m NaCl and osnmotic stress of 200 mol m sucrose
(Fig. 5.3). Wiile the enzyne activity in the parent declined
with duration of salinity/osnotic treatment and reached al nost
zero value by 6 h of such treatnment, that in the Ac-R strain
remai ned al nost uninfluenced by such treatnent. Clearly, the
mutation to Ac-R phenotype in the cyanobacterium has been
acconpanied by loss of the inhibitory effect of salinity/osnotic
stress on its nitrogenase activity. Since the Ac-R strain unlike
its parent, accumul ates proline, the resistance of its
nitrogenase activity to salinity and osnmobtic stresses is quite
expected in view of the known role of intracellularly accunul ated
proline in salinity and osmotic protection.

The nost interesting results came with studies on
bet ai ne (gl yci nebet ai ne) . The par ent strain whi | e
differentiating heterocyst and showing nitrogenase activity in
N -rmedi um did not show the sanme in nedium containing either NH. ,
betaine or proline, thus suggesting that betaine like NH and
proline is being netabolized like a nitrogen source. This is
further confirnmed by the absence of nitrogenase activity in the
parent strain growing in nedium containing NH , betaine or
proline. Ac-R strain however while showing heterocysts and
nitrogenase activity in proline medium associated with loss in
proline oxidase activity was nonetheless sinmilar to the parent
strain in assimlation of betaine or NH as a nitrogen source
(Table 5. 1a). Addition of betaine to the growth nedium did not
counter the lethal action inposed by salinity or osmotic stresses
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Fig. 5.3
Effect of 75 mol m~ NaCl and 200 mol m~ sucrose on nitrogenase
activity of the parent N muscorum and its Ac-R mutant.

(o *) Parent strain stressed with Nad

(e ) Parent strain stressed with sucrose

(m *) Ac-R mutant strain stressed with NaC

(= *) Ac-R nutant strain stressed with sucrose

Mean values fromthree independent experinmental deterninations
are shown += SEM where these exceed the dinensions of the
synbol s.
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Fig. 54

Per cent survival of the parent N muscorum (0), its NaCl-R
nutant (a), Sucrose-R nutant (A) and Ac-R nutant (g) strains to
i ncreasi ng concentrations of NaCl () and sucrose (—).
Mean values fromthree independent experinental determnations

are shown + SEM where these exceed the dinensions of the

synbol s.
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in a way proline did to the parent strain while the Ac-R strain
rermai ned uni nfluenced (Table 5.2). Thus, exogenous betaine fails
to function as an osmo(salinity)~-protectant in the
cyanobacterium.

Since both betaine and proline are transported by the
ProP uptake system in bacteria (Csonka 1989) and since exogenous
proline in the parent strain and internal proline content in the
Ac-R strain was found to offer protection to them under salinity
and osmotic stress conditions, it was thought proper to study the
effect of exogenous betaine on proline uptake characteristics.
The upt ake of 14C-proline was followed upto 10 min. However, for
clarity and easy conprehension, values of uptake at the 10th min
al one were presented. For experinents involving preincubation

with betaine, they were incubated for 30 min after which
14

c-proline was added and uptake followed for 10 min. As can be
seen from Tables 5.3a & b, betaine pretreatment or sinultaneous
treatment of the sanples did not affect the proline uptake
process under unstressed and salinity/osmotic stressed
conditions, thus suggesting lack of a comon transport for
betaine and proline in the cyanobacterium

Mitant strains of the cyanobacterium selected for
resistance to salinity and osnotic stresses as described in
Chapter 4 (section 4.2.1) were conpared with the parent and Ac-R
mutant strains in respect of percent survival and percent
nitrogenase activity (Table 5.4). The survival and nitrogenase
activity of the four strains under normal diazotrophic growh
conditions was taken as 100% NacCl-R strain |like Ac-R strain was
also resistant to osnotic inhibition. Simlarly, the Sucrose-R
strain like the Ac-R strain was found resistant to salinity
stress while the parent strain was extrenely sensitive to both
salinity as well as osnotic stresses. Evidently, rmutational
production  of salinity/osnotic resistant strains  of t he
cyanobacterium is possible and that salinity tolerant and osnotic
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14 =)
Ut ake of C-proline (mmol proline g ¢hl a) by parent

N. muscorum under unstressed, salinity stressed (75 mol m-3 NacCl)
and osmotic stressed (200 nol m sucrose) conditions.
Nadl Sucr ose
Tr eat nent Unst ressed Stress Stress
N_-medium 0. 25 + 0.002 2.3 + 0.016 2.5t 0.12
+ 0.05 nol m 0.27 i 0.004 2.3 + 0.22 2.1+ 0.24
Bet ai ne
+1ml m 0.24 + 0.045 2.6 + 0.17 2.4 £+ 0.21
Bet ai ne
+ 0.05 mol m- 0.22 + 0.02 2.3 + 0.17 2.4 £ 0.22
Bet ai ne
(pr ei ncubat ed)
+ 1 nmol m 0.27 £ 0.022 2.4 £ 0.27 2.9 £+ 0.26
Bet ai ne
(pr ei ncubat ed)
+0.01L nol m 0.012 + 8 x 10-~° - -
ccep

6-day old diazotrophic cultures were the source of inocula.
Salinity or osnotic stress conditions were induced at zero tine.
Treatnment with betaine or CCCP and addition of Cproline to
such cultures were also done at zero tine. For experinents
i nvol ving preincubation of cultures with betaine, the duration of
prei ncubation was for 30 min.

Each reading is an average (x SEM of three i ndependent
experinmental determ nations.



Table 3.%:

Upt ake of C-proline (mnmol proline g chl a) by the Aac-R
mutant strain of N muscorum under unstressed, salinity stressed

-3 -3
(75 mol m NaCl) and osmotic stressed (200 mol m sucrose)
condi tions.
Tr eat ment Unst r essed NaCl Sucr ose
stress stress
N.-medium 0.22 + 0.003 1.6 + 0.029 2.2 + 0.12
+ 0.05 nol :'n-3 0.25 + 0.001 1.7 £ 0.12 1.6 = 0.18
Bet ai ne
+ 1 mol m™> 0.20 + 0.015 1.6 + 0.17 1.6 + 0.05
Bet ai ne
+ 0.05 mol m~3 0.23 + 0.006 1.8 + 0.15 1.7 £ 0.11
Bet ai ne
(preincubated)
+ 1 mol m3 0.25 = 0.023 1.8 + 0.13 1.6 + 0.08
Bet ai ne

(pr ei ncubat ed)

+0.01L ml m?® 0018 + 6 x 10°°

CCCP

6-day old diazotrophic cultures were the source of inocula.
Salinity or osnotic stress conditions were induced,at zero tine.
Treatment With betaine or CCCP and addition of Cproline to
such cultures were also done at zero time. For experinents
i nvol ving preincubation of cultures with betaine, the duration of
prei ncubation was for 30 min.

Each reading is an average (x SEM of three i ndependent
experinental determi nations.



Tabl e 6.

Cross-resistance relationship between the various strains of
N. muscorum (in terms of per cent survival and per cent
nitrogenase activity relative to the parent strain) under
unstressed, salinity (100 mol m NacCl) and osmotic stressed
(250 mol m sucrose) diazotrophic growh conditions.

Strains and, Nad Sucr ose
characteristics unst r essed stress stress
Par ent
% survi val 100 0 2
% ni trogenase activity 100 0 0
Ac-R
% sur vi val 100 85 92
% nitrogenase activity 100 88 90
NaCcl-R
% survi val 100 100 95
% ni trogenase activity 100 96 97
Sucrose-R
% survi val 100 90 100
% ni trogenase activity 100 92 94

About 10 CFU s per nutrient plate were inoculated for estimation
of per cent survi val under vari ous growt h condi tions.
Ni trogenase activity was neasured in 6-day old diazotrophically
grown cultures treated with and without NaCl or sucrose for 6 h
and then expressed as per cent of control.

Each reading is an average of three independent experinental
determinations.
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tolerant strains are cross-tolerant in terms of their survival
and di azotrophic characteristics.

5.4 DI SCUSSI ON

Many organisns belonging to  Dbacteria (Csonka &
Hanson 1991), cyanobacteria (wWarr et al. 1988), algae (Brown &
Hel | ebust 1980), fungi (Jennings & Burke 1990) and hi gher plants
(Bartels & Nelson 1994) intracellularly accumulate one or nore
| ow mol ecul ar wei ght organi ¢ conpounds called conpatibl e sol utes,
so as to maintain osnotic bal ance of their cytoplasm agai nst high
osnolarity of the environnent. The role of proline as an
effective protectant of bacteria against osmotic or salinity
stress was first shown by Christian (1955) and since then genetic
evidence has been obtained in bacteria (Gsonka 1981) and in
plants (Sunaryati et al. 1992) for the participation of single
genes in intracellular accunulation or overproduction of proline
leading to generation of their osnotolerant strains. The
spont aneous mutational frequency of the Ac-R phenotype suggests
that a single nutational event is the cause of its origin in the
cyanobacterium. The other characteristics associated with the
Ac-R phenotype in the cyanobacterium include loss of L-proline
oxi dase activity, lack of proline inhibitory effect on heterocyst
differentiation and nitrogenase activity and intracellular
accunmulation of proline and genetic acquisition of salinity
t ol erance.

The parent strain grew better in proline mediumthan in
N,-medium and showed nmore activity of proline oxidase enzyme in
grow h medium containing proline than in the diazotrophic medium
The ability of the parent strain to show nore proline oxidase
activity w thout producing Nz-fixing het erocysts in N, + proline
Medium than in N.-medium where it produces N2-fixing het er ocyst s
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suggests that the cyanobacterium utilizes proline as sole source
of nitrogen through a pathway involving proline oxidase enzyme
and that such a pathway of proline utilization functions in
proline inhibition of heterocyst formation and nitrogenase

activity. The lack of proline oxidase activity in the Ac-R
mutant conbined with its inability to utilize proline as a
nitrogen source as well as its inability to show proline

inhibition of heterocyst formation and nitrogenase activity
clearly show the essentiality of proline oxidase in assinilation
of proline as nitrogen nutrient in the cyanobacterium That
proline oxidase enzynme is essential for proline assimilation as
nitrogen source leading to repression of heterocyst formation and
ni trogenase activity in the cyanobacterium is fully supported by
the observed behaviour of grwoth of the proline oxidase deficient
Ac-R mutant in growh rmedium containing proline producing
het erocysts and nitrogenase activity. Such an essential role of
proline oxidase in proline catabolism has already been reported
in Anabaena PCC 7120 (Spence & Stewart 1986) . Proline has also
been shown to be assinilated as a fixed nitrogen source causing
inhibition of both heterocyst formation and nitrogenase synthesis
in N muscorum (Singh et al. 1991). Since the Ac-R nutant forns
N -fixing heterocysts even in growh nedium containing proline,
N remains the sole source of nitrogen for its growth under such
a condition.

An organism resistant to an amino acid anal ogue may
overcome the toxic effect of the antimetabolite by devel oping a
discrimanatory nechanism that either prevents the entry into the
cell of the analogue or that selects at the level of protein
synthesis an amno acid against the analogue. Alternatively the
resistant cell may degrade the analogue or it may alter the
regul ation of the pathway |eading to biosynthesis of the parental
amino acid. The latter case results in overproduction of am no
acid in the cell. Overproduction of amno acids is a commpbn
feature of microbial resistance to analogues of amno acids
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(Fowden et al. 1967; Umbarger 1971; Yamada et al. 1972). The
possi ble cause of Ac-R phenotype in various biological system
i ncl ude:

a) impairment in uptake system of AC (Fowden et al. 1967);

b) proline overproduction by regulatory alterations in its
bi osynthetic pathway (Csonka 1989) or in its degradative pathway
(Stewart 1977) leading to dilution of the growth inhibitory
effect of AC;

c) enzymatic degradation of AC (Fowden et al. 1967);

d) inmpairment in AC metabolizing pathway that generates a toxic
product from AC (there is no previous exanple published).

The cyanobacterial Ac-Rmutant is a product of a single
mutational event and its ability to grow in hyperosnotic
(hypersaline) nedium denonstrates that the osnotic (salinity)
stress tolerance of the mutant is not necessarily dependent on
the interactions of a large array of gene products, but sinply
results from a single mutational event that causes 1|oss of
proline oxi dase enzynme activity | eadi ng to a rise in
intracellular proline level. Mut ati onal inactivation of proline
oxi dase enzyme of the proline catabolic pathway is thus one of
the mechani sms of proline accumulation and thereby of osmotic
(salinity) tolerance in N muscorum. A simlar mechanism of
proline accunul ati on and osmotolerance and salinity tol erance has
been reported in barley |eaves (Stewart et al. 1977). Singl e
gene Ac-R mutants of Salnonella typhimuriumhave been found to be
proline overproducing as well as osmotolerant and salinity
tolerant and the nmechanism involved in such overproduction has
been shown to result from mutational loss of the inhibitory
effect of proline on y-glutamyl kinase, the first enzyme of its
bi osynthetic pathway from glutamate (Csonka 1981; Csonka,1989) .
A similar mechanism of proline overproduction and osnotol erance
has been denonstrated in higher plants as well (Bartels &
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Nel son 1994). L-Azetidine-2-carboxylate is a growh toxic
anal ogue of proline and the absence of its toxicity in the Ac-R
strain of N nuscorum nmight result from dilution of its
inhibitory effect by higher level of intracellular proline
accruing from absence of the proline catabolic enzyme proline
oxidase, in it. A though high intracellular proline level in the
pr esent case is t he cause of resi stance to
L- Azeti di ne-2-carboxyl ate toxicity in the nmutant strain, it
differs fromearlier studies in that the present strain shows a
high intracellular level of proline resulting from mutational
block in proline catabolism leading to overaccunulation of
proline, while in the earlier studies it is the result of
overproduction of proline resulting from loss of feed-back
inhibition on the biosynthetic pathway of proline by proline.
The Ac-R phenotype in S typhimurium has already been shown to
result from overproduction of proline by the biosynthetic pathway
(Gsonka 1981).

Intracel lular accurulation of proline can result from
increased net synthesis, fromgenetic or physiological inhibition
of catabolism or by enhanced uptake from the nedium
Hypersalinity does not affect the intracellular level of proline
in parent or Ac-R strain of N rmuscorum but does stinulate
consi derably the uptake of exogenous proline by both the strains.
S nce exogenous proline is found reversing al nmost conpletely the
Nacl lethality in the parent strain, osmo(salinity)-stimulated
uptake and accumul ati on of exogenous proline is apparently the
mechanism of salinity and osnotolerance in the cyanobacterium.
Gsmo- or salinity-stimulated uptake and accunulation of proline
leading to acquisition of osnb and salinity tolerance in
enterobacteria is a well known nechanism of osmoadaptation
(Gsonka 1989). The inpact of osmo(salinity)-stimulated uptake of
exogenous proline on osnotic/salinity survival of the Ac-R mutant
is apparently not seen here, as it accumulates proline
intracellularly to a level sufficient to overcone salinity stress
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of 150 mol m~ Nacl and osnotic stress of 250 mol m~ sucrose.

This is further confirmed by the fact that while nitrogenase

activity of parent strain declines to alnost zero value wth
— 3 -3

75 mol m Nad stress for 6 h or 200 nmol m sucrose for 6 h,

that of the Ac-R strain continues functioning alnmost nornally

under simlar stress conditions.

Bet ai ne, more popularly known as gl ycinebetaine
(N,N,N-trimethylglycine) is a mmjor osmolyte in a nunber of
phot osynt heti ¢ or gani sns i ncl udi ng bot h eukaryot es and

prokaryotes (Storey & Wn Jones 1977; Hanson & Htz 1982; Gorham
et al. 1985; Reed et al. 1986). Betaine is not used as a carbon

or nitrogen source in enetric bacteria (Le Rudulier &
Bouillard 1983), while it can be used as both only in nedia of
low osmolarity (Smith et al. 1988). Few prokaryotes are able to

carry out de novo synthesis of betaine (Reed & Stewart 1985;
Imhoff 1986) and is shown to be regulated by osnotic stress
(Brouqui sse et al. 1989). G hers are dependant on transport of
this conmpound for its accumulation. CGenetic engineering of
betaine pathway of inportant crops has been suggested to be one
of the possible solutions to osnmotic stress problem afflicting
them (MQue & Hanson 1990). The transport of betaine is nediated
by the proP and proU systems which also mediate transport of
proline (Csonka 1989). Le Rudulier & Bouillard (1983) have shown
that nitrogenase activity of K pneumoniae is enhanced by
exogenous betaine at high osnolarity. Reed et al., (1984) have
shown betaine to be accunulated as a mgjor osnolyte in the highly
halotolerant cyanobacterial forms when challenged with osnotic
stress. However, the regulation of betaine accumulation as well
3 jts metabolism in cyanobacteria are very poorly understood.
Since in the present study exogenous proline was found to offer
Protection to the cyanobacterium against both salinity and
osnotic stresses, it was thought proper to assess the role of
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petaine as well in this cyanobacterium The results clearly show
that exogenous betaine doesnot offer any protection to the
cyanobacterium under hyperosmotic or hypersalinity conditions and

is utilized as nitrogen source under normal conditions. Such
osmoprotective function of betaine could be possible only when
the organism in question is unable to netabolize it like a
nitrogen source. There has been no previous report on the

utilization of proline as a nitrogen source in any cyanobacterium
ad it is in this light the present study assumes significance.
In this regard, it is interesting to note that prolinebetaine (a
quat ernary ammoni um conpound) is found to function as a nitrogen
nutrient or as an osmoprotectant in R. meliloti depending on the
osmolarity of the growh nedium (Gloux & Le Rudulier 1989) .
There seens to be no differences between £. coli and
S. typhimurium with respect to the genetics of betaine and
proline uptake. Furthernmore, there appears to be a general
consensus among workers in the field that the main pernease of
the proline catabolism encoded by the putP gene is not involved
in the osnmotic control of proline uptake (Csonka 1989). In
enterobacteria, betaine is transported by the transport systens
encoded by proP and proU which also transport proline and are

osmoinducible systens. Since nothing is known about the
multiplicity of proline porters in any cyanobacterium it is
still premature to make any significant conclusion except that

proline and betaine do not share a common transport system in
this cyanobacterium

I ncreased synthesis of proline (Csonka 1981) or betaine
(Landfald & Strom 1986; Styrvold et al. 1986) or the uptake of
these compounds supplied exogenously (Cairney et al. 1985a 1985b;
Christian 1955; Csonka 1989; Le Rudulier & Bouillard 1983;
Perroud & Le Rudul ier 1985) can markedly enhance growh rates at
high osnmolarities. Proline overproduction has been reported to
increase osmotolerance in nutants of Salmonella(Csonka 1981),
Serratia (Sugiura & Kisumi 1985) and the cyanobacterium Spirulina
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(Rccardi et al. 1983). In contrast, proline overaccunul ation
gid not result in enhanced osnotolerance in the green alga
yannochloris (Vanl erbeghe & Brown 1987). 1In higher plants it is
still debatable whether or not higher proline |evels can confer
i ncreased osnot ol erance (Bhaskar et al . 1985; Dix & Pearce 1981;
Rccardi et al . 1983; Kueh & Bright 1982; Kapuya et al. 1985).
Levels of free-proline have been proposed as a selection
criterion to produce nore salt and/or drought resistant cultivars

(Wn Jones et al. 1984). It is still unclear whether such an
approach woul d be useful. To date nost of the studies have been
carried out on organisms which normally accurmulate proline in
response to osmotic or salinity stresses. The studies with

prokaryotes  (GCsonka 1981; Sugiura & Kisumi 1985; Ri ccardi
et al. 1983) suggest that a better approach nmay be to select

proline accurmulating cell 1lines from organisns which do not
nornmally accunmulate proline in response to osnotic stress and
increased osnotol erance nay be confered on such cell lines as a
result.
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EVI DENCE FCR AN ENHANCED H*-GRADIENT DEPENDENT
ALKAL| CATI ON EFFLUX SYSTEM I N CONFERI NG RESI STANCE AGAI NST
ALKALI METAL STRESS AS WELL AS ALKALI NE pH STRESS
I N THE CYANCBACTERI UM NOSTOC MUSCORUM

6.1 | NTRODUCTI ON

Response of alkali metals in general is discrimnatory
exhibiting growth requirenent for some and inhibitory to others.
Wiile Na is essential for cellular transport of solutes (Padan &
Schul di ner 1994) , high concentrations of NaCcl is known to cause
both ionic and osnotic stresses to biological systens (Csonka
1989). MNa is an essential requirement for diazotrophy (Thonmas &
Apte 1984) and autotrophy (Allen & Arnon 1955; Apte & Thomas
1987; Mller et al. 1984) in cyanobacteria. The autotrophic
requirenent of Na for cyanobacterial photosynthesis has been
shown to be due to its role in transport of bicarbonate ions
(Espie et al . 1988; Kaplan et al . 1989). The primary targets
sensitive to MNa starvation are three independent ani on
transporters (symports) nanely, Hco. (Padan & Vitterbo 1988;
Kaplan et al . 1989), No_ (Lara et al . 1993) and Poz' (vl ker &
Sanders 1991). A Na requirenment for chloride transport has also
been reported in cyanobacteria (Rtchie 1992). Studies have al so
denonstrated a role for Na in cyanobacterial pH homeostasis in
addition to its role in cyanobacterial growh and photosynthesis
(Mller et al 1984). However, recently an inducible
Na -independent HCO. transport system has been shown in the
cyanobact eri um Synechococcus UTEX 625 (Espie & Kandasamy 1992) .

Li ions are toxic to E coli cells resulting nmainly from its
inhibitory effect on the activity of pyruvate kinase enzyme
(Umeda et al . 1984). Li* has also been found to inhibit
cyanobacteri al growt h by i nhibiting conpetitively the

Na*-bicarbonate symport system (Espie et al. 1988).
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K is an essential nutrient for plants and microbial
growth, pH honmeostasis and in osmoregulation (Schahtmann &

Schroeder 1995). Studies on nolecular aspects of Na® and K
requirement for cyanobacterial growh have been wanting in
detail. K is known to be essential for cyanobacterial growh

and this essentiality has been attributed to its role as general
activator of enzyne activity and regulation of cell osmolarity
(Reed & Wl sby 1985; Reed & Stewart 1985) . There is one report
that suggests the replacenent of K by Rb in the growh of
cyanobacterium Anacystis nidul ans (Kunar & Purohit 1972).
Anot her study, after examning the simlarity in the nmechani sm of
K transport and Rb transport, has concluded that there are two
K transport systens, one wth low affinity showing alnost
negligible discrimnation against Ro and the other with high
affinity showi ng considerable discrimnation against Rb (Reed
et al. 1981). Cs is a known growh inhibitor of mcrobial and
cyanobacterial systens (Avery et al. 1991; Singh et ail. 1994).

Al kali cations are involved in maintenance of optinal
menbrane potential and cytoplasmic pH as also the cell turgor
(Booth 1985). This is usually facilitated by coupling of their
fluxes with H . Detail ed studies on nol ecul ar biology of Na /H
antiporters in E «coli and other bacterial systems have shown
i mportance of increased activity of such antiporters in bacterial
adaptation to Na* or alkaline pH stress and in signal
transduction (Padan & Schul di ner 1994). In this connection, it
is worth mentioning that a najority of cyanobacteria grow ng and
multiplying in nature are known to prefer alkaline pH habitats.
Na' requirenent for general growh of cyanobacteria might arise
from its role in cyanobacterial pH homeostasis wunder alkaline
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condi tions. Si nce Li resistant nutants of bacterial systens
have thrown considerable light on the role of Na+/H+ antiporters
in pH homeostasis under alkaline pH conditions (Padan &
Schul diner 1994), it was thought proper to isolate Li®, Nat, mbY
and extrene alkaline pH resistant nutants of N muscorum and to
use such nutants in understanding the problem of alkali metal/l-l+
antiporter activity in relation to alkaline pH tol erance. Thi s
chapter describes the characteristics of such nutants in relation
to their ability of tolerance to Li+, Na+, k' and mro'" and to
alkaline pH 11.0 stress. CCCP, an inhibitor of H -gradient
formation, has been used to ascertain the role of H -gradient in
driving the alkali netal /H antiporter activity in the
cyanobacterium.

6.2 MATER ALS AND METHODS

Axenic  clonal cul tures of the two strains of
N. nmuscorum were grown and maintained as described in Chapter-2
(Section 2.1).

6.2.1 Isolation of alkali cation nutant strains
The parent strain did not survive beyond a
-3 -3 -3
concentration of 10 mol m  Licl, 100 mol m NaCl or 15 mol m
RbCl. Accordingly, its diazotrophically grown cultures in the
strength of 5.8 x 10 colony-forming units (CFs) were seeded per
di azotrophic nutrient plate containing 15 nol m Lid or
100 mol m- Nad or 20 mol m~ Rbd to select out spontaneously
occurring alkali cation resistant nutant clones. Col oni es
appearing on the respective nutrient plates containing the
inhibitor were tested for their stability by streaking them on
fresh inhibitor-containing nutrient plates. Stable |ithium
chl oride resistant (Li+-R) , sodium chl ori de resistant (Na+—R) and
rubi dium chloride resistant (Rb -R) nutant clones thus obtained
were grown and naintained like the parent strain under parallel
di azotrophic growh <conditions for and used for further
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experinents described bel ow

6.2.2 Isolation of pH,, -Rnmutant strain

Since it was found that Li -R nutant clones showed a
hundred percent survival at pH 11.0, selection for pH 11.0
tolerance was made as follows. The parent strain showed a poor
growth at pH 11.0 and a survival of about 44% A prelimnary
exam nati on showed that few pin-head sized colonies grew better
on pH 11.0 than the others. Accordingly, one such colony was
sel ected and streaked onto a fresh nutrient plate of pH 11.0 and
scored for its survival. Fromthis plate another better grow ng
colony was selected and the procedure repeated. After five such
consecutive transfers, a single colony was grown in bulk.
Accordingly, its diazotrophically grown cultures in the strength
of 58 x 10 CFUs were seeded per diazotrophic nutrient plate
containing 15 mol m Licl to selectively elimnate any possible
parent clones in them

6.2.3 Determination of per cent survival

Per cent survival characteristics of the parent and its
variuous mutant strains on graded concentrations of Lid, Nacl,
KC1l, Rbcl or at pH 11.0 under diazotrophic growth conditions were
deternmined as described in Chapter-2 (Section 2.8).

6.2.4 Determination of intracellular Na

The extrusion of Na was estimated as follows.
Di azotrophic cultures of the parent and its mutant strains were
separately pre-equilibrated with NaCl (carrier free specific
activity 7.4 Mpgm"!) at 0.5 nmol m- strength for 12 h in the
Na*-free diazot rophic growh medium Such cultures were
har vest ed, sanpl ed and t hen transferred to different
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concentrations of Licl, Nacl, KCL or rRbcil (all buffered to pH 7.5
with Tris-HCl) and incubated under growth condition for 5 min.
At the end of the incubation period, the samples were harvested
by centrifugation and counted for intracellular level of the
radi ol abel as described in Chapter-3 (Section 3.2.2). CCCP at a
final concentration of 0.01 mol m-> was used to treat the 22Nacl
pre-equilibrated sanples for 20 min which were then suspended in
various concentrations of buffered-Nacl for 5 min, harvested and

finally examned for intracellular level of the radi ol abel.

6.2.5 Determination of intracellular Rb

The extrusion of Rb was deternined exactly as
+ 8 6
described for Na except that Rod  (specific activity 55.5
—3 -3 22 +
MBg mol ) at 0.4 nol m strength repl aced Na (See Section
for 6.2.4 for other details).

The pH of normal diazotrophic growh medium was
maintained at pH 7.5 by addition of 1 mol m HEPES buffer.
Gowh nmedium pH 8.0 was also achieved by addition of 1 mol m
HEPES buffer, while pH 9.0 was achieved by addition of aMPso,
pH 10.0 by addition of CAPSO and pH 11.0 by addition of CAPS
buffer. Chlorophyll a was estimated by the nethod of Mackinney
as described in Chapter-2 (Section 2.5).

6.2.6 Chem cals used
22

Nacl was obtained from Amersham International plc, WK
whi l e 86Rbc1 from BRIT, India. Al other chemicals used in the
present study were purchased from M/s Sigma Chemical Co. USA or
from BDH chemicals Co., India and were of analytical grade.

6.3 RESULTS

N -fixing cultures of the parent N muscorum showed a
decrease in survival with increase in the concentration of alkali
salts and reached alnost a zero per cent survival with 10 nol m
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Lid 100 mol m~2 Nacl, 70 ml m > KCL or 20 mol m 3 RbCl

(Fig.6.1). A previous study on cst toxicity on the diazotrophic
cultures of N muscorum has al ready shown that the cyanobacterium
does not survive beyond a csc1 concentration of 1.5 mol m
(Singh et al. 1994). Oh the basis of the response of the
cyanobacterium to various alkali cation stresses, it is quite
clear that K and Na salts become toxic at considerably higher
levels than the salts of Li , Ro or cs*. It is also evident
that the various alkali cations differ in their degree of
toxicity to the cyanobacterium in the following order
cst>Li*>rRb >k >Na "

Attenpts were made to understand the nature of
cyanobacterial tolerance to various alkali cations by |ooking for
sponat neous nutants resistant to growh inhibitory action of one
or the other of the alkali cations and then examning their
cross-tol erance relationship. Spont aneous nutants resistant to
growth inhibitory action of Lid (Li+—R), NaCl (Na+-R) and Rod
(Rb -R) were separately isolated and the frequency with which
each one of them arose was in the range 1.2 - 2.1 x 10
Al though 70 mol m-' KCL was found lethal to the parent strain,
spontaneous nutant clones resistant KCL could not be obtained.
Hence studies were confined to spontaneous nmutant clones
resistant to other alkali cations. A class of GCsd resistant
(cs¥-r) nutant clones differed from rest of the alkali cation
resistant nutant clones in showing an obligate requirenent for
CS+/Rb+ for growt h and di azot r ophy (studies on its
characterization have been described in Chapter 7). Si nce, pH
11.0 of the growmh nmedium was also found growth inhibitory,
col onies capable of good growth on such a pH were isolated as
described in materials & nethods. The frequency with which such
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Fig. 6.1
Ef fect of increasing concentrations of Licl (0), Nacl (¢), K&

(o), RbCl (¢) and CsCl (a) on per cent survival of the parent
N. muscorum on di azotrophi ¢ nedi um of pH 7.5.

Mean val ues fromthree independent experimental determnations
are shown + SEM where these exceed the dinensions of the

synbol s.
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mitant clones arose was 0.5 x 10 ’. The pH 11.0 tolerant mutant
was grown in bulk to exanine for its tolerance to various alkali
cations by the method used for examning the alkali netal
tol erance characteristics of the parent strain. The results are

shown in Fig.6.2 (a, b, c &d).

As shown in Fig.6.2a, Li -R nmutant showed al nost
hundred percent survival at 10 mol m~ Licl, a concentration at
which the parent survival was found to be zero. The upper limt
of tolerance to Lid of the Li*-R mutant was 30 nol m
Evidently, such increased tolerance of a stable nature to Li
toxicity is a result of heritable change and the frequency
characteristic of the mutant suggests it to be a product of a
singl e mutational event. Li -R while show ng increased tol erance
to Lid also showed simlarly increased tolerance to NaCl, KC1,
Rbcl and cscl than the parent strain. The sinple conclusion from
this result is that nmutation to Li -R in the cyanobacterium is
found sinmultaneously associated with acquisition of resistance to
Na , Kk, Rb and Cs cations. In other words, Li -Rnutant is a
case of multiple alkali netal resistant phenotype.

The nutant strain of N muscorum resistant to growth
inhibitory action of Nad (100 nol m ) was also isolated, grown
in bulk and examined for its tolerance characteristics to Licl,
NaCl, KC, Rbd and cscl. The results have been shown in
Fig.6.2b. Like the Li -R nmutant of the cyanobacteriumits Na -R
mutant also exhibited increased tolerance to other alkali
cations. Evidently, the mechanisminvolved in confering multiple
alkali tolerance in ri*-r and Na -R nutants is nost likely to be
the same.

20l m Rb'-R mutant like Li -R and Na -R nutant
strains of the cyanobacterium exhibited incresaed tolerance to
other alkali cations (Fig.6.2c). It is therefore concluded, that

a common NMechani sm operates in the cyanobacterium for controlling
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Fig. 6.2a

Effect of increasing concentrations of Licl (0), Nacl (D), K
(¢), Rbcl (A) and cscl (A on per cent survival of the Li -r
mutant strain of N muscorum on di azotrophi ¢ medium of pH 7.5.
Mean val ues fromthree independent experinmental determ nations
are showmn * SEM where these exceed the dinmensions of the

synbol s.
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Fig. 6.2b
Effect of increasing concentrations of rLici (0), Nacl (a), K4

(*), RbCl (A and cscl (A) on per cent survival of the Na®-R
nmutant strain of N muscorum on di azotrophic nedi umof pH 7.5.

Mean values fromthree independent experinental determnations
are showmm 1 SEM where these exceed the dinmensions of the

synbol s.
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Fig. 6.2c

Ef fect of increasing concentrations of Licl (0), Nacl (D), K4
(*), RbCl (a) and cscl (a) on per cent survival of the Rb'-R
mutant strain of N muscorum on di azotrophic nediumof pH 7.5.
Mean val ues from three independent experinental determnations
are showmmn + SEM where these exceed the dinensions of the

symbols.
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Fig. 6.2d

Ef fect of increasing concentrations of Licl (o), Nacl (D),
() , RbCl (A) and cscl (A on per cent survival of the pH,,
mutant strain of N muscorum on diazotrophi c medium of pH 7.5.
Mean values fromthree independent experinental determnations
are shomm * SEM where these exceed the dinmensions of the

KC1
~-R

synbol s.
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Chapter 6 Mil tiple alkali cation efflux system

its tolerance characteristic to various alkali cations.

Experinents were conducted to find out the alkali netal
survival characteristics of the pPH,, -R nutant strain as well.
Like the Li*-Rr, Na’-Rand Rb*-R, the pH,, o-RMutant also shoved
i ncreased resistance to growth inhibitory action of Lit, Nat, k¥,
Rbo and Cs (Fig.6.2d). Apparently, the nmechanismthat seens to
regul ate cyanobacterial tolerance to various alkali netals is
al so the mechani smthat confers tol erance against pH 11.0 stress.
An  obvious inplication of the above findings is that
cyanobacterial mechanism of alkali metal resistance and al kaline
pH tol erance has a common physi ol ogi cal basi s.

Table 6.1 conpares the pH survival characteristics of
the parent and its various alkali cation resistant nutant strains
under different pH growth conditions. As the results indicate,
pH tol erance characteristics of the parent and its various nutant
strains remained indistinguishable upto pH 9.0 of the growh
medi um above which the survival of the parent strain started
declining with increase in pH and was about 44% at pH 11.0.
However, the pH survival characteristics of the Li -r, Na -R and
Rb -R nutant strains at growh medium pH 11.0 renmained al nost
hundred per cent. These findings further indicate the operation
of a common physiol ogical mechanism regulating rnultiple alkali
netal tolerance and al kaline pH tolerance in the cyanobacterium.

Table 6.2 conpares the diazotrophic characterstics in
terns of nitrogenase activity of the parent and its alkali metal
resistant mutant strains to differential pH stress. As can be
seen while the parent strain showed a progressive reduction in
nitrogenase activity, the nmutant strains were conparatively nore
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Table 5.4

Per cent survival of the different alkali cation resistant mutant
strains of N muscorum under varying pH stress under diazotrophic
growt h conditions.

Strains
pH ¥ ¥ ;

Par ent Li -R Na -R Rb -R
7.0 100 100 100 100
8.0 97 100 100 100
9.0 88 100 100 100
10.0 69 100 98 94
11.0 44 100 98 83

6-day ol d diazotrophic cultures growing at pH 7.0 were the source
of inocula for the experiments.
Each reading is an average of three independent experinenta

determinations.



Table 6.2

Ni t rogenase (N,ase) act ivity of the different alkali cation
resistant nutant strains of N. muscorum under varying pH stress
under di azotrophic growth conditions.

Strains
Par ent Li*-Rr Na®-Rr Rb*-R
7.0 9.8 + 1.3 9.4 + 1.05 9.5 = 0.5 8.6 + 0.88
8.0 9.5 + 0.45 9.7 + 04 10.1 = 1.45 9.4 1 1.32
9.0 7.6 = 0.5 9.4 + 1.2 9.2 =+ 0.6 9.3 + 0.03
10.0 55 + 0.22 9.0 £ 0.5 85 + 0.31 7.1 £ 0.53
11.0 4.2 = 0.26 88 + 0.4 7.4 £ 0.4 7.1 £ 0.46

6-day old diazotrophic cultures growing at pH 7.0 were the source
of inocula for the experinents.

Each reading is an average (z SEM of three i ndependent
experi mental determinations.



stable in maintaining their activities under various pH stress
condi tions. These findings further endorse the opinion of the
presence of a common physiological mechanism governing the
di azotrophy in alkali cation resistant mutants and al kaline pH
tol erance characteristics of diazotrophy in them

NaCl inducible stress in plant and microbial cells
consists of two conponents - the ionic stress conmponent resulting
from cellular accumulation of Na ions to toxic levels and the
osnotic (water stress) conponent resulting from cellular |oss of
water (Csonka 1989). Since the Nacl-resistant clone (here ternmed
Na -R) is also resistant to other alkali cation induced stresses,
one would expect it to be also resistant to sucrose induced
osnotic stress. Hoever, the nutant strain was found |ess
tolerant to sucrose induced osnotic stress than the parent
strain. Hence, it was concluded that the present Nad -resistant
clone belongs to a different class of mutant and differs fromthe
Nacl-R mutant clone described in chapter-4. Further, the Li -R,
Rb -R and pPH,, -R mutant strains were also found to be sensitive
to sucrose induced osnotic stress (Table 6.3). Wat then is the
cause for alkali netal resistant phenotype in the present
cyanobacterial nutant strains? Gearly, the organic osmolyte
based mechanism of osmoprotection is not the nechanism of
multiple alkali netal resistant phenotypes.

Is the nultiple alkali netal tolerance in the nutant
strains then the result of enhanced efflux or dimnished influx
activity of its alkali netal transport systen? This question was
anal yzed by conparing the rate of efflux of the radiolabel from

pre-equilibrated cultures of the parent and its nutant strains
0 0 “+ ft [ -4

with Na oOfr Rb as a function of various alkali cations ain
the external nedium As shown in Fig.6.3, alkali netal induced
decrease in intracel | ul ar 22ya*  content occurred at a
several -fold higher rate in the Li*-R nutant than in the par ent

strain. Such a decline in the radiolabel is obviously due to its
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Table = 3

Ef fect of sucrose induced osnotic stress on the per cent survival
of parent N muscorum and its various nmutant strains under
di azotrophic growth conditions (pH 7.5)

Concentration of sucrose (molm~ )

Strai ns
Unstressed 100 150 200 250
Par ent 100 95 90 40 0
Li * -R 100 100 96 45 0
Na’-r 100 100 100 56 1
Rb*-R 100 97 70 34 0
lel O-R 100 90 75 21 o

6-day old diazotrophic cultures were the source of inocula for
the experinments.
Each reading is an average of three independent experinental
determinations.



Fig. 6.3

Effect of increasing concentrations of Licl (A), Nacl (0), KCL
() and RbCl (o), on the intracellular level of Nt oin par ent
N. muscorum () and its Li -R nutant strain (—_). Ef f ect
of CCCP (¢) on the intracellular |evel of Na was examined by
pretreating the Na equilibrated samples with 0.01 mol m of
inhibitor for 20 min.

Mean val ues from three independent experinental determinations
are shomm + SEM where these exceed the dinensions of the

symbols.
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efflux by an alkali cation activable Na extrusion system. The
observation that Li -R nutant has a considerably more efficient
al kali cation activable system of Nat extrusion explains why it
is nore tolerant to Nacl stress than the parent. A simlar
pattern of extrusion of Na was observed with the other nutant
strains (Table 6.4a).

The influence of increasing concentrations of Licl,
NaCl, KCl1 and RbCl on Rb was also simlarly examined (Fig.6.4

& Table 6. 4b). The nutant strains exhibited considerably nore
active alkali cation dependent Rb extrusion than the parent
or

strain. The considerable increase in Rb extrusion in the
mutant strains thus also appears to be the reason for its being
nore tolerant to Rbd stress than the parent. Since the nutant
strains exhibited tolerance to LiCd, KCL and cscl stress equally
well, it is also suggested that efficient extrusion of toxic Li

or K or GCs ions from the cells is the mechanism of their
tolerance to Lid or kel or GsAd induced lethality as well. Thus

the ability of the mutant strains to behave like nmultiple alkali
metal resistant strains is because of their having a more
efficient and active systemof nultiple alkali cation extrusion.

CCCP pretreatnment resulted in conplete abolition of the Na
extrusion in the Li -Rmutant strain (Fig.6.4).

6.4 Dl SCUSSI ON

Stress induced by alkali metal salts in plants and in
microbial cells consists of two conponents, the ionic stress
conponent resulting from cellular accumulation of alkali cations
to toxic levels and the osnotic (water) stress conponent
resulting fromcellular loss of water (Csonka 1989). Pl ants and
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Tabl. 6. 4a

Effect of Licl (20 mol m~3), Nad (75rool m~3), k€1 (70 mol m~3)
and RbCl (20 mol m~%®) on the level of intracellular 224t (umol
Na ¢ chl a) in the parent and its various alkali cation
resistant strains as well as on the pH,, o~R nutant strain.

Tr eat nent

Cont r ol Li Cl Nadl Kd RbC1

Par ent 180. 6 165. 3 160. 3 158. 1 143.9
(11.2) (9.4) (9.3) (11.1)  (6.4)

Li %R 160. 7 20.1 48.0 42.1 31.6
(14.1) (0. 66) (1.8) (1.6) (1.3)

Na %R 160. 1 31.1 35.9 36. 4 38. 4
(10. 4) (2.3) (2.1) (2.4) (2.6)

Rb*-R 150. 6 34.8 31.7 30.2 22.0
(9.4) (2.1) (1.8) (0.9) (1.2)

PH,, o~R 180. 4 36.1 36.1 25.2 28.8
: (9.3) (4.0) (3.1) (2.5) (1.5)

6-day old exponentially growing diazotrophic cultures were the
source of inocula for the experinents.

Val ues in parentheses are + SEM of three independent experimental
determinations.



Fig. 6.4

Ef fect of increasing concentrations of Licl (°), NaCl (0), KcCl
() and Rbcl (o), on the intracellular |evel of Rb in parent
N. muscorum () and its Li -r nmutant strain (—) .

Mean val ues from three independent experinmental determ nations
are shown + SEM where these exceed the dinensions of the

symbols.
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Tabl: 6. 4b

Effect of Licl (20 mol m~2%), Nacl (75 mol m~3), KCL (70 mol m~3)
— 3 86 +

and RbCl (20 mol m ) on the level of intracellular Rb (umol

Rob g <c¢hl a) in parent N muscorum and its various alkali

cation resistant strains as well as on the pH,, O-Rstrai n.

Tr eat nent
Cont r ol Licl NacCl KC1 Rbd
Par ent 165. 4 140. 4 124.1 79.6 84. 3
(10. 4) (10. 3) (9. 4) (6.3)  (8.1)
Li*-r 138.5 7.5 24.2 ' 15. 4 18.1
(9. 3) (0. 55) (1.5) (0.9)  (0.64)
Na*R 140. 3 9.6 18.2 12.2 13.1
(8.2) (0. 65) (1.1)  (0.71)  (0.33)
Rb*-R 155.0 15. 1 15.1 9.4 5.3
(11. 1) (0. 88) (0. 84) (0.61)  (0.24)
PH . R 166. 3 15. 4 15. 2 18. 4 7.8
: (12. 1) (1.05) (1.1) (1.1) (0. 44)

6-day ol d exponentially growing diazotrophic cultures were the
source of inocula for the experiments.

Values in parentheses are + SEM of three independent experinental
deter ninations.



m crobes can overcone the ionic stress by having an efflux system
actively functioni ng in ef f |l uxi ng out al kal i cations
(Blumwaldet al. 1984). Simlarly, they can overcone water
stress conponent by actively accunulating conpatible organic
osmolytes such as sugars, betaines, proline etc. (Varr et al.
1988; Bartels & Nelson 1994). The nechani sm of adaptation to
NaCl stress have been studied in bacterial systens and the
results suggest a specific definite role of Na /H antiporter
activity in bacterial adaptation to such alkali netal stress
(Padan & Schul diner 1994). The activity of Na /H antiporter has
al so been found to be one of the mechanisns of salt adaptation in
the cyanobacteri um Synechococcus PCC 6311 (Blumwald et al. 1984).

However, no detailed study has been nade about the general

nmechani sm of adaptation to various alkali nmetal salts in any
cyanobact eri um A know edge of how nonoval ent (alkali) cations
influence each other's transport, accunulation and toxicity in
cyanobacteria would be extrenely useful in understanding the
mechanisns involved in regulation of . their alkali cation
nutrition and toxicity. In this connection, it is inportant to
mention here that it has been shown recently that Li or Na

stinulates K uptake and accumulation, and Li , Na or K

inhibits Cs uptake and accunul ation, by individually influencing
the activity of K transport system in the cyanobacterium
Synechocystis PCC 6803 (Avery et al. 1991). However, nothing is
known about the nechani sm of physiological adaptation to alkali
salt stress in any cyanobacterium

The multiple alkali metal resistance nature of the
Li -R, Na -R, Rb -R and pH,, o~Rnutant strains clearly suggest,
the occurrence of a common physiol ogi cal nechani sm for adaptation
to alkali nmetal stress in N muscorum. Since the ability of
cyanobacterial or bacterial systens to adapt to Nad stress is
known to result from enhanced Na /H antiporter activity, one can
infer a role of alkali cation/H antiporter activity in
cyanobacterial adaptation to one or the other alkali netal
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stresses. The observed increased efflux of Na or Ro  from
alkali netal resistant mutants as well as from pH,, .-R nutant
does suggest a role of increased efflux system in confering
tolerance against alkali netal stress and alkaline pH stress to
the cyanobacterial systens. The next question is whether this
increased efflux systemis a H -gradient driven antiporter Iike
the already known Na /H antiporter or sonething different?
Since CCCP is an inhibitor of the formation of H gradient, and
since pretreatment of the cultures with the inhibitor results in
conpl ete inhibition of Na extrusion, a role of H gradient as a
driving force for extrusion of Na through the activity of an
Na /H antiporter system is thus evident. Simlarly, CCCP
pretreatment inhibited Rb extrusion, thus inplying a role of
H -gradient driven Ro efflux and since the Li -R nutant strain
is also resistant to G and K, it is suggested that a
mutationally amplifiable H -gradient driven alkali cation efflux
system is the nechanism of nmultiple alkali netal resistant
phenotype in the mutant. Such a multiple alkali cation specific
antiporter has to be genetically and physiologically distinct
from the Na -specific H -antiporter already reported from
bacterial and cyanobacterial systens (Padan & Schul di ner 1994;
Blumwald et al. 1984), as the forner according to the present
finding functions in cyanobacterial adaptation to NaCl, KCl, RbCl

or CsCl stress. The latter is known to be specific for
adaptation to only Na stress. Bacterial systens have been
reported to contain Na /H antiporters as well as other

antiporters that do not discrimnate anongst alkali nmetals and is
known to exchange one or the other alkali netal for H (Karpel
et al. 1991). The multiple alkali metal resistant nature of
Na -R or Rb'-R cyanobacterial nutant strains can thus also be
simlarly explained.
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Na /H antiporter in bacterial and cyanobacterial
systens is not only the mechanism of adaptation to Na stress but
also a nechanism of resistance to alkaline pH stress (Bluwald
et al. 1984; Karpel et al . 1991). Since the activity of multiple
alkali cation efflux system in the cyanobacterium is H -gradient
dependent and since H -gradient dependent antiporter activity is
a known nechani sm of adaptation to both alkali netal stress and
al kaline pH stress, one would expect that multiple alkali netal
resistant cyanobacterial nmutants should also exhibit resistance
to alkaline pH stress and vice-versa. The finding that the
pH -R mutant and the Li -R, Na -R and Ro -R nmutants exhibit
cross-tolerance is indicative of the existence of a role of
H -gradient dependent nultiple alkali cation specific efflux
system functioning in adaptation of the cyanobacterium to both
al kali nmetal -induced stress and al kaline pH stress. The present
findings have a considerable ecophysiological inplication for
cyanobacterial population growing in habitats of alkali netal or
al kaline pH stress and they by spontaneous nutati on produce new
popul ati on ecophysiologically fully adapted to such a habitat by
showi ng operation of an enhanced mutiple alkali cation efflux
system whi ch scavenges them out.

It is inportant to point out that the NaCl resistant
mutants described here (terned as Na -R) differs from the class
of nmutants described in Chapter-4, in that it fails to show the
conpati bl e osmolyte nmechani sm of osmoadaptation while showi ng an
enhanced antiporter activity. Since NaCl-induced sStress
resistance could be the result of two conponents; osnotic and
ionic, the present Na -R mutant strain is the result of nutation
to Nad resistance involving the ionic conponent alone and is
found sensitive to sucrose-induced osnbtic stress. Simlarly,
the other nultiple alkali netal resistant nutant strains or the
alkaline pH resistant mutant on prelimnary examnation were
found to be sensitive to sucrose induced osnotic stress. It is
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Chapter 6 Multiple alkali cation efflux system

thus concluded that H -gradient driven alkali metal/H antiporter
activity is primarily the nmechanism of adaptation to salt or
al kaline pH stress but not to osnotic stress. If this be so, how
the cyanobacterial multiple alkali netal resistant nutants are
able to overcone the osmotic stress inposed by considerably high
concentrations of Nacl or KCl? |In this context, it is inportant
point out that a naturally occuring salt resistant cyanobacterium
Anabaena torul osa has been shown to be sucrose sensitive (Apte &
Hasel korn 1990) and the present results can only nean further
investigation on the nature of nechanisms that can help the
cyanobacterial nmutant strains overconming the osnmotic stress
conponent inposed by Nad or KcCl.
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EVI DENCE FOR AN OBLI GATE REQUI REMENT OF cs*/rb*
IN A cs’-R MUTANT OF THE CYANCBACTERI UM NOSTOC MUSCORUM

7.1 | NTRCDUCTI ON

Gowing pollution and consequent toxicity of natural
environments are posing a serious threat to the existing
ecosyst ens. There is a serious concern about the biological
inplications of pollution caused by G , arising from its
continual discharge from nuclear industries into aquatic habitats
in view of its high bioavailability and long half-life
Cyanobacteria and algae are the main primary producers of the
aquatic ecosystens and the biological consequences of GCs
pollution on these primary producers needs to be investigated and
understood at ecol ogical, physiological and nolecular |evel.
Previous studies have denonstrated adverse effects of Cs on the
physiology and growh of cyanobacteria and mcroal gae that
function as prinmary producers in the aquatic food chain (WIIlians
& Swanson 1958). Recent studies on the physiol ogical reasons of
Cs toxicity or lack of it to cyanobacteria and al gae have shown
that it results fromcellular replacenent of K by Cs associated
with the inability of C to substitute functionally for K
(Avery et a1. 1991), that K, Na or NH mitigates/elimnates it
by preventing the entry and accumulation of GCs (Avery
et al. 1992 a&b; Avery et al. 1993; Singh et al. 1994) and that
it arises specifically fromGCs inhibition of N -fixation in the
cyanobacterium Nost oc muscorum (Singh et al. 1994).

Earlier studies have shown that GCs toxicity in
N. muscorum is diazotrophic specific and NH,-repressible and that
one class of caesium resistant (Cs -R mutants of the
cyanobacterium arise wth about 50% inpairnent in their
ni trogenase activity and diazotrophic growth (Singh et ai. 1994).
In the present study, experinents have been carried out to
anal yse the nature and consequences of caesiumresistance (Cs -R)
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Chapter 7 Cs /Rb nutrition

associated | oss in cyanobacterial diazotrophy in the presence and
absence of alkali cations such as Na, K, Cs and Rb, nore
specifically, the latter two cations. An evidence is presented
here to show that Cs -R nutant has suffered genetic damage of
pleiotropic nature adversely influencing its growth, oxygenic
phot osynt hesi s, chlorophyll a content, nitrogenase activity and
osmotolerance specific to diazotrophic nobde of growth and that
Cs or Ro alone is nutritionally capable of repairing fully such
cyanobacterial mutational pleiotropy.

7.2 MATERI ALS AND METHODS

Axenic clonal cultures of the parent N muscorum used
in the present study were routinely grown and maintained in
conbined nitrogen-free nedium of Gerloff et ai1. (1950), as
described in Chapter-2 (Section 2.1).

7.2.1 Conposition of the nutrient medium

The original growth medium of Cerloff et al. (1950) was
nodified to make it free from Na and K for the experinents
examning the role of Na , K along with Ro or G in the
cyanobacterial diazotrophic nutrition. Accordingly, Na SO,
Na co and K HPO were omtted from the original growh nedium
thus rendering the nedium Nt and -k CaHPO and CaCO were
added in place of cacl and Na co at eqguimolar concentration.
Further, except for the experinents involving the study on the
effect of individual cations on the dizotrophic growh medi um of
the parental strain, all other experinents have been conducted
with the cultures of parent or nutant strains grown in nodified
Chu No. 10 nedium containing 3 mol m NaCl, 5 mol m  KCl,

0.0574 mol m CaHPo,,4 and 0.19 nol m CaCo. . Addition of
-3
1 mol m NHci to the growh nmedium has been ternmed as
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NH, -medium. The pH of all the media were adjusted to 7.5 using
1 mol m™> HEPES buffer.

7.2.2 Csmotic survival studies

Gsnotic  survival studies were nmade on N - or
NH -nutrient plates containing increasing concentrations of
sucrose as described in Chapter 2 (Section 2.8). The inocul um
size per nutrient plate was 500 CFUs. Role of cs*/rb* in

regul ation of cyanobacterial osmotolerance was exanined by
scoring the osmotic survival characteristics in the presence or
absence of either alkali cations.

137 +

7.2.3 Deternmination of intracellular GCs
Effect of Rb on the uptake and accumulation of Cs in
the cyanobacterial strains was examned as follows. The

di azotrophically grown cultures were harvested and sanpled in
10 mol m Hepes buffer of pH 7.5. The various sanples contained
a fixed anount of radioactive Cs (0.2 nol m CsCl; specific
activity 38.85 MBq mol ) against increasing concentration of
cold Rbcl. The sanples thus prepared were incubated for 10 min,
then harvested and examined for intracellular radiolabel as
described in Chapter-3 (Section 3.2.2). Simlar nethod was
enployed to evaluate the influence of Na /K on the uptake and
accumul ati on of GCs
86 +
7.2.4 Determnation of intracellular Rb
Effect of GCs on the uptake and accumulation of Ro in
the cyanobacterial strains was examned exactly as per the

protocol given above for cst (Section 7.2.3) except that a
- — 3 8 &

fixed amount of radioactive Rob (0.4 nmol m RbCl: specific

activity 55.5 MBq nmol ) was used agai nst i ncreasi ng

concentrations of cold cscl.
7.2.5 Assay of GS (biosynthetic) activity (EC 6.3.1.2)

GS was assayed under in vitro conditions. Cultures were
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harvested by centrifugation at 2000 > g and washed twice wth
50 mol m~ Tris-HCl buffer, pH 7.5 (Buffer-A) followed by washing
and resuspension in Buffer-B (Buffer-A + 5 nol m MgCl
-3 -3

10 mol m sodium gl utanate, 5nml m B-mercaptoethanol,
l1ml m EDTA), pH 7.5. The cells in the suspension were then
broken in liquid N and the cell-free extract thus obtained was
centrifuged at 36,000 - g for 30 min at 4 °c. The supernatant
was used for My -dependent biosynthetic assay according to the
procedure of Sampaio et al. (1979) as given bel ow

The nethod nonitors the oxidation of NADH coupled to
ADP production from ATP. The assay m xture conprised:

REAGENTS CONCENTRATION
(» 10 noles per 0.2 cm)

Tris-HA (pH 7.5) 150
Sodi um gl ut anat e 10
ATP 3
NH.Cl 200

4
KCL 150
MgCl, 150
NADH 0.45
PEP 0.5
LDH 20 units
PK 8 units

To 1 cm of the enzyme extract, 0.2 cm each of the reagents is
added. The optical density was neasured at 340 nm in a Hitachi

spect r ophot onet er. The activity of the enzyme was expressed in
— 1 — 1
umol g protein nin
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Gowh, Chlorophyll a, protein and nitrogenase activity
were estimated as described in Chapter-2 (Sections 2.4, 2.S, 2.6
& 2.9). xygeni ¢ photosynthesis as described in Chapter-4
(Section 4.2.2)

7.2.6 Chemicals used

cscl and RbCl were obtained from Board of
Radi ation and |sotope Technology (BRIT), India. Al other
chemcals used in the present study were purchased either from
Ms Signa Chenical Co., USA or BDH Chemicals Co., India and were
of anal ytical grade.

7.3 RESULTS

The spont aneousl y occurring cyanobacteri al Cs
resistant (Cs -R) mutant under diazotrophic growh condition
arose with a frequency of 0.3 - 0.7 - 10 . The diazotrophic

growth nedi um devoid of both Na and K was used as basal growth
nedium to analyse the nutritive role of various alkali cations on

growth of parent N muscorum (Fig. 7.1). The optimal growth with
-3 -3
individual cations occurred at 3 mol m NaCl, 5 mol m KC1 or

3 nol m Rbcl. However, growth was always significantly better
with Na and K or Na and Ro together, than with Na , K or Rb
al one. Cs (used as Csd) on the other hand, was extrenely
growth inhibitory and lethal at 1.5 nmol m . Neither Na
(S3ml m Nad) nor K (5ml m KCl) was found to nmitigate the
Cs toxicity to the cyanobacterium. These findings denonstrate
clearly the nutritive role of Ro Ilike that of Na or K and
inhibitory role of Cs in the cyanobacterial diazotrophic grow h.

The cs’-r nmutant capable of growh in the presence or
absence of 2 ml m Gd in the diazotrophic growth medi um was
examned along wth its parent for diazotrophic growh
characteristics (Fig. 7.2). The nmutant grew very slowy in GCs -
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Fig. 7.1

Effect of Na' (3 mol m™> Nacl), K (5 mol m*® KCl), ro'
(3 ml m3? rRbe1), cst (1.5 ml m® csc1), Nat + x* (3 mol n7?
NaO + 5 mol m~> KC1) and Na* + Rb* (3 mol m™3> Nad  + 3 ol n?
RbCl) on the growh of parent N. muscorum in di azotrophic nedi um

(0), Control (no addition of alkali cations)

(+), Na*
(o), K*
(), RO'
(A, cst

.

(a), Na' + k¥

(x), Nat + mb*

Al kali cations were added the point marked by an arrow.

Mean values fromthree independent experinental determnations
are showmm + SEM where these exceed the dinmensions of the
symbols.

+
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Fig. 7.2
Gowth of parent N muscorum in diazotrophic medium (0 0) and

in diazotrophi c medium containing 2 mol m ¢C€sCl (G , e *) as
well as of its Cs -R nutant strain in diazotrophic nedium
(o) and in diazotrophic medium containing 2 nol m Ga
(G, m—°*) or 3m m RbCcl (R, = °) . Cs /Rb  were

added at the point narked by an arrow.
Mean val ues from three independent experimental determ nations
are shown + SEM, where these exceed the dinmensions of the

synbol s.
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Chapter 7 cs*/rb? nutrition

or Ro -free diazotrophic growh mediumand in quantitative terns,
its estimated diazotrophic growh at the end of 12-days period
was about 50% lower to that shown by the parental strain.
Clearly, mutation to Cs*-R phenotype has resulted in about 50%
i npai r ment of the cyanobacteri al di azot r ophi c gr owt h.
Interestingly, addition of 2 mol m <¢sCl Oor 2 mol m~ RbCl to
the diazotrophic growh nedium caused al nost conplete absence of

mutationally inpaired diazotrophy. In other words, Cs , the
inhibitor of diazotrophic growh in the parent, became a
nutritional requirement for nornal diazotrophy in the nmutant
strain. In addition, Ro was found effectively substituting for
such Cs nutritional requiremnent. In conparison, Na (3 mol m

Nacl) or K (5 ml m KCl) in the growh nmedium did not repair
the mutational damage. Thus, it can be concluded that Cs or Rb
is a specific nutritional requirement for restoration of nornmnal
di azotrophy in the Cs -R nutant strain. It nust be nentioned
here that the parent and the mutant strains, both grew equally
well in 1 nnol m NH,C1 nmedium with or wthout Cs or Rb
Evi dently, cyanobact eri al nmut at i onal danage is apparently
di azotrophy specific and NH -repressible.

Under diazotrophic growh condition without Cs /Rb
suppl enent , t he nut ant cyanobacteri al sanpl es | ooked
greeni sh-yel | ow. The question whether such GCs or Rb
nutritional requirenent is specific for chlorophyll a content
(Fig. 7.3) and nitrogenase activity (Fig. 7.4) or for both under
di azotrophic growth condition was further investigated. In these
experinments the source of inocula for the two strains was
NH:-grown cultures. As expected, nitrogenase activity of the two
strains devel oped after a lag period of about 2-days, thereafter
it increased differentially with a rate nearly 2-fold higher in
the parent than in the nutant strain. Addition of GCs or Rb

100



Fig 7.3

Chl orophyll a content in diazotrophic nedium of the parent
N. muscorum lacking Cs /Rb (o—_0) and of its GCs -rR nutant
strain lacking Cs /Rb (o) or containing Cs /Rb (w—e ) .
The inocula for the experiments was 1 mol m~  NH,Cl grown
cultures of either strain transferred to diazotrophic nedium
Cs /Rb were added at the point narked by an arrow.

Mean val ues from three independent experimental deterninations
are shown * SEM, where these exceed the dinensions of the
synbol s.
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Fig. 7.4

Ni trogenase activity in diazotrophic medium of the par ent
N. muscorum| acking Cs /Rb+ (0 0) and of its Cs =R mtant
strain lacking Cs"’/Rb+ (o—_o) or containing Cs+/Rb (m—2 ) .
The inocula for the experinments was 1 mol m NH.Cl grown

cultures of either strain transferred to diazotrophic nedium
Cs /Rb was added at the point marked by an arrow.

Mean values from three independent experimental det erm nati ons
are shown = SEM where these exceed the dimensions of the

synmbol s.



1

1

1 L

(

L

o))

1
Q
Y ®ud

ﬂvl

Aria11 2D

~ w

b pawuo}

el

<

7H<o

2] o
jow w)

asouatbodiand

Time (days)

Fig.7.4



restored nitrogenase activity of the nutant to almost parental
| evel . Chl orophyll a content Ilike nitrogenase activity, also
required Cs or Rb to maintain its nornal level. Thus mutation
to Cs -R phenotype, appears to have adversely influenced the
common cellular target essential for naintenance of nornal
ni t r ogenase activity and chl orophyll a cont ent in t he
cyanobacterium.

The cyanobacterial strains grew diazotrophically at the
expense of oxygenic photosynthesis and ammonium assimlatory

activity of @s. It was therefore natural to investigate the
effect of Cs -R mutation on these two aspects and the role of Cs
or Rb in such mutational danage. The results show that
photosynthetic o0 -evolution in the parent decreased with
. + -3
increasing concentration of Cs and was zero at 2 mol m CsCl
(Table 7.1). In conparison, none of the Rb concentrations

influenced this process significantly. This does suggest that in
parent while Cs is inhibitory to oxygenic photosynthesis, Rb is

not. |n conparison, oxygenic photosynthesis of the Cs -R strain
was nearly 50% of the parent in the absence of C or Rb

QGadual increase in concentration of GCs or Rb was found
increasing the oxygenic photosynthetic activity of the nutant
proportionately. In contrast, GS (biosynthetic) activity was not
much adversely affected with increasing concentrations of Cs or
Ro in the parent or nutant strain. The mutation to GCs -R

phenotype thus seens to have adversely affected nmainly oxygenic
phot osynt hesi s of the cyanobacterium

The next series of experinents were conducted to
exanine the role of nitrogen source or G /Rb in the regulation
of osmotolerance in the parent and Cs -R strains. As shown in
Table 7.2, the osnotic survival rate of the parent in
di azotrophi ¢ nedium or NH.-medium renained alnost similar with
increasing doses of sucrose and reached zero value wth
250 mol m~ sucrose. Cearly, the nature of the nitrogen source
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able 7.1

Ef fect of graded concentrations of cs’ (cscl) and Rb* (RbC1l) on
phot osynt hetic o.-evolution (mnol O. evolved g~ ¢chl a) and on
GS (biosynthetlc) activity (umol NADH oxidized g'l protein
mn~ ) in the parent and cs*-Rmutant strains of N muscorum.

Parent strain Cs -R strain
Tr eat ment . Gs . Gs
evol ution -activity evol ution activity
Cont rol 610 + 12.5 86 + 8.2 292 + 15.2 82 + 6.4
+ cst (mo1 md)
0.25 436 + 18.4 82 + 6.7 316 + 12.3 81 + 6.5
1.0 313 + 21.5 76 + 5.8 412 + 8.6 79 + 3.6
1.5 36 + 2.3 72 + 5.5 562 t 17.4 81 = 2.5
2.0 0.0 75 + 5.3 586 + 6.3 83 + 5.1
+ RbY (mol m-?)
1.0 590 + 36.0 82 + 5.2 422 + 14.5 81 £ 2.7
1.5 602 + 21.3 79 t 5.7 518 i 7.2 81 + 1.5
2.0 586 + 29.4 82 + 5.5 594 + 36.6 81 + 6.6

Cultures of both the strains were grown diazotrophically with or
wi thout the various treatments for 72 h before using them for the
vari ous experimental deterninations.

Each reading is an average (+x SEM of three i ndependent
experinental determinations.



Osmotic survival characteristics of the parent and Cs -R nutant
strains of N muscorum on diazotrophic ("2) medi um and on

NH' -medium (1 mol1 m* NH,C1) suppl enented wth i ncreasi ng
concentrations of sucrose. The N.-medium with or without Cs*/Ro?
-3 -3

(2 ml m cscl or 3 Mol m RbCl) was used to score the survival
of Cs -R strain in order to exanmine the role of Cs /Rb in its
osmoprotection.

Parent strain Cs -R strain

N

Tr eat ment + nenPum it

medi um nedi um medi um

+Cs +Rb -Cs /-Rb

Basal medium 100 100 100 100 100 100

+ Sucrose (mol m~ )

100 65 68 70 66 36 68
(+ 4.5) (+ 5.1) (% 2.5)(% 6.1) (% 3.5) (+ 4.5)
200 42 45 40 44 2 43
(£ 3.6) (+ 4.5) (% 3.4) (+ 4.2) (0.13) (+ 2.5)
250 0.0 0.5 1 1 0.0 1
(+ 0.03) (0.06) (0.05) (0. 05)

The inocul um size per nutrient plate was about 500 col ony formng
units (CFU s). The efficiency of survival on control nedium was
taken as 100%

Val ues in parentheses are * SEM of three independent experimental
determinations.
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or nutrition does not seem to influence the osmotolerance
characteristic of the parent cyanobacterium The osmotic
survival pattern of Cs -R nmutant in the NH.-medium was al nost
simlar to that of the parental strain under parallel condition.
However, it was not so in diazotrophic medium lacking G /Rb
where its percent survival decreased nuch faster with rise in
sucrose concentration and reached a zero value at 200 mol m

sucrose. Addition of G /Rb in the diazotrophic mediumresulted
in restoration of the osmotolerance of the mutant strain to
al nost parental |evel. Ro like Cs also caused restoration of
osnotol erance in the nutant. Thus, Rb is also required for
repair of the osnotol erance in the mutant strain.

The pattern of G or Rb uptake was also studied in
the two strains grown diazotrophically as well as in the NH

nmedi um DCCD at a concentration of 20 mg L was used to
pretreat the parental diazotrophic culture for 30 min in order to
examine the energy dependence of GCs uptake. As shown in

Fig. 725 & 7.6, the rate of Cs uptake was slightly higher than
the rate of Ro uptake in the parent. The uptake pattern of both
the cations was simlar in the nutant but was slightly higher
conpared to the parent. DCCD pretreated diazotrophic cultures of
the parent lacked GCs uptake and accunul ation. NH - grown
cultures of the parent sinilarly lacked Rb upt ake and
accurmul ation or Cs wuptake and accunul ation. NH,-grown cul tures
of the mutant also lacked Ro or Cs uptake and accunul ation.
DOCD pretreated diazotrophic cultures of the nutant |ike that of
its parent were simlarly deficient in C or Rb uptake and

accumul ati on. Evidently, both cyanobacterial strains contain
NH -repressible DOCD sensitive Cs or Rb uptake process of nore
or less equal nagnitude. In other words, nmutation to GCs -R

phenotype does not seem to have altered the Cs or Rb uptake
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Fig. 7.5

Upt ake of Cs in parent N muscorum grown diazotrophically

(0 0) and in 1 nol m NH.cl nmedium for 96 h (e *) and of
+ a4

its Cs -R nutant strin grown diazotrophically (o) and in

1 mol m- NH cl nediumfor 96 h (°). DCCD at a strength of

20 ng L was used to pretreat th_e par e%7 sgrrai n (o_0) to

exam ne the role of energy netabolism on Cs  upt ake.

Mean values fromthree independent experimental determinations
are shown + SEM, where these exceed the dinensions of the

synbol s.
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Fig. 7.6

g6 +
Upt ake of Rb in parent N muscorum grown diazotrophically
(o0 and in 1 nol m- NH Ccl1 nediumfor 96 h (e «) and of
its Cs -R mutant strin ggrown di azotrophically (a) and in
1 mol m- NH.C1 medi um for 96 h (). D£CD at ~a strength of

20 mg L= was used to pretreat the parent strain (0o_0) to
8 6 +

exam ne the role of energy netabolism on Rb upt ake.
Mean values fromthree independent experinental deterninations
are showmn * SEM where these exceed the dinensions of the

synbol s.
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process in the diazotrophic cultures of the tw cyanobacteri al
strains.

Experinents were also conducted to examne the
i nfluence of exogenous GCs on the wuptake activity of Rb
transport system and of exogenous Rb on the uptake activity of
Cs transport system As shown in Fig. 7.7 & 7.8, when both the
cations are present sinultaneously in the growh nedium uptake
of one cation got inhibited progressively at i ncreasi ng
concentration of the other cation and vice-versa. These results
do suggest that the two <cations affect the uptake and
accunul ati on of the other.

The effect of increasing concentrations of K (Kcl) and
Na (Nacl) on the intracellular content of Cs was al so exam ned.
As shown in Fig. 79 & 7.10, neither Na upto 5 mol m NaC nor
K upto 10 mol m KO could influence the intracellular |evel of
Cs in the parent or in the Gs -R strain. However, wth further
rise in Na or in K concentrations there was a corresponding
decline in Cs accumul ation which became al nost negligible at an
external concentration of 20 nrol m Nad or 50 nol m KO .

7.4 Dl SCUSSI ON

D azotrophic growh results in the parent strain
suggest that Rb can replace for K functionally. Paral | el
studies with the mutant suggest K cannot substitute functionally
for Ro while Cs can do so very effectively. These findings
inply a role of the cyanobacterial genetic determinant in
controlling the specificity of nutritional interchangeability of
alkali cations fromK/Rb to Ro /Cs in the cyanobacterium. K
is required by microbes as an enzyne activator, as an osnotic
regulator and as a regulator of internal pH (Booth 1985;
Val derhaug et al. 1987). It is therefore essential to examne
specifically the role of Ro in various known cellular functions
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Fig. 7.7
I nfl uence of increasing concentrations of RbCl on the uptake of
Cs in parent N muscorum (0) and its Cs -Rnutant strain (D).
Di azotrophic cultures of the two strains grown with Cs for 48 h
were used in the present study.
Mean val ues from three independent experinmental determnations
are shown + SEM, where these exceed the dinmensions of the
synbol s.
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Fig. 7.8

I nfluence of increasing concentrations of cscl on the uptake of
Rb in parent N muscorum (0) and its Cs -R mutant strain (a).

Di azotrophic cultures of the two strains grown with Cs for 48 h

were used in the present study.

Mean val ues from three independent experinental determinations

are shown = SEM where these exceed the dimensions of the

synbol s.
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Fig. 7.9
Influence of external Na (as Nacl) on the cellular level of

Cs in parent N muscorum (0) and its Cs =R mutant strain (D)
Mean values fromthree independent experimental determ nations
are showmmn t sSeEM, where these exceed the dinmensions of the

synbol s.
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Fig. 7.10

Influence of external k' (as KC1l) on the cellular Ievel
in parent N. muscorum (0) and its Cs -Rnmutant strain (a).

Mean val ues fromthree independent experinental determ nations
are shown #-SEM, where these exceed the dinensions of the

symbols.
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Chapter 7 Cs /Rb nutrition

of K by nodern techniques of molecular bhiology before accepting
or rejecting its biological functional equivalence to K .

Cs toxicity to cyanobacterial diazotrophic cultures is
because such cultures contain both active NH -repressible GCs
transport system and Cs sensitive intracellular target(s). I'n
cyanobacteria, mutational alteration of the NH -repressible GCs
transport system has been shown to be one genetic nechani sm of
Cs -R phenotype (Avery et al. 1992). The other genetic nechani sm
of GCs -R phenotype has been the nutational acquisition of
resistance by the Cs sensitive intracellular target against Cs
(Singh et al. 1994). The present finding that cs™/rb' uptake and
accunul ation is NH -repressible in the parent as well as in the
mutant strain while <confirming earlier conclusion of Cs
transport being NH -repressible, further shows that Ro transport
like Cs transport is also NH -repressible in the cyanobacterium
Since the observed mutational frequency of the Cs -R phenotype
falls within the range characteristic of a single mutational
event in chronosomal genes, it is concluded that the present
cyanobacterial Cs -R nutant is also a product of a single
nut ati onal event. Since the Cs -R mutant showed inpaired
di azotrophy, oxygenic photosynthesis, chlorophyll a content and
osmotolerance Which are fully repairable by exogenous Cs , it is
concluded that the Cs -R mutant is a pleiotropic nutant and that
its apparent resistance to Cs is because of the requirenment of
this cation for its nornal di azot r ophy. The nutational
pleiotropy is expressed only under diazotrophic growh condition
and never under nitrate or ammonium nutrition growh condition
t hus suggesting the mutant phenotype to be the result of mutation
in a genetic determnant co-ordinating cyanobacterial oxygenic
photosynthesis, N -fixation and osnotol erance. Ro like G is
found equally effective in physiological restoration of the
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cyanobacterial rmutational pleiotropy. Since neither Na /k' is
found capable of repairing the C /R0 repairable nutational
phenotype, the obvious inference is that Cs /Rb requirenent
cannot be substituted by Na /K in the cyanobacteriuiti. The
question as to why chlorophyll a content declines in the absence
of provision for Cs /Ro under diazotrophic growh condition can
simply be explained on the basis of the dependence of
diazotrophic growth of the mutant on exogenous GCs /Rb . Si nce
the cyanobacterial Cs -R nutant seenms to be a product of single
mutational event in a genetic determnant of regulatory nature
t hat control s oxygeni c phot osynt hesi s, N -fixation and
osmotolerance, it would be interesting to find out how such a
regulatory genetic determinant co-ordinates the three major
cyanobacterial processes. In recent years, P protein has been
shown to nodul ate photosynthetic carbon and nitrogen netabolism
in unicellular non-di azotrophi ¢  cyanobacteria (Allen 1992;
Tsinorenmas et al. 1991).

Osmoremedial bacteri al mut at i ons wher e mut ant
phenotypes are expressed in medium of low osnmolarity but not
expressed in nedium of elevated osnolarity are already known

(Csonka 1989). Sone bacterial rmutants also show specific
requirenent for Nacl to correct their mutational defects (Kohno &
Roth 1979) . The present osmosensitive pleiotropi c cyanobacterial
mutant belongs to a different category in that, it requires
specifically Cs /Rb at |ow non-osmotic concentrations for the
repair of osnosensitive nutant phenotype. Since C /Rb also

repairs the other phenotypes of the pleiotropic cyanobacterial
mutant, it is logical to infer that such specific requirenment of
Cs /Rb results from their corrective role in the nutant
phenotype.

A know edge of how monovalent (alkali) cations

influence each other's transport, accunmulation and toxicity in
cyanobacteria would be extrenmely useful in understanding the
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Chapter 7 cs*/rb? nutrition

cyanobacterial mechanism(s) involved in regulation of their
alkali cation nutrition and toxicity. It has been shown

recently, that Li /Na stimulates K uptake and accurul ation and
+ + + +

Li , Na or K inhibit GCs uptake and accunul ation by

individually influencing the activity of K transport system in

Synechocystis PCC 6803 (Avery et al. 1991).

Cs toxicity in cyanobacterium has been suggested to
result from cellular replacenent of K by GCs which cannot
substitute functionally for K in cyanobacterial physiol ogy
(Avery et al. 1991, 1992a & b) . The present finding that K is
unable to repair the Cs /Rb repairable nmutant phenotype in the

cyanobacterium inplies t hat K al so cannot substitute
functional ly for Cs /Ro in cyanobacteri al di azot rophi c
physi ol ogy. Since GCs is found to be nore efficient in

inhibiting Ro uptake and accurulation than Ro in inhibiting Cs

upt ake and accumulation and since Na or K at many fold higher
concentration, also inhibits Cs uptake and accumulation, it is
suggested that Na , K and Rb individually or in conbination
woul d determine the intracellular level of Cs in cyanobacteri al

popul ation growing under Cs polluted habitats. The one nost
obvi ous ecological inplications of the present finding is that,
Cs requiring nutants of the given type likely to arise

spontaneously in Cs polluted habitats would not survive in such
habitats rich in Na /K because of the inhibitory effect of the
latter on the availability of exogenous Cs to the cyanobacteri al
mut ant . The other inplication of the present work concerns the
application of such Cs /Rb requiring cyanobacterial mutants in
identification and renoval /recovery of Cs /Rb fromhabitats rich
in either.
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CONCLUSI ONS

The results of the studies done exclusively on

Nost oc muscorum and descri bed in this t hesi s | ed to the

foll owi ng concl usions:

1)

2)

3)

4)

5)

6)

7)

8)

A class of tungsten resistant (W-R) mutants of the
cyanobacterium wer e found severely defective in
Mo-transport activity and required vanadium (V) for growth
on N. or NO as nitrogen source. The requirenent of V for
nitrate nutrition is the first novel finding reported for
any mcrobial system

N. rmuscorum can meke or regulate V-dependent nitrogenase
in the absence of. active V-dependent nitrate reductase
(NR) and vice versa as it makes or regulates its
Mo- ni trogenase or Mo-NR independently.

The physiology of salinity stress on Mo- or V-dependent
di azotrophic growth appears to be simlar.

Cyanobacteri al sensitivity to salinity and osnotic
stresses is primarily because of its greater sensitivity
to its N -fixation process than to its photosynthetic
activity.

Mut ation to salinity or osmotic stress resistance in the
cyanobacterium results in severe curtailment in Na influx.
NH -nitrogen does not of fer any protection to the
cyanobacterium against salinity or osnotic stress induced
lethality and plays no role in regulating Na transport.
Exogenous proline is wused as a nitrogen source under
unstressed conditions while it serves as an osmoprotectant
under salinity or osnmotic stressed conditions in the
cyanobacterium

Physi ol ogi cal responses of the cyanobacterium to osmotic
and salinity stresses appear to be simlar.
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9)

10)

11)

12)

13)

14)

15)

16)

17)

Concl usi ons

The cyanobacteri al L~azetidine-2-carboxylate resistant
(Ac-R) mutant is a proline overaccurmulating strain and
shows tolerance to salinity and as well as osnotic
stresses.

Mitation to the Ac-R phenotype is acconpanied by a loss in
proline oxidase activity associated with inability to
assimlate proline as a nitrogen source. A definite role
of proline oxidase in regulating nitrogen nutrition or
osmoprotective function of proline is evidenced in the
cyanobacterium.

Mitational loss in proline oxidase activity seens to be
the reason for overaccumulation of proline (leading to
high intracellular level of proline) in the Ac-R mutant
strain.

Proline per se is not the repressor of heterocyst
formati on and nitrogenase activity in the cyanobacterium
Exogenous betaine functions as a nitrogen source in the
cyanobact eri um and fails to function as an
osmo(salinity)-protectant in it

Bet ai ne does not share a common transport with proline in
the cyanobacterium

Single gene nutations confer genetic acquisition of
osmo(salinity)-stress resistance in the cyanobacterium (as
evident from the Nacl-R, Sucrose-R and Ac-R phenotypes).
Spont aneous cyanobacterial nutants resistant to growh
toxic effects of alkali netals (Li , Na & R ) and
alkaline pH (pH 11.0) show an enhanced H -gradient
dependent nultiple alkali cation efflux system and are
found sensitive to sucrose-induced osnotic stress.

The cyanobacterium N muscorum shows a definite
requirement for Na and K/Ro for optimal growh under
di azotrophic growth conditions.
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18)

19)

20)

Cs uptake and toxicity is diazotrophy-specific and
NH,-repressible.

Mitation to caesium resistance phenotype (Cs -R) results
in physiological pleiotropy manifest in the form of
inpaired diazotrophic growh, oxygeni ¢ phot osynt hesi s,
chl orophyl | a content, ni trogenase activity and
osmotolerance.

Cs /Rb alone is found capable of restoring fully the
physi ol ogical pleiotropy of the Cs -F nutant strain to
its normal level.
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St udi es on di azot r ophy
and its regulation by salinity stress and osmotic stress

inthe cyanobacterium Nostoc muscorum

A mgjority of cyanobacteria, are diazotrophs deriving
their carbon and nitrogen requirenments fromco2 and N, for growth
and nultiplication at the expense of photosynthesis. Thei r
significance in regulation of nitrogen budget in nat ur a
ecosystens as well as in agricultural ecosystems is enormous in
view of their oxygenic photosynthetic diazotrophic node of
nutrition. In |India, di azotrophi ¢ cyanobactesia, native to
water-logged rice-field ecosystens are cultivated and distributed
on a large scale for use as biofertilizers and reports indicate
consi derabl e positive inpact of such practices on the quality and
quantity of rice agriculture. It is therefore natural to
understand the genetics and physi ol ogy of cyanobacteria
di azotrophy in relation to various environmental stresses like
herbici de treatnment, dessication, salinity etc. Very few studies
of this applied nature have been made in past. Ammonia excreting
| aboratory strains of diazotrophic cyanobacteria have been
dermonstrated to supply fixed nitrogen to the crop systems under
| aboratory conditions. This practice has not gone to field |leve
as yet. There is little information at nolecular [|evel about
salinity and osnotic regulation of cyanobacterial diazotrophy

under |aboratory and field conditions.

There are three genetically distinct nitrogenases in



Asotobac ter vineland: ¢ 2~owing evidence for wi de spread
occurrence of simlar nitrogenases in other bacterial systens are
al so available. This aspect has not been studied in detail in
diazotrophic cyanobacteria. In view of the ability of
cyanobacterial forms to grow and adapt to various ecol ogical
niches, it is inportant to know and find out the chenical nature
of such habitats and of the cyanobacterial forms growing there.
A know edge of vanadium (V) in various soil or aquatic habitats
in nature is required in order to i nfer operation of
V-nitrogenase in diazotrophic cyanobacterial forns growing in
such habitats, as V like nol ybdenum (Md) is being, considered to
play a key role in nitrogen cycle in nature (Robsonet al 1986).
In the present study, Nostoc muscoruwum has been physiologically
and mutationally analyzed for requirenent of V in nitrogen
fixation and in nitrate assimlation. The reason for the present
study, was the finding that tungstate resistant (w-R) nutants of
Nostoc muscorwn, no longer required M for diazotrophy and
nitrate assinmlation (Singh et al 1978). The sane techni que was
used to isolate a fresh V-R nmutants of parent Nostoc muscorum and
of its non-nitrogen fixing and non-nitrate assinilating mutant
strains. Such nutants were then separately examined for their
ability to grow with the respective nitrogen source in the
presence or absence of M/ V. The results of these critical
studies clearly showthat, a class of W-R nutants deficient in
Mb-transport activity acquire the need for Vin place of M for
growth on Nz or Noa as a nitrogen source. The V-requiring Nz— or

NO.- assimilating nmutant did not exhibit any alteration in their



nitrogen regulatory eh= sotaristies of nitrogen regulation of
diazotrophy and NO.-aesimilation. \Wile the denonstration of
V- dependent nitrogenase activity in cyanobacteri a is a
characteristic already known in other diazotrophic bacterial
fornms, the present denonstration  of V- dependent nitrate
assimlation is the first novel report of this kind for any
m crobial system. In viewof the observed simlarity in the
nitrogen regul ation of diazotrophy in both the parent strain (a
Mb- dependent di azotroph) and in the nutant strain (a V-dependent
di azotroph) further studies on salt/osnotic regulation of
nitrogen fixation in the cyanobacterium was _#hus restricted

mainly to the parental strain.

Studies were conduct ed to i solate nut ant s of
Nostoc muscorum resistant to growh inhibitory action of salinity
(NaCl) and osnotic (sucrose) stress. The salinity resistant
mutant was found lacking in normal proline transport activity
while retaining the salinity-stimulable uptake process. The
salinity stress resistant (NaCl-R) nutant and the osnotic stress
resi st ant nmut ant (Sucrose-R) wer e checked for their
cross-resistance relationship and were found to exhibit such a
relationship. This finding suggested possible use of mutational
net hods for generating cyanobacterial strains that are capabl e of
growh and multiplication in salinity/osnmotically stressed
habitats of agricultural ecosystenms. Al the mutants obtained
were of spontaneous nature with a frequency characteristic of a

single mutational event. It thus appears that single nutational



activity aes - . & »d Ny- fixing heterocysts in proline medium.
The parent strain under normal growh conditions assinlated
proline as a fixed nitrogen source. Thus, the Ac-R proline
over pr oduci ng cyanobacteri al mut ant s wer e al so
salinity/osmo -tolerant denonstrating for the first time a role

of proline as a salinity/osno -protectant in cyanobacteria.

Experinents were also conducted to exanine whether
proline transport systemin cyanobacteria like that in other
bacterial systems is salinity/osm -regulated. Both the parent
and the Ac-R mutant strains showed salinity/Osmo -stimulable
proline transport system This led us to exanmine the role of
exogenous proline on salinity/osmo -protection in t he
cyanobacterium The results showed that under salinity stress in
the presence of proline, the parent strain produced heterocysts,
showed nitrogenase activity and exhibited increased tolerance to
salinity/osnmotic stress. Al so, under simlar conditions the
intracellular proline |evel rose considerably. These results
suggest that overaccumrul ation of proline resulting either from
i ncreased uptake, increased synt hesi s or from decreased
degradation is the physiological mechanism of cyanobacteria

adaptation to salinity/osmotic stress.

d yci nebet ai ne l'i ke proline is a known
salinity/osmo -protectant in bacterial forms (Rhodes fc Hanson
1993). Cyanobacterial forms isolated from hypersaline habitats

accunul ate predom nant |y gl yci nebet ai ne to over cone



hipersalinity/hyperosmotic stress. Experinents were conducted to
find out whet her exogenous gl yci nebetaine would offer protection
to the cyanobacterium against salinity stress and whether
salinity-stimulable proline transport systemwould in anyway get
affected by glycinebetaine. dycinebetaine like proline under
normal physiological conditions was utilized like a fixed
nitrogen source |leading to repression of heterocyst formation and
nitrogenase activity. Exogenous glycinebetaine failed to offer
protection agai nst salinity/osmotic stress.
Salinity/osmo -stimulable proline transport system remai ned

uni nfl uenced with exogenous gl yci nebetai ne

Li has been shown to be growh toxic to bacteria
(Umeda et al 1984) and cyanobacterial (Avery et al 1991) systens
and the bacterial lithiumresistant nutants (Lt-R) are known to
exhibit increased adaptability to Li , Na and Rb (Padan &
Schul di ner, 1994). This alkali cation has not been studied for
its physiological effects except for inorganic carbon transport
in any cyanobacterium  Spontaneous mutants of the cyanobacterium
resistant to lethal action of lithiumchloride (LiCl) were also
isolated to find out the nechani sm of resistance to Li as well
as to other alkali cations. The lithiumresistant (£f -R) nutant
was found resistant to growth inhibitory action of higher
concentrations of NaCl, KC1l, RbCl and CsCl. Detailed studies of
such multiple alkali metal resistant strain suggested that the
nutation to the Li*-R phenotype has resulted fromthe activation

of an efflux system specific to the various alkali cations. This



nutant was also found relatively more resistant to pH 311:t chan
its parental strain. Studies with the inhibitors of HB*-gradient
formation suggested the multiple al kali metal efflux systemto be
H -gradient driven process. This finding has provided us a
know edge for constructing diazotrophic cyanobacterial strains
that are resistant to salinity stress and thus be useful for wuse
as biofertilizer strains in rice agriculture. Simlarly a sodium
chloride resistant strain (Na -R), rubi dium chloride resistant
mitant strain (R -R) and an alkalotolerant strain (pH,,,"R)
were al so isolated, which showed cross resistance to Li , Na,
+

K, Rb* and €s* induced lethality as well as tolerance to

al kal i ne pH stress.

137 +

Cs is a regular radioactive pollutant discharged
from nucl ear waste and has been found to be very toxic to the
primary producers including cyanobacteria. Cs has been shown to
be transported in cyanobacteria through the ammonium transport
system and its toxicity seens to result by its replacing
intracellular K (Avery et al 1991). GCs toxicity has been found
to be ammonium repressible in the cyanobacterium Nostoc muscorum
(Singh et al 1994). In the present study, a class of GCs
resistant (Cs -R) mutants were isolated under di azot rophi c
conditions which showed definite requirement of Cs /Rb for
nor mal grow h. This is a very novel finding with obvious
inmplications in the sense that GCs requiring mut ant s in
di azotrophi ¢ cyanobacteria can arise during their growh under

natural conditions in habitats polluted with Cs . The results of



the interaction of Na". K* on nutritive role of Cs+,be+ suggested
that Na and K at higher concentrations would result in cellular
repl acenment of Ca+/Rb+ thus inhibiting the growh of Cs‘/Rb"
requiring mutant under growth conditions containing excess of Na*
or K . Further analysis of cs* requiring diazotrophic mnutant

suggested it to have acquired sensitivity to salinity/osmotic

stress under diazotrophic growh conditions. Thus the cs*
requiring diazotrophic mut ant of Nostoc muscorum is
salinity/osmo -sensitivity bot h of whi ch are f ound

NH,-repressible.

The inmportant conclusions from the present work are
hereby cited bel ow :

1) A class of tungsten resistant nutants of the cyanobacterium
Nost oc muscorum  found defective in Md-transport activity, were
found to show a requirement on V for growth on N, or NOg5 as
ni trogen source.

2) Salinity stress resistant nut ant s and osnotic stress
resistant nmutants showed a cross-resistance relationship.

3) Exogenous proline offered conplete protection to the parent
strain against salinity/osmtic stress induced lethality. The
salinity-stimulable nature of proline uptake process appears
to be the alternative exclusive nechanism of salinity/osmotic
protection by proline.

4) Mutation to salinity resistance has inactivated the nornal
proline uptake process while leaving the salinity-stinulable

proline transport system unaffected.



5) Spontaneous mutants resistant to L-Azetidine-2-carboxylate
(AC were found to show increased tol erance to
salinity/osmotic stress. A loss in proline oxidase activity
in the Ac-R nutant strain was found associated with a rise in
its intracellular proline |evel.

5) dycinebetaine is nmetabolized like a fixed nitrogen source and
like NH,-nitrogen, does not offer any protection to the
cyanobacterium agai nst salinity/osmotic Stress.

6) The Li -R ~Na*-R, Rb*-r and the P, o~R mutant strain all
were found resistant to lethal action of Li , Na , K., Rb and
Cs and to alkaline pH 11.0 stress, thus suggesting a conmon
physi ol ogi cal basis for such a resistance.

7) Arole of B -gradient driven alkali netal efflux system in
conferring multiple alkali metal resistance and to pH 11.0 has
been evi denced.

8) Resistance to NaCl can result either from overaccunul ation of
proline (Nact-R, salinity stress resistance) or from enhanced
activity of H'-gradient dependent alkali cation efflux system
{Na -R, nultiple alkali cation resistance).

9) Aclass of ¢s*-r nutants were found to show a definite
requirement of cs*/rRb* for normal diazotrophic growh and

salinity/osmo t ol erance.

On the whole, results presented in this study offer a
feasible approach to mutationally generate  salinity/osmotic
stress resistant nutant strains, for use as biofertilizer in

saline rice agriculture.
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