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CHAPTER 1



GENERAL | NTRCDUCTI ON

Nitrogen is the most limting nutrient of bloproductivity.
The su@ess of rmodern agriculture, depends on the availability of
fixed nitrogen and the present source of fixed nitrogen has been
fossil fuel-based chemical nitrogen fertilizer factories. In view
of the limted availability of fossil fuels, such a technol ogy woul d
soon becone |less practicable. It has been enphasized that an
inprovement in the efficiency of biological nitrogen fixation and
conferring this ability to other systens such as cereal crops would
significantly reduce the dependence on nitrogen fertilizers (Bri
1977). Two principal approaches to the problem have been suggest

(Merrick and Di xon, 1984). The first one involves na. _pulat’™ n of

exi sting association between nitrogen fixing bacteri~ crop
plants and the second involves the transferring of .. ..ogen fixing
(nif) genes into the plant genorne. It is ar st this background
scientists have intensified their effori- understand the process
of biological n® ,en fix ‘c.. ot ular |l evel and manipul ate it
accordingly, sc .. to ser 2 renewabl e source of nitrogen in
od.. n agr. 1t re. “.e Aiazotrophs capable of growth . the sinple
exper of |ight, ter and air have been suggested to be the ideal

syste.. as a source of fixed nitrogen in agricultural and
non-agri cul tural ecosystems.

Al t hough surrounded by an enorrnous reservoir of atnospheric
nitrogen, nost organisns cannot netabolically utilize this nitrogen
source because of its enpirical inertness at normal tenperature.

However, the enzynme nitrogenase has the ability to reduce nitrogen



to ammonia at normal tenperature and pressure in diazotrophs.
Unfortunately, biological nitrogen fixation is a prokaryotic
characteristic restricted to a snall nunber of selected diverse

nutritional groups.

The cyanobacteria are an ancient and diverse group of gram
negative, oxygenic, phot caut ot rophic prokaryotes (Stanier and
Cohen-Bazire, 1977) growing and multiplying at the expense of Iight,
water and air and contribute greatly to the nitrogen econony of
aquatic and terrestrial habitats through their ability to fix
atmospheric nitrogen (Fay, 1981). They incorporate sinple
unicellular organisms (with a frequent tendency for aggregati on and
colony formation), plain unbranched filanentous fornms and strains

with a nore el aborate branched fil amentous structure.

Cyanobacteria al so popul arly known as bl ue-green al gae, are
prokaryotes with oxygenic node of photosynthesis simlar to
Chl or opl ast phot osynt hesi s. Prochl orophyta |ike cyanobacteria al so
i ncl ude prokaryotes w th oxygenic node of photosynthesis. But the
basi c difference between the two groups of prokaryotes lies in their
accessory photosynthetic pigments which are phycobiliproteins in
cyanobacteria and chlorophyll b in prochlorophyta (Lewin, 1976;
Burger-Wiersma et al., 1986). Wile a majority of cyanobact e;ri a are
known to fix nitrogen, critical evidence for the occurrence of this
process in prochlorophyta, is still lacking (Cohen-Bazire and

Bryant, 1982; Patterson and Wthers, 1982; Snmith, 1982).

Studies on nol ecul ar bi ol ogy of the nenbers  of

cyanobacteria and prochlorophyta are inportant from the point of



view of their being possible ancestors to the present day
chl oropl asts in eukaryotic al gae. In addition, three attributes of
cyanobacteria make them a bi ol ogi cal system of considerable interest
from applied and biotechnol ogical point of view The first and the
nost singular attribute is, the diazotrophic node of nutrition at
the sinple expense of light, water and air. The second equally
inportant attribute is, the oxygenic node of photoautotrophy. The
nmodern tools of genetic engineering is being applied to identify,
isolate and nodify the appropriate photosynthetic genes for their
possible engineering into chloroplasts of crop plants for better
phot osynthetic efficiency and photosynthetic yield in agriculture
(Gl den et al., 1986; Bryant and de Marsac, 1988; WIIlianms, 1988).
The third attribute is related to the ecology of the diazotrophic
cyanobacteria under water-logged rice fields of tropical countries.
Scientists have repeatedly  observed i ndi spensabl e role of
cyanobacterial diazotrophs in nitrogen econony of rice agriculture
under conditions with no provision for chemcal nitrogen fertilizer
(Si ngh, 1961) . It is these observations which | ead
cyanobacterial ogi sts to use themas a source of biofertilizer and in
this regard, it is noteworthy to nmention that in India
cyanobacterial biofertilizer technology has been in operation at the
Indian Agricultural Research Institute (IARI), New Del hi, since |ast
two decades (Venkatraman, 1975). However, the scientific basis of
such a biofertilizer based technology is still to be critically
analyzed and discussed and accordingly nodified for  better

efficiency and returns. For full realization of the cyanobacteri al

biofertilizer potential, it is wessential to know clearly at
nol ecular level, the genes specific to heterocyst organization,
nitrogen fixation, oxygen protection, etc. In addition, equally



important area of research, relates to a clear understanding of the
coupling anmong the process of nitrogen fixation, CQZ fixation and
phot osynt hesis. Subsequent to the understanding of these aspects at
nol ecular level, one would like to know the genetics of amonium
assimlation, amonia release, osmotolerance, herbicide resistance
and derepression of nitrogen fixation. The follow ng paragraphs
woul d describe our present know edge about those aspects with a
summary of the achievements made during the present study along
devel opi ng nmet hods and strains of cyanobacteria suitable for use as

a biofertilizer at comercial scale.

In a detailed survey, Stewart (1973) «classified various
di azotrophic cyanobacteria into three major groups based on the

physi ol ogi cal paraneters. They are :

{i) Non-heterocystous diazotrophic cyanobacteria, such as
Plectonema boryanum capable of fixing nitrogen only
under microaerobic or anaerobic conditions;

(ii) Non-heterocystous diazotrophic cyanobacteria, such as
Aphanot hece and Gloeocapsa sp. capable of fixing
ni trogen aerobically;

(iii1) Filamentous heterocystous cyanobacteria, such as Nostoc

and Anabaena capabl e of fixing nitrogen aerobically.

The non-heterocystous cyanobacteri a, uni cel [ ul ar or
filanentous,‘are known to carry out the antagonistic processes of
oxygeni ¢ photosynthesis and nitrogen fixation within the sanme cell
The question has been repeatedly asked about the nechanisns of the

oxygen protection of cyanobacterial nitrogenase under  such



condi ti ons. A nunber of recent studies have been directed to
understand these aspects at nolecular level but it has not yet been
possible to understand it conpletely (Fay, 1992; Gallon, 1992). At
one extrene, are forns |like P. boryanumwhi ch do not seemto possess
any effective oxygen protective mechanism thus rendering them to

keep fixing nitrogen, only in the absence of oxygen or in a strongly

a

reduci ng environnent.* A the other extrene, are forns |ike
Trichodesmium which are capable of carrying nitrogen fixation and
oxygenic photosynthesis wthin the same cell under  aerobic
condi ti ons. In forns like  oeothece, tenporal separation of
oxygeni ¢ photosynthesis and nitrogenase activity has been suggested
as possible nechanism of oxygen protection of cyanobacterial
nitrogenase activity (Gllon and Chaplin, 1988). Recent evidences
indicate that in d oeothece sp. PC6909, the process of nitrogen
fixation and oxygen photosynthesis can occur concurrently within the
same cell (Orteg-Calvo and Stal, 1991). Such results suggest that
dependi ng on the growth conditions, diazotrophic cells mght acquire
one or the other node of oxygen protection, that renders them
nitrogen fixing under the given conditions. Not much is known about
the conformational protection of cyanobacterial nitrogenase, from
oxygen under aerobic conditions in non-heterocystous fornms. The
limted information available on the organization of nif genes in
non- het erocystous forns indicates that the nitrogenase structural
genes nii HDK occur contiguously w thout suffering any interruption
as is characteristic of ni trogenase structural genes in

het erocystous forns (Buikema and Hasel korn, 1993).

In heterocystous diazotrophic cyanobacteria heterocyst

| acks photosystem Il (PS Il) activity, Rubisco activity, glutamate



synthase activity and nitrate reductase activity and contains
functional synthetic and activity system of nitrogenase (Codd
et al., 1980; Peterson et al., 1981; Kumar et al., 1985, Haselkorn
et al., 1987). Heterocyst differentiation and nitrogenase synthesis
.and activity occurs when ammonium grown filanents are transferred to
conbi ned nitrogen-free nmedium for growh. During heterocyst

differentiation from vegetative cells a nunber of structural and
bi ochem cal reorgani zations occurs in order to render the heterocyst

an anaerobic factory for nitrogenase synthesis and activity (Fl emng
and Hasel korn, 1973, 1974; Kulasooriya et al., 1972; Lang and Fay,

1971; Stewart, 1980). C: Nratio of Nostoc or Anabaena is known to
increase from 4.5 to 81 during heterocyst differentiation
(Kul asooriya et al., 1972). Recently Buikema and Hasel korn have
shown experinental evidences for the operation of het R gene in
heterocyst differentiation and of pat A gene in control of

heterocyst spacing pattern (Buikema and Haselkorn, 1991; Liang
et al., 1992). Simlar genetic elements have also been shown to
control heterocyst differentiation and heterocyst pattern formation
in N muscorum (Singh et al., 1994). The action and the role of

het R gene product in heterocyst differentiation has not yet been
establ i shed, although it possible that it is able to sense cellular

C: Nratio that triggers the process of heterocyst formation. A
conparative study of the organization of nitrogenase structura

genes nif HDK on vegetative cells and heterocysts have reveal ed
fundamental differences in that, while in vegetative cells, the
nif Kis separated from the nif D by a DNA elenent of 11 kb, in
heterocysts, nif D and nif K are contiguous lacking the 11 kb DNA
el ement characteristic of nif D gene in vegetative cell. Such

rearrangement of nif genes in heterocysts, hecs been suggested to be



the reason for the expression of nif genes in heterocysts and not in
vegetative cells (CGolden et al., 1985). A second rearrangenent
during heterocyst differentiation, resulting in the deletion of a 55
kb long DNA el enent, occurring adjacent to the nif S gene has al so
been recorded (Golden et al., 1988). The uni que organi zation and
rearrangement of nif genes in heterocystous cyanobacteria, for
functional expression of nitrogenase synthesis and activity is a
gener al characteristic. The single exceptions to this
characteristic gene expression in heterocystous nitrogen fixing
cyanobacteria are Fischerella sp. ATOC227923 (Saville et al., 1987)
and Mastigocladus (Singh and Stevens, 1992), where the nif
structural genes are contiguous simlar to that seen in
non- het er ocyst ous f or ns. Elhai and Wolk (1990) by the use of
reporter gene lux fused to cyanobacterial nif promt ter have shown
clearly that expression of nif genes within the heterocyst is
developmentally but not environmentally (cf. Helber et al., 1988)

regul at ed.

In Azotobacter vinelandii there are three genetically
distinct nitrogenases, one containing nolybdenum (M) called
Mo- ni trogenase (N trogenase 1), another containing vanadium (V)
called V-nitrogenase (Ntrogenase 2) and the third which neither
contains M or V but iron (Ntrogenase 3) (Bishop et al., 1986).
The three nitrogenases are known to be regulated differently in
response to the presence of M or V. Evidences have been presented
for the possi bl e occurrence of V-nitrogenase in N muscorum (S ngh
et al., 1993a,b) and A variabilis (Kentemichet al., 1988). It
woul d be interesting to know the nature of genetic elenents that

participate in regulation and organization of the genes for



V-ni trogenase and Mo-nitrogenase in general.

Cyanobacterial nitrogenase |ike nitrogenases of other
prokaryotes is an enzynme capable of producing both ammonia and
hydrogen. The |oss of precious cellular energy and reductant in the
form of hydrogen, during nitrogen fixation 1is considerable.
However, nitrogen fixing cells seem to have evolved a strategy to
overcone this wasteful process of hydrogen |oss, by producing
menbr ane bound uptake hydrogenase, that functions in recycling of
ni trogenase, catalysed by hydrogen production, for reuse as a source
of energy or reductant. The concurrent occurrence of nitrogenase
activity in nitrogen fixation and uptake hydrogenase activity in
hydrogen recycling, has been found to optimze the process of
di azotrophy in both free-living and synbiotic forns including
. yanobacteria (Evans et al., 1987; Bothe, 1982; E sbrenner a
Bot he, 1979). It is therefore inportant to know the relation
between the physiology of uptake hydrogenase and nitrogenase in
het erocystous cyanobacteria, as well as in non-heterocystous
di azotrophic fornms, as such know edge is crucial to photoharvest
ammonia or hydrogen from any diazotrophic cyanobacteria at
commer ci al scal e. In addition such findings will further encourage
devel opnent of techni ques for construction of di azot rophi c
cyanobacterial strains capabl e of sustained ammoni a excretion during

their growth and netabolism

Glutamine synthetase and glutamate synthase (GS- GOGAT)
pathway of ammonia assinmlation, is the primary node of ammonia
nutrition in diazotrophic and non-diazotrophic cyanobacteri a.

N trogen regulation of GS activity has been studied in diazotrophic



cyanobacteria and it is known that there are two nitrogen regul ated

pronoters i nvol vi ng transcriptional control of gln A gene (Turner

et al., 1985). Heterocyst formation, nitrogenase synthesis and
activity and ammoniume. transport system all exhibit nitrogen
control, whose nature and nechanism is still unknown (Hasel korn,

1978; Stewart, 1980; Rai et al., 1984; Singh et al., 1985; Singh
et al., 1989). In enterobacteria, well defined ntr system of
genetic control is known to operate in control of nitrogen
assimlation (Merrick, 1988). But in cyanobacteria there is total
lack of know edge on this aspect, at genetic and nolecular |evel.
Sone studies of genetic: nature have denonstrated the participation
of the product of ntr°A gene in control of nitrate reductase,
glutamine synthetase and methylammonium transport system in
Synechococcus sp. PCC7942 (Vega-Palaset al., 1990). Smlarly the
operation of ntr-like regulatory gene product, in positive control
of heterocyst formation, nitrogenase activity and ammoni um transport
system has been denonstrated in N muscorum (Sngh et al., 1989).
The ratio of «a-ketoglutarate to glutamne is known to generate the
nitrogen status signal, in an enterobacterial cell. This ratio can
legitimately be also called C: N ratio and an increase in it would
nmean the nitrogen starvation and a decrease in it would nmean
nitrogen surplus state. N trogen signal transduction nechani sm has
been well characterised at genetic and nolecular |[evel in
enterobacteria. The sensor nolecule of this ratio is a bifunctl onal
enzyne called wuridylyl transferase (UT)/uridylyl renoving (UR)
enzyne, which uridylylates P protein under nitrogen limtation and

II

deuridylylates uridylylated P protein under nitrogen sufficiency.
11

The uridylylated P protein is required for the activation of Nr B
11

protein Kkinase activity, leading to phosphorylation of Nr C



pr ot ei n. The phosphorylated Nr C (Nr C-P), is an activatdr of
genes under the control of nitrogen regulated pronoters. Thus
nitrogen starvation signal, results in the formation of Nr GP
protein which is a positive regulator of transcription fromnitrogen
regul ated pronoters. The nitrogen surplus signal generates
deuridylylated form of PII protein that pronmotes phosphatase
activity of Nr B leading to dephosphorylation of NNr GP with the
ultimate result in switching on the transcription from various
nitrogen regul ated operons. Recently the Pu protein and its gene
gln B have been shown to be present in a w de range of cyanobacteria
and it has been shown to undergo phosphorylation in the absence of
ammoni um (nitrogen source) and/or under PS II l'ight, i.e.,
functioning of PS Il is favoured over PS | light. This finding has
directly inplicated the role of PII protein in co-ordination of
oxygeni ¢ photosynthesis in inorganic nitrogen metabolism (Tsinoremas
et al., 1991, Alen, 1992). Further studies along this line
in diazotrophic cyanobacteria wll unravel the fundanentals of
coupling nechani sm between photosynthesis and nitrogen nutrition.
These findings suggest a possible occurrence of mutants which woul d
be defective in both oxygeni c photosynthesis as well as the nature
of inorganic nitrogen nutrition. However, wuntil today no such

mutants were reported.

In the general schene of plan for construction of
cyanobacterial strains for use as biofertilizers the followng

attributes need to be present in them
(i) Ntrogen fixation derepressed for conbined nitrogen

sSour ces,

(ii) Ability to excrete ammoni a derived fromfixed nitrogen,

10



(ii1) Resistance to rice field herbicides,
(iv) Resistance to osmolarity and salinity,
(v) Ability to conpete against native forns under field
conditions.

Derepressed nutants of N muscorum for heterocyst formation and
nitrogenase activity have been reported and techniques have also
been devel oped to produce them under |aboratory conditions (Singh
and Singh, 1978; Singh et al., 1994). Mut ants have al so been
isolated, specifically defective in ammonium transport system but
without the ability to excrete ammonia during diazotrophic growh,
thus, ruling out the possible role of ammonium transport system in
extracellular liberation of ammnia (Sngh et al., 1978; Singh
et al., 1994). Mitants defective in GS activity, have normally been
found to be ammoni a excreting and such nmutants have been isolated in
di azotrophi ¢ cyanobacteria by selecting th.am for resistance to G5
inhibitors |ike L-methionine pL-sulfoximine (MSX), phosphinothricin
(PPT) and ethylene dianine (EDA) (S ngh et al., 1983, 1988; Modi
et al., 1991; Kerby et al., 1988) . Thus in this area of
cyanobacterial biofertilizer technology, nethods are energing for
the generation of ammonia excreting strains. Simlarly genes
conferring resistance against DCMU, atrazine, basalin, machete and
propani| have been identified and techniques developed for their
transfer by the technique of genetic transformation in N muscorum

(Singh et al., 1987; Chapter 3 of this thesis).

The 'probl em of salinity/osnolarity has been investigated at
a very prelimnary level, with a viewto sinply identify the nature
of conpatible solutes that occur in cyanobacterial fornms naturally

adapted to grow in hypersaline/hyperosmotic habitats. In some



freshwater forns the nature of conpatible solutes have been
identified in response to salinity/osnotic stresses. The general
i npression from such studies is that these organisns like bacteria
and higher plants accumul ate glycinebetaine, sucrose, trehal ose,
gl ucosyl - gl ycerol as principal osmolytes in salinity/osnotic
adaptati on (Mackay et al., 1983; Varr et al., 1988). However, this
aspect has been studied in nuch detail only in enterobacterial forns
like E. coli and S. typhimurium where the osnotic signal appears to
be transduced through the kdp system of potassium transport and
transport system of proline/glycinebetaine accurul ation (Lucht and
Bremer, 1994). This aspect has not been studied in cyanobacteria in
much detail and one would like to know the nolecular biology of
osnmotic signal transduction as well in order to construct strains
that can tolerate hypersalinity/hyperosmolarity in agricultural

ecosyst ens.

Scope of the present investigation

The thesis contains results of studies on construction of
multiple herbicide resistant ammonia  excreting strains  of
di azotrophic cyanobacterium Nostoc muscorum, as described in
Chapter 3. The results for the first time suggest the successful
application of techniques of genetic transformation and nutation in
the production of multiple herbicide resistant anmonia excreting
strains of the di azotrophi ¢ cyanobact eri um Nost oc muscorum. Nost oc
muscorum parent was transforned with the DNA from d oeocapsa sp.
containing genes for nachete resistance, basal in resistance,

atrazine resistance, 3-(3,4 dichlorophenyl)-1, 1-dimethyl urea



(DOMJ) resistance and propanil resistance. The transformants were
selected for nachete resistance and examned for presence of
remai ni ng herbicide resistant phenotypes. Evi dences suggest that

the genetic deternminants of all the five herbicide phenotypes to

closely linked. Further experinents on photosystem | and
photosystem |1 activities in the presence of the five herbicides
suggested to be inhibitory to PS-II activity alone. Such

transformants were used to generate their amonia excreting
L-methionine-DL-sulfoximine (MSX)-resistant, Phosphi not hricin
(PPT)-resistant and Ethylene dianmne (EDA)-resistant GS strains.
Resul ts suggested that the inhi bitdr resistant GS is altered in its
activity leading to excretion of ammnia in the growh nmedium
EDA-resistant GS was found to be excreting ammonia nore efficiently
over ot her GS strains under phot oaut ot rophi ¢ di azot r ophi ¢
condi ti ons. These results do inply to have a long bearing . the

construction of biofertilizer strains.

As a follow up to the work done in Chapter 3 studies were
carried out on the nmutational analysis of GS response to EDA Two
classes of nutants have been identified. One class of nutants
assimlate EDA as a fixed nitrogen source, while the the other class
excretes ammoni a under diazotrophic growh conditions. A role for
the gIln A allele in control of its mutation frequency to EDA
resistant GS phenotype is suggested. Chapter 4 of this thesis has

concentrated on these aspects.
Chapter 5 deals with the characterization of methionine

transport in the parent and mutant strains resistant to the

met hi oni ne analogues : ethionine and norleucine, GS inhibitor

13



phosphinothricin and to the growh inhibitor azide and its

correlation to diazotrophy in the cyanobacterium

Salinity and osnotic resistant nutants of Nostoc muscorum
have been isolated and their cross-resistance relationship has been
explored at the genetic and biochemcal level. Gsnotic and salinity
nodul ati on of growth, photosynthetic oxygen evolution, nitrogenase
activity, GS activity and ammoni um transport activity have al so been
studied in the parent and nutant strains. A prelimnary study on
the osmoprotective nature of proline is analyzed. The results are
described in Chapter 6 of this thesis.

O the whole the thesis is strongly built around a central
idea, aimng to construct strains with desirable genetic traits,
using the classical nethods of nmnutational nanipulation ~nd genetic
transformation techniques for their use as a conpetent and

scientifically viable biofertilizer.
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CHAPTER 2



MATERI ALS AND METHCDS

Organi sns used

The diazotrophic cyanobacterial strai ns Nost oc muscorum, and
d oeocapsa sp. were used in the present study. N muscorum is a
phot oaut ot r ophi c, unbr anched fil ament ous and di azot r ophi c
cyanobacterium, which grows luxuriously in nodified Chu No. 10 nedi um
(CGerloff 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 nmediumis represented
as N2-medium and when it is supplemented with a final concentration

of 5 nMMKNO,, 5 nM NaNO, and 1 nMNH, O (buffered with 50 nM
o4

2 [=)

HEPES-NaOH, pH 8.5), represented as NO., NO. and NH' nedia
- - +

respectively. Addition of NO3, NO and NH4 inhibits heterocyst

formation and nitrogen fixation under diazotrophic growh conditions

(Stewart and Singh, 1975).

d oeocapsa sp. is a wunicellular aerobic diazotrophic
cyanobacterium growi ng under photoautotrophic conditions. It was
originally isolated from paddy fields and found to be resistant to
her bi ci des, nmachete and basalin (Sngh et al., 1987b). Axeni c
culture of d oeocapsa sp. was grown in BG-11 mediumwhich is a slight

nodi fication of G-11 of Hughes et al. (1958).
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Axenic batch cultures of these strains were grown in liquid
medium in air-conditioned illumnated culture room at a photon
fluence rate of 50 umol m s and tenperature of 28 + 2 C donal
cultures were maintained on agar slants which were prepared by addi ng

1.2% (v/v) Agar-Agar to the liquid medium prior to autoclaving.

Qulture nedi a

The nodified Chu No. 10 medium (Gerloff et al., 1950) used
for growing the cyanobacterial strains N muscorum had the

conposition indicated in Table 2.1a & b.

TABLE 2. 1a

Macronutrient Stock (granms 100 ni _1)

Macro nutri ent Concentration

1 Calciumchloride 1.10

2 Magnesi um sul phat e 0.50

3 Dipotassium hydrogen phosphate 0.20

4 Sodium silicate 0.88 .

5 Sodi um car bonat e 0. 40

6 (a) Gtric acid 0. 06
(b) Ferric citrate 0. 06
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TABLE 2.1b

Hicronutrient stock (grams L_l)

Micro nutrient Concentration
1 Mangaous chloride -« 181

2 Boric acid 2.86

3 Zinc sul phate 0. 222
4 Copper sul phate 0. 079
5 Sodi ummolybdate 0.0177
6 Cobalt nitrate 0.05

5m each of the macronutient and 1 m mcronutrient
solutions were taken in a final volunme of 1 liter double distilled
water and pH was adjusted to 8.59.0 (wth 0.1 N NaOH), prior to
aut ocl avi ng. NO:; , NO‘;_ and NH; were added to the above medi um when
required.
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TABLE 2.2

Conposi tion of BG-11 medium (grans 100 m 1)
Macronutrient Concentration
1 Dipotassium hydrogen phosphate 4.0
2 Magnesi um sul phat e 7.5
3 Calcium chloride 3.6
4 Fe-EDTA 0.1
5 Sodi um car bonat e 2.0
6 (a) dtric acid . 0.6
(b) Ferric ammoniumcitrate 0.6

The nicronutrient stock wused was essentially as that

described for nodified Chu No. 10 nedi um

1 m of each macronutrient and 1 mi of mcronutrient was
added in a final volume of 1 liter of double distilled water and the
pH was adjusted to 8.5-9.0 before autoclaving. N03, Noé and NH; wer e
added to the above medi um where required.

Sterilization

Qulture nedia were sterilized prior to inoculation by

autoclaving at 15 |bs sq_1 inch pressure for 15 min at 121 °C
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QG owt h measurement

Cyanobacterial cultures are honmogenous in liquid medium and
therefore, a direct absorbance change at 663 nm is proportional to
its multiplication and can be used for growh neasurenents, but
growth also results in an increase of biomass. Therefore paraneters
like chlorophyll a and protein will also facilitate the measurenent
of growh in cyanobacteria. The growth in the present study was

usual |y measured at regular intervals by estinmating chl orophyll a.

Estinmati on of Chl a

The chl orophyll content was estimated by using the method of
Macki nney (1941) by extracting into 100% metha: -1. Five m of the
culture was withdrawn and centrifuged at 2,000 RPM for 15 min and the
supernatant was di scarded. The pellet was dissolved in equal volune
of 100% ret hanol . Then the tubes were kept in hot water bath
maintained at 60 °C for 10 min. The solution was again centrifuged
at 2,000 RPM for 10 nin and the absorbance of the chl orophyl| extract
was read at 665 nm The chlorophyll a content was calculated by
using the foll owi ng formla.
1

13.42 x A‘66"3 = pg Chloruphyll a ni
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Estimation of cellular protein

The protein content of the crude extracts was estimated by using
the nmethod of Lowy et al. (1951). The protein in the crude extracts
was by precipitated by adding equal volume of 10% (wv)
trichloroacetic acid (Bailey et al., 1967). The mixture was |eft
overnight at 25 °C and then centrifuged at 3,000 x g for 10 mn. The
precipitate was dissolved in 1 N NaCH and an aliquot was wi thdrawn
for estimating the protein content. A standard curve for protein

estimation was prepared by using bovine serum al bumn (BSA).

Measurement of heterocyst frequency

Heterocyst frequency was calculated as the nunber of
het erocysts per 100 vegetative cells by wusing light nicroscopic
observation of the filaments of the cyanobacteri umused. Cells were

counted using a haenocytoneter.

Measurement of electron transport activity

Cyanobacterial cells were harvested and washed twice wth
harvesting buffer containing 20 mM HEPES-NaCH (pH 7.5), 1 nmM CaCl2
and 7.5% (wv) polyethylene glycol (PEG4000) and resuspended in the
sane buffer.‘ The cell suspension was centrifuged at 10,000 x g for
10 nin at 25 °C Then the cells were susbended in the reaction

buffer consisting of 25 nM HEPES-NaCH (pH 7.5) and 20 nM NaCll. The

cells were used for nmeasuring PS Il activity.
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The photochem cal activities (PS1 and PS Il) were measured
by following the method of Robinson (1982). Assays of elctron
transport activities were carried out using thermostated (28 °QC
glass cuvette, fitted within a dark-type oxygen electrode (QG1son
Medi cal El ectronics, Mdel 56 Oygraph, USA). The cells were
illumnated with saturated light (450 Wm—z) obtained from a
projector at the surface of vessel. Thernostated water bath was used
to maintain a constant tenperature (28 °C during the illumination.

The changes in the oxygen concentration were recorded.
Photosystem Il assay

p- benzoquinon (pBQ nmediated electron tranpsort activity of
PS 11 (}2,_0—> pBQ was us.d for intact cells. Being a |ipophilic
conmpound benzoquinone enters into the intact cells and accepts
electron at the pl astoqui none position (Trebst, 1974). The reaction
mxture (3 m) contanined reaction buffer, 0.5 mM pBQ and the intact
cells (equivalent to 12-15 pg Chl a). The sanpler were illuninated
with the help of a 300 W projector lanmp which provided a saturated
i ncandescent light (450 Wm ) on the surface of the sanple cuvette.
The changes in 0, concentration were recorded. Phot osynthetic rate

was estimated by using intact filanents.

PS Il  activity of the sonicated cells was neasured
spectrophotometrically by following the reduction of DCPIP (Mnnar
and Bose, i985). Cyanobacterial cells were harvested and washed
twice with harvesting buffer (pH 7.8) consisting of 0.3 M sucrose, 10

mM tricine and 0.1% (wv) BSA and resuspended in the same buffer.
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Cells were broken by ultrasonication. The extract was centrifuged at
10,000 x g for 30 mn at 25 °C The pellet was used for measruing
the PS Il activity. The reaction mxture (1.6 m) for assay of HII
reacti on consisted of 5 nMMdA 2 10 fM NaC, 5 nMNH4G and 25 uM
freshly prepared DCPIP. The thylakoid nenbranes were added to the
above reaction mxture at a concentration of 12 ug. The sanples were
illumnated for 2 min with saturating white light. The reduction of
DCPI P was neasured at 600 nm

a A600 X 60 x 1000

pumol DCPIP reduced mg'1 Chl ah’ =

19 x pug Chl a

Preparaticn of spheropl asts

Spherop. - ists for measurement of PS | activity were prepared
by using the method of Peter and Sherman (1978). The cyanobacteri al
cells in exponential growth phase were harvested and washed w th 20
mM Tricine-KOH buffer (pH 7.5) containing 0.4 M sucrose, 10 nM KC1
and 10 nmM EDTA The cells were suspended in the same buffer and
i ncubated with 0.5 ng ni "1 of lysozyme for 20 min at 37 °C  After
the lysozyme treatnent, the cyanobacterial cells were centrifuged at
5,000 x g for 15 nin at 4 °C and used for the neasurenent of PS |

activity.

Photosystem | assay

PS | nediated electron transport activity was estinmated as a

neasure of oxygen uptake due to nethyl viologen (M/) photoreduction
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and its subsequent autooxidation with 2,6-dichlorophenol i ndophenol
(DCPIP) and sodi um ascorbate donor coupled. The experinmental set up
was essentially simlar to the one described for PS Il assay. The
reaction mxture (1.6 m) consisted of 25 nM HEPES-NaCH (pH 7.5), 10
uM DCPI P, 2 nM sodium ascorbate, 0.5 MM MW, 1 nM sodium azide and 1
uM  3-(3,4-dichlorophenyl)-1,1-dimethyl urea (DCMU). Spheropl ast s

equi valent to 15-20 pg Chl a was used for each estimation (Robinson

et al., 1982). Phot ochenmical activity estinated in terns of O2
exchange has been expressed as umol (?a evol ved/ consuned rrg'1 Chl a
hl

Radi ol abel | ed transport assays

The nethod of Rai et al. (1984) was used for the measurenent
of uptake of amno acids. Exponentially growning cyanobacteri al
cells were harvested by centrifugation and washed twice with 10 nM
HEPES- NaCH buffer (pH 7.0) and resuspended in the sane, equilibrated
for 30 min at 25 °C under photoautotrophic growh conditions.
[U—14C] | abel | ed substrate was then added to the cell suspension at a
required final concentration. Four hundred microliters were
w thdrawn at different time intervals and separated from the bathing
nmedium by silicon-oil mcrocentrifugation technique (Scott and
Nicholls, 1980) and counted for cellular level of radio |abelled
compound by using Beckman LS 1800 Liquid Scintillation Counter.
Non-specific binding of radioactivity was determined by nmeasuring its
i ncorporati on in toluene treated cells (Rai et al., 1984). The val ue
was always substracted from the value obtained tolune-untreated

sanpl es.
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Enzyne assays

Nitrogenase (EC1.8.6.1)

N trogenase activity was neasured as descrbed by Stewart and
Singh (1975). Assay was done in test tubes containing cyanobacteri al
cells (10-15 ug Chl a) by evacuation and replaced by the desired gas
phase whi ch contained 10% (v/v) acetylene. The tubes were incubated
with internittent shaking at 28 °C and a photon fluence rate of
50 pmol m_2 s *. After 1 h of incubation ethylene production was
assayed gas chromatographically using CIC Gas Chromatograph. The

nitrogenase activity was expressed in terns of umol C.H forned ng_l

Chl a h L.

d ut am ne synthetase (EC5.3.1.2)

Glutamine synthetase was assayed under in vitro conditions.
Cultures were harvested by centrifugation at 2,000 RPM and washed
with buffer A (Tris-Hd, pH 7.5 followed by washing with buffer B
(buffer A+ 5 nM M1C12 , 10 nM sodi um glutamate, 5 i
2-mercaptoethanol and 1 nMEDTA, pH 7.5). The pellet was resuspended
in buffer B and cells were broken in liquid nitrogen and the cell
extract thus obtained was centrifuged at 15,000 RPM (Remi C24 nodel

Cooling Centrifuge) for 30 mn.

@ ut am ne synthetase (transferase) (EC6. 3.1.2);
The enzyne was assayed using the nethod of Sampio et al.
(1979). The reaction mxture (1.0 mM) in addition to enzyne extract
contained 40 nM Tris-HQ (pH 7.0), 3 nM MnClZ, 20 nM potasium

arsenate, 0.4 nM sodium-EDTA, 60 nmM hydroxalamine (neutralized with 2
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N NaCH before use) and 30 mM glutamine. The reaction was allowed to
proceed for 10rainat 37 °C in dark and termnated by adding 2 m of

stop mxture (4 : 1 : 0.5 (v/v) of FeCl,, 24% TCA (wv) and 6 N HC1).

3'
The ¥-glutamyl hydroaxamate formed was estimated by neasuring the
absorbance at 540 nm The anount of y-glutamyl hydroxamate formed
was determned fromthe standard curve. The transferase activity was

espressed as nmol y-glutamyl hydroxamate formed nmy * protein mn *

d ut am nesynt het ase (biosynthetic) (EC6.3.1.2)

A utamne synthetase (biosynthetic) activity was measured by
the nmet hod of Kingdon et al. (1968) using the follow ng reagents: 60
pmol sodium glutamate, 3 pmol ATP, 150 pmol Tris-Hd (pH 7.5), 200
pmol NH4C1, 150 umol KC1l, 150 umol MgClZ, 0.45 pmol NADH 0.5 umol
phosphoenolpyruv..te (PEP), 20 Units |actate dehydrogenase (LDH) and 8

Units pyruvate kinase (PK).

To 1 m of the enzyme extract 200 pl each of the reagents
wer e added. The absorbance was mneasured at 340 nm in Htachi
Spectrophotoneter. The GS (biosynthetic) activity was expressed

in terns of nnol NADH oxidized ny ® protein min .

Chem cal s

VBX, EDA, Tris-HA, pot assium  arsenate, Na- EDTA,
hydroxalamine, sodi um gl utamate, Na- ATP, NADH PEP, LDH PK, PBQ
and lysozyme Were procured from Sigma Chemcal Co. , USA PPT
from HOECHST, Germany. Al other chenmicals were of analytical

grade fromBDH or Fluka Chemie AG
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The radiolabelled conpounds were procured from BRIT,

Bonbay, I ndia.

Statistical Analysis

St andard Error (SE)
The standard error about mean of the data on specific

observations was cal cul ated as :

Standard deviation (SD
v n

Standard BError (SB) =

where n = nunber of variants

Hence, the value was represented as, mnean of the value + SEM
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CHAPTER 3



ENG NEERI NG MULTI PLE HERBI G DE RESI STANT AMMON A EXCRETI NG
PHENOTYPES | N NOSTOC MUSCORUM THROUCH THE TECHNI QUES OF

GENETI C TRANSFCRVATI N AND MUTATI ONAL VAN PULATI ON

I ntroducti on

Contribution of diazotrophic cyanobacteria to the nitrogen
fertility of paddy fields and thereby to the productivity and vyiel ds
of rice crop result from mneralization of their biomass and not
from imediate availability of fixed nitrogen (S ngh, 1961; Roger
and Kul asooriya, 1980; Tirol et al., 1982). The cyanobiont Azolla

in synbiotic state lacks effective ammonia assinilating system and

therefore it can supply the host plant - 'ith anmonia derived from Nz
fixation (Rai et al., 1984). Strains of free living diazotrophic
cyanobacteria defective in amonia assimlation |eading to

extracellular |iberation of NZ- derived anmmoni a, woulc be ideal for

use as biofertilizer in paddy fields.

The glutamine synthetase-glutamate synthase (GS GOGAT) i«

the main primary route of ammonia assimlation in free-living

aer obi c, Ng—fixing, het erocyst ous  cyanobacteri a (Dharmwardene
et al., 1973; Stewart and Rowel |, 1975, Wolk et al., 1976; Thonas
et al., 1977; Rowell et al., 1977). The inhibitor of glutamne

synt hetase (GS), L-Methionine-pL-sulfoximine (MSX) has been observed
to cause excretion of ammonia resulting from N2 fixation and the

release of heterocyst and nitrogenase production from anmonia

27



inhibition by a nechanism involving inhibition of glutamine

synthetase activity (Stewart and Rowell, 1975).

The glutamine synthetase catalyzes glutanine formation
from amoni a and glutamate and the MSX inhibition of GS activity in
turn results in the inhibition of glutamine formation (Thomas

et al., 1977; Stewart, 1980).

MBX resi stance involves production of an MSX-resistant GS
severely altered in its y-glutamyl-transferase activity and this
nut ant excretes a considerable anount of ammonia  during
phot oaut ot r ophi c Nz-f ixation (Sngh et al., 1983). It was also
shown that the production of MX-resistant strains as a useful
technique for isolating ammon.a excreting mutants of N2-f i Xi ng
cyanobacteria with potential for biological production of anmonia
under complete autotrophic conditions. Such ammonia excreting
diazotrophic cyanobacterial strains have been shown to supply
N2- derived ammonia to rice and wheat plants wuncer |aboratory

conditions (Lattore et al., 1986; Spiller and Gunasekharan, 1990).

However, successful exploitation of ammonia excreting
di azotrophic cyanobacteria as a source of biofertilizer in
agriculture require them to have rice field herbicide resistant
phenotypes as well. These strains nust have inherent ability to

grow and fix nitrogen in the presence of commonly used herbi ci des.

Cyanobacteria in general are simlar to the higher plants

in respect of photosynthetic physiology and photoautotrophic
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nutrition. Most commonly used herbicides are nornally those which
are inhibitory to the photosynthetic processes and phot oaut ot rophic
node of grow h. It is therefore not surprising to find that rice
field herbicides are found to be growh toxic to cyanobacteria.
Creation of rice field herbicide resistant strains scientifically
strengt hen considerably the effectiveness of their neaningful use as
biofertilizer in rice ecosystens, regularly subjected to herbicide
treatnment. This will also serve as a source of herbicide resistant

gene pools for the crop plants.

CGenetics of herbicide resistance in cyanobacteria is
little known. Few reports indicate presence of DCMU- and atrazi ne-
resistant genes in Plectonema boryanum (Mallison and Cannon, 1984)
and DCMU-resistant gene in Nostoc muscorum (Vaishampayan, 1984). |[f
nmodern agricultural technologies have to be inproved for nore
production in agriculture, there 1s no alternative to devel opnent of
effective biotechnology for raising herbicide resistant crops and

bi ofertilizers.

Sorme studies have dealt with the physiological and growh
toxic effects of various rice field herbicides on Nz-fixi ng and non
Nz—fixi ng cyanobacteria (S ngh, 1973, 1974; Das and Singh, 1977;
Venkataraman and Rajyalakshmi, 1977). Her bi ci des such as nachete
has been reported not only growh inhibitor but also as a strong
mutagen in Nostoc muscorum (S ngh and Vaishampayan, 1978; Singh
et al., 1979). Singh and Tiwari (1988 ) have studied the effect of
herbi cides nachete, basalin and propanil on Gloeocapsa, Nostoc

muscorum and Anabaena ATCC 27893 in relation to inoculum size and
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suggested that the incolum size is a very inportant paraneter to
determ nation of resistance of cyanobacteria to such herbicides.
P.K. Singh group at CRRI, Quttack (India) has involved in the
eval uation of the effect of a nunber of pesticides on diazotrophic
cyanobacteria under |aboratory and field conditions (Das and Singh,

1977b, 1979; Kar and Singh, 1978, 1979).

DCMJ and atrazine are specific inhibitors of PS Il
activity and the target of their inhibitory action had been shown to
be 32 kDa protein of the PS Il reaction centre (Brusslan and
Haselkorn, 1989). Propanil is known to be the inhibitor of HII
reaction and believed to inhibit the process by its interaction with
cytb553 (Good, 1961; Nishimura and Takarmiya, 1966). Machet e has
been suggested to be an inhibitor of protein synthesis in
susceptible plants. Smlarly the node of action of basalin is not
known in higher plant systems. Singh et al. (1985) have isolated a
di azotrophic G oeocapsa sp. fromrice fields, which shows extreme
resistance to the gromth inhibition by nachete and basalin and have
found evidently for the genetic basis for this herbicide resistance.
Evidently this does seens to be a great possibility of naturally
occurring fornms of diazotrophic cyanobacteria with in built genetic
resistance to variety of other rice field herbicides. Ther ef or e,
identification of such source of herbicide resistance genes and
nmethods if developed for their genetic transfer to appropriate
di azotrophic strains is vital to use the diazotrophic cyanobacterja

as biofertilizer.
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CGenetic basis of phenotypes are anal yzed basically by two
net hods, one nmutational and ot her gene transfer system
Cyanobacterial genetics lag far behind and only from md 1970’s
serious attenpts started to devel op methods of gene transfer system
Kurmar (1962) found apparent genetic reconbination for antibiotic
markers in Anacystis nidulans. Stewart and Singh (1975) reported
transfer of nif genes from parent N moscorum to its non I\h-fixi ng
mutant strain. Singh and Singh (1983) analyzed the nature of net
gene, nif gene and their common regulator gene by reconbination
met hod and found evidence to conclude distinct classes of genes

operating in organization of heterocyst and nitrogenase.

Transformation as a node of gene transfer system | eading
to production of genetic r. combinants for antibiotic resistance
nmarkers was denonstrated in Anacystis nidul ans 602 by Shestakov and
Khyen (1970). Subsequent studies have al so showed transfornation as
a process of gene transfer system taking place in Aphanocepsa 674
(Astier and Espardellier, 1976),  oeocapsa apicola (Devilly and
Houghton, 1977), Agmenellum quadruplicatium PR-6 (Stevens and
Porter, 1980) and Synechocystis PCC 6803 (Qigorieva and Shestokov,
1982). Such studies used genetic markers which were chromosomally
located and thus provided evidence for  naturally occurring

chronosonal transformati on systens in cyanobacteria.

Denonstration of plasmd transformation in cyanobacteria
is expected to have plasnmd cloning vehicles that can be used to
produce cyanobacterial merodiploids as well as to introduce foreign

genes in cyanobacterial cells. The devel opnent and establishment of
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efficient transformation system with chronosomal or plasmd DNA in
uni cel lul ar cyanobacteria has opened the possibility for w de range
of genetic analysis based on the nethods of transposon nutagenesi s,
reconbi nation mutagenesis and site directed nutagenesis. These

nmethods have helped in identifying and characterizing genes

specifically involved in organization of PS Il in unicellular forns
(Wllians and Szalay, 1983; Vermaas et al., 1987; Brusslan and
Haselkorn, 1989). Transformation as a system of gene transfer

process has not been found as successfully working in heterocystous
filamentous bacteria as it has been found in unicellular
cyanobacteria. Recently Singh et al. (1987 a) denonstrated genetic
transformati on of azide assimlating phenotype from Nostoc muscorum

t o Anabaena doliolum.

In this chapter, we present evidence to show that DNA is
the basis of five herbicide resistant phenotypes nachete resistance

(Hatr), basal i n resi stance (Basr). DCMU resi st ance (DCMUr), atrazi ne

r r
resi stange (Atr ) andrpropanil gesistance {Prp ) in d oeocapsa sp. ,
that Bas , DCMUr, Atr and Prp phenotypes are cotransformable wth
Mat  phenotype from d oeocapsa sp. to N muscorum thus suggesting
t hem to be cl osel y genetical ly rel at ed. Her bi ci de
sensitive/resistance nature of PS 1l activity is primarily the
physi ol ogi cal basis of cyanobacterial growh responserto the five
herbicides @nd that L-methionine-pL-sulfoximine (Msx ), ethylene
diamne (BEda‘:) or phosphiothricin (Ppt ) resistant mutant GS strains
are defective in GS (transferase) activity and proficient in

excretion of N. -derived amoni a.
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Experimental Procedure

Organisms

Parent Nostoc muscorum and multiple herbicide resistant
aerobi ¢ diazotroph G oeocapsa sp. were grown under diazotrophic

conditions as described in detail in Chapter 2.

Total genomic DNAi sol ati on and purification

Total genonmic DNA was isolated from cyanobacterial strains
by the method of Mazur et al., (1980) with appropriate modification.
Cyanobacterial cells in their late exponential phase were harvest ed,
washed and resuspended in 50 nM Tris-Cl, 100 nM EDTA, 25% (w V)
sucrose, pH8.0 (TES) at 1 gm (wet weight) per 10 M TES. Lysozyme
in 250 nM Tris-A (pH 8.0) was added to a final concentration of
10 ug nuﬁl and incubated at 37 °C for 1 h. Then the cells were
gently lysed by adding sodium dodecyl sulphate (SDS) to a final
concentration of 1/. Inmediately Nad was added to a final
concentration of 1 M and the mxture was extracted once wth
phenol : chloroform: isoanyl alcohol (25 : 24 : 1) and then twice
with chloroform: isoanyl alcohol (24 : 1), chilled ethanol (2 vol)
was added to the aqueous phase, and the high nol ecul ar weight DNA
was spool ed onto a glass rod and dissolved in an appropriate vol une
of 10 nM Tris-Hd (pH 8.0), 1 nmMEDTA (TE). The DNA was treated
wi th ribonucl ease (RNase-A) at 100 pg m'1 (predigested at 70 °C for
10 min) and then with pronase (at 50 ug ml_l). DNA was again
precipitat ed‘ with ethanol and the aqueous phase was dialysed
overnight against TE (pH 8.0) with at least three changes of buffer

and dissolved in TE The purity of DNA  was anal yzed
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spectrophotonetrically and integrity was checked by el ectrophoresis
on agarose gel (0.8% before using it in transformation experinent.

Serial glassware and buffer solutions were used throughout.

Agar ose gel el ectrophoresis

This was according to the method described by Maniatis
et al., (1982). Agarose gel of 0.8% (wWv) was prepared in
el ectrophoresi s buf f er (90 nM Tris-borate, 90 nM boric aci d,
2 nM EDTA) TBE using type | |ow endo-osmotic agarose. 15 pl of DNA
sanple was mxed with 5 pl of loading buffer (O. 25%brom§p.‘uem1 bl ue
and 40% (wWv) sucrose in sterile distilled water) and then slowy
| oaded into the slots of the subrerged gel using a P 20 di sposabl e
micropipettman (G 1lson). The enough electrophc esis buffer
containing 0.5 ug rri"1 ethidium bromide was added till the gel i=
im..rsed to a depth of about. 1 mm A low voltage of 50 mV was
applied to start the el ectrophoresis. After the run, the gel was
directly visualized using trans UV-illuminator to <check the

integrity of DNA sanpl e.

Sensitivity to DNase and RNase

The DNA isolated from cyanobacterial cells was treated
with DNase (100 pg ml” ') for 15 min at 37 °C and checked by gel
el ectrophoresis for its sensitivity. Similarly the DNA was treated

wi th RNase A

Determination of col ony form ng units (CFU)

Fi | ament ous cyanobacteria in its late exponential phase of

growt h contains hundreds of cells per filament. Even though every
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vegetative cell has the capacity to form a colony, the whole
filament also forns a singly colony, after plating on agar plates.
Hence, for the sake of convenience to calculate transfornmation
frequency, such long filaments were broken gently by vortexing (for
30-60 sec) in the presence of sterile glass beads. This process
produced filanents with an average of 100 cells per filanment. This
unit was taken as CFU. The whole process was carried out
aseptically and after spreading the CFU on agar plate the percentage

survival was found to be greater than 90%

Permeaplast preparation

Permeaplasts were nmade of recipient cells according to
Dani el | and McFadden (1986) with appropriate modifications. Freshly
prepared nodified Chu No. 10 nedium200 . 1 was inoculated with 15 m

of exponentially growing cultures to give a final concentration of
R — 6 —1

2 X10 cells n (2 x 10 GRU mM ) and the cells were grown
overni ght under standard growh conditions. Cells were centrifuged
and washed once in fresh nedium and then twice with 10 nM Tri s-HJ ,
1 nMEDTA (pH 7.5) _(TE) buffer and resuspended in 50 m of the sane
buffer and 2 ng m of lysozyme was added and incubated at 37 g
for 1 hin 150 M Erlenmyer flask under cool white fluorescent Iight
with intermttent shaking. After 1 h of incubation the cells were
washed thoroughly in fresh nodified GCwu No. 10 medium and
resuspended in 200 m of fresh medium Per neapl asts  of

exponentially growing cultures were prepared and wused in

transformati on experinments.
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Transformat i onprocedure

The permeaplasts of recipient cell cultures prepared by
2 h treatnent were wused for transformation experinents. one
milliliter of permeaplast at a concentration of 2 x 10° CFU m "?! was

nl

taken and donor DNA at a final concentration of 1 pg m was added.

The transformation mxture was incubated at 28 °C under a Ilight
intensity of 50 umol m 2 s! for 60 min. Then the DNA upt ake was
stopped by addition of DNase | (100 ug m"') in presence of
5 rrMMgCl2 and was incubated at 37 °C for 10 min and then spread on
nutrient agar plates at a concentration of 2 x 105 CFU per plate.
The drug was added underneath the nutrient agar after 72 h of

seeding of DNA treated permcaplast. This basic procedure was

nodi fied in various ways to test different paraneters.

Standardization of conditions

(2) Effect of

Exponentially

groning cells were harvested by centrifugation and
resuspended “n fresh diazotrophic nmedium at a
concentration of 2 x 106 CFU per m. Two different
sets of cells were taken, washed and resuspended in
NZ- nmedium and TE buffer (pH 7.5) respectively.
Permeapl asts were prepared and transformation was

carried out as described earlier in this c apter.

(b) DNA contact period and DNA concentration versus

transformation frequency : After repeated testing the

opti mum DNA concentration which gives maxi mum nunber of

6
transformants was found to be 1 pg per 2 x 10 CFU of
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recipient cells and the optinum contact period was
found to be 60 mn (data not shown). The DNA upt ake

was stopped by the addition of DNase 1.

(c) Efifect of ight and dark on transformation

efficiency : The permeaplast of recipient cells were
treated with 1 pg xr.lﬁ1 donor DNA and incubated at
28 °C ne set was incubated in precence oOf
phot osynthetic light and another set in dark and after
1 h the process of DNA uptake was stopped by the
addition of DNase | (100 pg a" ') . Sanples were taken
from both the sets and plated on non selective agar
plates and after 72 h the selective drug was added

underneath the agar aseptically.

Isolation of ammonia excreting mutant strains of parent and
mul ti pl e herbi cideresi stant transformant Nostoc muscorum

Parent N muscorum and its multiple herbicide resistant
transformant were grown separately in bul k under diazotrophic growh
conditions and then screened for the presence of spontaneous nutants
resistant to growth inhibitory concentration of MsX (0.36 Mg m'l)
and PPT (0.18 pg m"') as described by Singh et al. (1983) and of
EDA (0.9 pg ml'l) as described by Stewart et al. (1987). These
spontaneou; resistant nutants thus isolated from the two strains
were then examined for their inhibitor resistant GS (transferase)
activity and only such nutants were isolated and grown for studying
their ammoni a excreting ability during photoautotrophic di azotrophic

growt h.
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Ammoni a estimation

Amonia estinmation was

Sol orzano (1969).

(a) Reagents :

(1) Phenol-alcohol sol ution

(2) Sodium nitroprusside

(3) Alkaline solution

(4) Sodium hypochlorite

(5) Oxidizing solution

(b) Procedure : 10 M of sanple +0.4 nm of phenol

+ 0.4 M of sodium nitroprusside

solution. After 1 h, the blue colour of indophenol was read at

640 nm

Chem cal s

done following the method

10 g of distilled phenol in
100 M 95% (v/v) Ethanol .
0.5% (wWv) in distilled
wat er .

100 g trisodium citrate + 5 g
NaCH in 500 mM of distilled
water.

Commerci al grade sol ution.

100 M (3) +25m (4).

solution + 1 m of oxidizing

The enzymes and chenmcals wused in DNA isolation

purification Were purchased fromS gna Chem cal Co.

chem cal s used were of analytical
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Her bi ci des

Machete : Trade name (f 2-chloro-2',6'-diethyl-N- (but oxy-
methyl) acetanilide and commonly known as "Butachlor" Wwas obtai ned
from Mnsanto Chemical PVT Ltd., Missourie, USA  having a

concentration of 50%

Basalin : Trade nane of N-{2' -chloroethyl) 2,6-dinitro-N- propyl -
4-(trifluoromethyl) aniline and commonly known as "Fl uchl oradin" was
obtained from BAST Aktiengesell Schaff, CGernmany having a

concentration of 48%

Atrazine : Trade nane of 2-chloro-4-(ethylamino)-6-(isopropyl

am no) Striazine was obtained BASF India Ltd. The stock
solution of 1 nMwas prepared in dinethyl sulfoxide (DVB) taking
care to keep the final concentration of DVMB in the reaction

m xture bel ow 0. 1%

DCMU : Trade name ¢f 3- (3, 4-dichlrophenyl )-1, 1 -dimethyl urea
commonly known as "Diuron” was obtained fromSi gnma Chemcal Co. |,
USA. DCMU was sparingly soluble in water and a stock of 1 nMwas
made in isopropanol taking care to keep the final concentration

bel ow 0.1%.

Propanil : Trade nane of 3',4'-dichloropropionaniline and
commonly knwon as "Stam f-34" was obtained from Indofil Chem cals

Ltd., India, having a concentration of 36%
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Resul ts

d oeocapsa sp. was shown to contain two herbicide
resi stant genes, machete resistant (Hatr) and basalin resistant
(Basr) which was successfully cotransformed to NostoC pmuscorum
(Singh et al., 1987b). Now it has been found that G oeocapsa sp.
contains resistant genes for nachete, basalin, atrazine, pcMu and
propanil . The aim of the present investigation was to generate
transformants of N. nuscorumresistant to the above herbicides and
then use one of such transformant to select out ammonia excreting

MSX-res .stant, EDA-resistant or PPT-resistant GS strains.

Normal |y exponentially growing cells of N nuscorum when
exposed to exogenous DNA of d oeocapsa sp. gave erratic results with
respect to machete re¢ .tant transformants under photosynthetic
conditions. Transformation experiments invelving cal cium treat ment
of recipient cells or with permeaplasts prepared in normal m ninal
mecdium proved unsuccessful. Col d-shock treatnment of  nornal
popul ation also did not succeed in inducing conpetence in them for
reproduci bl e transformation to machete resistance (data not shown).
The nost successful system for transformation with Gloeocapsa  sp.

DNA to machete resistance involved use of permezplast preparation in

TE buffer. Table 3.1 summarizes the various conditions used for
transformation experinents. Basically there are four paraneters
regul ating a transformati on experinents, viz. , age of permeaplast,

concentration of transformng DNA contact period of transform ng
DNA with permeaplast and conditions under which transfornation

reaction is carried out. Sone basic conditions for stable
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transformation in Anabaena doliolum have already been worked out by

Singh et al. (1987a).

As shown in Table 3.1, the transformation frequency was
nearly 100-fold higher in photosynthetic condition over that where
the DNA was treated with DNase under similar conditions. Simlarly,
transformati on frequency in photosynthetic conditions was nearly
200-fol d higher over that in non-photosynthetic (dark) conditions.
It is therefore concluded that transformation for machete resistance
is DNase sensitive and photosynthetic light dependent. The results
also suggest that the DNA nediated transformation of nachete
resi st ant phenotyp~ from Gloeocapsa sp. to N muscorum was
obligately dependent on the presence of permeaplast of N. muscorum
and Ti~ is-EDTA buffer in the transf orr ~tion reaction nixture. The
cont r ol culture fcr  scoring spontaneously occurring nachete
resistant nmutants gave :2ro results, thus suggesting lack of

mutational origin of nachete resistance phenotype in this

cyanobacterium. Giceoc apsa sp. , the donor of the DNA  showed
resi stance to basalin, propanil, atrazine and DCMU. W found DNA is
a genetic naterial for mnmachete resistant phenotype. W checked

machete resistant transformant whether it was resistant to some or
all herbi ci des. It was found able to grow in growh inhibitory
concenirations Of the remaining four herbicides as well. Ve
reasoned pna to be the genetic material for basalin, propanil,
atrazine and DCMJ resistance as well. On  exam nati on, al |
transformants Were found to be basalin resistant, DOMJ resistant,

atrazine resistant and propanil resistant as well.
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Table 3.1

Effect of various treatments on transformation frequency during
DNA-mediated transformation Of Nostoc muscorum tO machete resistance
with purified donor DNA from machete resistant Cloeocapsa sg.

Treatment Numba of trans- Transformation
formants per frequency
2 x 10° cru

Whole cell + No DNA

(in light) 0.0 0.0

Whol e cell + DNA

(in light) 0.0 0.0

Permceaplastc prepared in

Nz-medium + DNA (in 1light) 0.0 0.0

FPermcaplaste prepared in "

TE buffer + DNA (in light) 760.0 3.8 x 10"
(x 60.3)

Permecolasts prepared in "
TE buffer + DNA (in dark) 3.0 1.5 x 10
(£ 0.2)

Pi rmeaplasts prepared in

71 buffer + DNase treated

DNA (in light) £.0 4.0 x 10
(£ 0.3)

Transformation frequencies are represented as, nurler of
transformants obtair -d in relation to viable coleny forming uynits
(CFU) in the transformation nixture. An average of 100 cclls ywere
taken as a CFU unit.

Each value is an average (+ SE) of three independent experimcnts.



A conparison of the diazotrophic growth characteristics of
the parent and the machete selected transformant in different
herbicide nmedia is sumarized in Table 3.2a & b. Gowh of the
transformant in normal mninal nedium devoid of the herbicide was
slightly better, in conparison to its parent under sinilar
conditions. Presence of the herbicide showed very little inhibitory
effect on the growh of the transformant while the parent did not
showed any growh and was infact growth toxic in media containing
the respective herbicide. The transformant showed slightly higher
het erocyst frequency and nitrogenase activity as conpared to its
parent in herbicide free nedium N trogenase activity of the parent
was found to be severely sensitive to inhibitory action of the
her bi ci des. O the other hand, nitrogenase activity of the
transfcrmant was found to be significantly resistant to inhibitory
action of each of the herbicide. These results clearly indicate
that the transformants selected for nachete resistance were also
simultaneously resistant to basalin, atrazine, DCMU and propanil.
It is therefore concluded that DNA is the genetic basis for
resi stant phenotypes to all the five phenotypes in Gloeocapsa sp.
and that this DNA based genetic trait is transfornable to
Nostoc muscorum and that the genetic determinant controlling the

her bi ci de resistant phenotype are all closely |inked.

V¢ conpared the response of PS Il and PS | activity of
G oeocapsa cp., parent N musorum and its transformant, in the
presence of five herbicides. As shown in Table 3. 3a, PS Il activity
of parent N nuscorum was found sensitive to each of the above

her bi ci des, while that of G oeocapsa sp. (3.3b) and the transfornant
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Tabl e 3. 2a

Effect of various herbicides on the growh (in p g chl a m "o
het erocyst frequency (No. of heterocysts per 100 vegetative cells)
and nitrogens e activity (umol ethylene forned mg“r Chl @ h™') in
parent Nostoc muscorum.

Tr eat ment QG ow h Het er ocyst Nitrogenase
f requency activity
Control 4.6 56 9.8
(x 0.37)
Machete (20 fig ml ") 0.06 4.2 0. 96
(x 0.05)
Basalin (20 pg m1 ') 0.04 4.0 i.6
(£ 0.14)
Atrazine (1 pg mi"?%) 0.20 4.0 4.0
(£ 0.10
DCMU (L pg mli 1) 0.07 4.0 3.4
(+ 0.29)
Propanil (1 pg ml™ ') 0.32 4.0 3.6
(+ 0.24)

Exponentially growing cells under N2-fixing conditions were washed
and resuspended in fresh Nz-medium containing desired concentrations
of various herbicides. Ten-day-old exponentially growing cultures
were used for estimation of growh (by estimating Chl a) and
het erocyst frequency while nitrogenase activity was estimated after
48 h of incubation under photoautotrophic growh conditions.

Each value is an average of (x SE) thre= independent experinents.



Table 3.2b

Ef fect of various herbicides on the growh (in psChlaml_I

het erocyst frequency (No. of heterocysts per 100 vegetative cell

and nitrogenase activity (umol ethylene fornmed mg™" Chl a h'i) [
transformant Nostoc muscorum.

),
s)

Tr eat ment G owt h Hete: ocyst Nitrogenase
frequency activity
Cont r ol 5.0 7-8 13.7
(£ 0.60)
Machete (20 pz m "?%) 4.0 6.0 10. 4
(£ 0.28)
Basalin (20 pg ml™ ') 4.2 6.1 14.5
(+ 0.70)
Atrazine (1 pgm 1) 4.16 5.3 9.8
(i 0.54)
DCMU (1 pg ml™h) 3.75 5.0 8.8
(i 0.43)
Propanil (1 pg ml™ ') 3.60 4.0 3.6
(+ 0.22)

Exponentially growing cells under Nz2-{ixing conditions were washed
and resuspended in fresh Nz-medium containing desirec concentrations
of various herticides. fen-day-old exponentjally growing cultures
were used for estimztion of gicwih (by estimating Chl &) and
heterocyst frequency while nitrogenase activity was estimated after
4S h of incubation unoer photoautotrophic growth conditions.

Each value is an average of (x SE) three independent experinents.



Tabl e 3. 3a

Phot ochemi cal activities (PS 11 and PS|) in parent Nostoc muscorur
under diazotrophic growth conditions.

Tr eat ment ps |l activity PS | activity
(H20 > pBQ (DA P » MV
Control 352.0 483.0
R (* 14.73) (£ 16.39)
Machete (20 pg m "?) 126.0 432.0
(% 8.24) (£ 19.79)
Basalin (20 pg ml™') 170. 0 380.0
(+ 14.65) (£ 17.15)
Atrazine (1 pg nml ') 132.0 342.0
'+ 7.29) (£ 20.24)
DCHU (1 pg m"Y 305 N 363.0
{(x8.96) (x 12.76)
Propznil (1 fig ml1™ ") 0.0 324.0
(x 3.54) (x 14.24)

Expcnentially growing cells, under Hz fixing conditions were washed
and recuspen ed in fresh Na-medium in response to various nerbicides
at desired concentrations and PS Il &and PS | activities were
estimated after 4S h ircubztion, wunder pheloauvtotrephic growh
conditions.

2 = 1
PS I ac'g ivity (Ha0— 5 p3Q) expressed as upmcl 0Oz evolved ng"
Chl a h™

1

PS 1 activity (DCIE > MV) expressed as pmol Oz consuned ng

Chl a h™°?

Each value is an average of (i SE) three independent experinents.



Table 3.3b

Phot ochem cal activities (PS Il and PS I) in C oeocapsa sp. under
di azotrophic growth conditions.

Tr eat ment ps Il activity PS | activity
(HzQ » pBQ) (DCIR > MV)
Cont r ol 108. 8 261.0
(+ 8.50) (+ 10.62)
Machete (20 pg ml™ ') 101. 8 256. 0
(+ 2.16) (+ 9. 53)
Basalin (20 pg ml™') 115.1 296.0
(£ 2.94) (= 3.49)
Atrazine (1 pgml™ ") 105. 0 260. 0
(+ 3.86) (= 2. 49)
DCMU (1 kg ml™h) 98. 1 248.0
(i 7.72) (+ 2.56)
Propani| (1 pg ml™h) 86.3 237.0
(+ 5.73) (+ 9. 09)

Exponentially growing cells, under Nz fixing conditions were washed
and resuspended in fresh Na-redium in recponsc to various herbicldes
at desired concentrations and PS Il and PS | activities were
estimeted after 48 h incubation, under photoautotrophic growth
concit.ons.

PS |1 acgivity (HeQ—» pEQ expressed as wumc! QCz evolved mgf1
Chl a h ~.

1

PS | activity (DCIR s MV) expressed as pumol 0? consumed ng

Chl a h™!

Each value is an average of (x SE) three independent experimencs.



Tabl e 3.3c

Phot ochem cal activities and

Nost oc muscorum ynder

(PS 11 PS 1)

in  transformant
di azotrophic growth conditions.

Tr eat nent PS II activity PS | activity
(H2Q » pBQ) (DCIR > MV)

Control 276.0 482.0

(= 10.50) (= 10.62)
Machete (20 kg mi"") 256.0 455.0

(= 2.16) (= 9.53)
Basalin (20 pg ml™') 218.0 483.0

(+ 2.94) (+ 5.C2)
trazine (1 pg ml™ ") 193.0 402.0

(£ 3.86) (x2.49)
DCMU (1 pg mi"h 186.0 423.0

(* 7.72) (+ 3.44)
Propani| (1 pg m"?!) 156. 0 350.0

(£ 5.74) (£ 9.09)
Evponentially growing cells, under Nz fixing conditions were washed

and resuspended in fresh Kz-medium

at desired concentrations end PS Il and PS | activities
estimated after 43 h incubation, under photoautotrophic growth
condi tions. y

PS Il activity (Hz0 —— pBQ expressed as pmol 02

Chl a h™'

PS | activity (DCIP — MV) expressed as umol 02 consumed ng'l
Chl a h™'

Each value is an average of (* SE) three independent experinents.

in response to various herbicides

-1
evolved ngy



(Table 3.3c) were found relatively herbicide resistant. As
expected, none of the herbicides could significantly influence the
PS | activity of parent N rnuscorum and itsS transformant and
G oeocapsa sp. The results indicate the ability of Gloeocapsa SPp.
and N rnuscorum transformant to grow in the presence of growh
inhlD1llOTy concentration of the five herbicides because of their

herbicide resistant PS Il activity.

Next series of experinents involved in isolating strains
of parent N nuscorum and its transformant, whose GS activity is
resistant to inhibitory action of MSX, EDA aud PPT and which are
ammonia excreting in nature. The spontaneous mutation frequency
leading to production of MsX, EDA and PPT resistant G5 in parent and
transformant was in the range of 0.5-1.5 x 10_7. Al these mutants
were as stable as the ti1ansformant and showed normal heterccyst
frequency and ammon.um repressible nature of heterccyst formation
and nitrogeiase activity. The nitrecgenzce activity of the parent
N nuscorum its Msx , Edd and Ppt’ mutant strains, the
transformant N. muscorum and its Ms¥ , Eda and Pptr nutant strains
varied in the range of 9.2-14.9 pmol C,,}‘_{ﬁ;produced ny '1Ch1 a h_1
under diazotrophic photesynthetic conditions. The level of G5
activity was alnost simlar in both parent and its herbicide
resistant transformant. Neither strain excreted ammonia during
diazotrophic growth under photosynthetic or non-photosynthetic
growth conditions. The results indicate an absence of anmonia
excretion under the above conditions. However Msx r, Pptr and Edar

mitant strains of both parent and transformant N rnuscorum were

associated with ammonia excretion wunder diazotrophic growh
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Tabl e 3.4a

Nitrogenase activity (umol ethylene formed mg™' chia h™* ), GS
(transferase) activity (nmol gy-glutamyl hydroxamate formed mn"?
ny pr ot e_:iin) and ammonia excreting activity (umol amonia ng"!
Chl a 4h ) of L-nethionine pL-sulfoximine resi st ant (Msx'),
ethylene dianmne resistant (Eda ) and phosphinothricin resistant

{Ppt" ) strains of parent Nostoc muscorum.

Strain
Activity
Parent Msx" Eda" PprI
Nitrogenase 9.8 11.0 13.56 12.73
{+ 0.37) (x 0.29) (+ 0.60) (+ 0.56)
GS (transferase)
(a) without 1415.6 405.0 224.69 105.12
inhibiter (& 52.22) (£ 19.78) (% 11.65) (+ 6.82)
(b) with 0.0 399.0 . 35.8 200.0
inhibitor (¢ 17.15) (% 10.48) (+ 9.96)
Ammonia excreting 0.0 18.0 20.83 22.72
activity (£ 0.9) (£ 1.03) (£ 1.1)
Cultures were grown in diazotrophic growth mecium. Four day old

exponentially growing cultures of different strains were treated
with the respective inhibitor for 48 h and then used for estinmating
GS (transferase) activity.

Each value is an average of (x SE) three independent experinents.



Tabl e 3.4b

Ni trogenase activity (umol ethylene formed mg"1 Chl a h—IL
(Enansferase) activity (nmel y-glutamyl bhyd oxamate formed mn"!
mg = protein) and anmonia excreting acti:.ty (umol anmonia ng"!
Chl a 4h™") of L-methionine-gp—sulfoximine resi st ant (Msx*'),
ethylene dianmine resistant (Eda ) and phosphinothricin resistant
(Pptr) strains of mltiple herbicide- resistant transformant Of
Nostoc muscorum.

Strain
Activity | —_
Parent Msx" Eda" Pptr
Nitrogenase 10 73 12,0 14.8 14.9
(+ 0.28) (£ 0.%2) (& 0.78) (x 0.7)
GS (trensferase)
(a) rithout 1628.0 305.0 240.0 306.0
hibitor ( 47.44) (x 14.3%) (£ 12.62) (% 14.42)
(b} with 0.0 298.0 115.8 302.0
inhibiter (* 13.99) (z 6.08) (% 14.91)
Ammonia excreting 0.0 19.4¢9 26.02 9.3
activity (¢ 0.98) (% 1.53) (z 0.78)
Cultures were grown in diazctrophic growth nedium Four day old

exponentially growing cultures of different sirsins were treated
with the respective inhibitor for 48 h and then used for estimting
GS (transferase) activity.

Each value is an average of (x SE) three independent experinments.



conditions (Table 3.4a & b). It can be concluded fromthese results
that the Eda' -GS strain was nore defective in its GS activity, which
in turn was nore proficient in ammonia excretion than the
cor respondi ng Msx"-GS or Pptr-GS strains. These cyanobacteri al
strains fixed N2 only under photosynthetic conditions. The
different 1inhibitor resistant defective strains excretes anmmonia
only under photosynthetic diazotrophic conditions. Apparently, the
| evel of extracellular ammnia produced from photobi ol ogical
fixation of N_ seens to be dependent on the degree of nutational

2
decrease in the cyanobacterial GS activity.

D scussi on

Machete (iuiachler) belongs to a class of amide herbici des
used in the control of weeds in rice fields (French and Gay, 19632;
Armstrong et al., 1973) a&nd has teer: shown to be highly growh toxic
and mutagenic in N. nmusccrum (Sngh and Vaichampeyan, 197S).
N muscorum has been repeatedly tried for isolation of machete
resistant mutants but the results have been consistently negative.
Natural isolate of Glocscapse sp. has becen found to be inherently
resistant to growth inhibitory action of ma..ete and this trait is
genetically transformable to N. muscorum (S ngh et al., 19S7b).
Wien further examined it was also found to be highly resistant to
growth inhibitory action of basal i.n, DCMU, atrazine and propanil.
VW carried out transfornmation experinments to find out the genetic
basis of such multiple herbicide resistant phenotypes in
d oeocapsa sp. and also to examne possibility of genetic |inkage

anong the five herbicides.
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CGop plants like other plants are oxygeni c phototrophs and
nost of the herbicides are well known inhibitors of oxygenic
phot osynt hesi s. The nost commonly used photosynthetic herbicides
are DCMJ and atrazine both of which inhibit the activity of reaction
centre D1 protein of PS II. Recent conparative studies on the
nol ecul ar organi sation and functional aspects of photosynthesis in
chloroplasts and cyanobacteria suggest them to be very simlar.
This forned the background for engineering and nodifying genes in
chloroplasts by manipulating transformable cyanobacteria (Golden
et al., 1985) . The cyanobacterium Synechocystis PQC 6803, a
facultative heterotrophic strain, is increasingly being used as a
nodel system for the genetic anal ysis of oxygenic photosynthesis in
view of its ability to produce viable photosynthetic nutants under
heterotrophic conditions (Astier et al., 1984). Vermaas et al.
(19S8) have devel oped techniques to generate nutated photosynthetic
genes under in vitro conditions which have been wused for

substitution of their wld type alleles.

Many commercial herbicides inhibit electron transport by
intercepting flow at the reducing end (Ashton and Cafts, 1973,
Wight and Corbett, 1979). There are several evidences to indicate
that this inhibition occurs at the level of protein bound
pl ast oqui none called "B' (Pfister and Arntzen, 1979). The product
of psb A gene is the 32 kDa protein cal.ed Dlvxlni ch binds qui none "B"
and thus serves as the second stable electron acceptor of PS II.
This Q, protein, the product of psb A gene is the site of DCMJ and
atrazine binding and nutational alteration of this protein has been

shown to be the cause of resistance of PS Il activity to DOMJ and
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atrazine (Kirllovsky et al., 1983; Golden and Haselkorn, 1985).
Phot oaut ot rophi ¢ growth, nitrogenase activity and PS Il activity of

d oeocapsa sp. was found resistant to DCMU, atrazine and propanil,

the well known inhibitors of PS II activity in oxygenic
phot osynt heti ¢ organi sns. In view of the known involverment of Q

b
protein of PS Il systemin controlling sensitivity or resistance of

oxygeni ¢ photosynthesis in cyanobacteria, one is tenpted to
speculate that this herbicide binding protein is the cause of
d oeocapsa sp. resistance to DOMJ and atrazine. However, this
cyanobacterium is also resistant to propanil which is known to cause
inhibition of PS Il activity by its interaction with cytb553
conmponent of the PS Il conplex (Nishimura and Takarmiya, 1966).
Accordingly one may conclude that Gloeorap.a sp. possesses DCMJ and

. . b . y . .
atrazine resistant Q protein as well as pr.panil resistant cyt553

system There is no previous report of basal in and machete
inhibiting PS Il activity in oxygenic photosynthetic organisns.
Since these two herbicides have shown to inhibit PS Il activity of

parent N. muscorum wWhich is also found extrenely sensitive to DCOMJ,
atrazine and propanil. It is suggested that there are certain
conponents of PS Il activity in N muscorum sensitive to machete and
basal in. Wether these conponents are QB bi nding protein or cytbSS3
or sone other is difficult to establish at this noment. Qccurrence
of three copies of psb A gene 1iamely psb Al, psb A2 and psb A3
occurring at different locations in the cyanobacterial genone has
been reveal ed using the technique of heterologous probing (CQurtis

and Hasel korn, 1984).
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The heterocyst is the site of synthesis and activity of
nitrogenase and it lacks Rubisco and PS Il activity (Haselkorn,
1978; Stewart, 1980) as well as nitrate reductase (Kumar et al.,
1985). Ni trogenase activity requires ATP and reductant. ATP
requirement is met py PS | activity of heterocyst but reductant
supply requires transport of photosynthetically fixed carbon from
vegetative cell to heterocyst (Stewart, 1980). Al the five
herbicides are strong inhibitors to the nitrogenase activity of
N. muscorum by inactivating photosynthetic carbon assinmilation in
vegetative cells through inactivatic: PS Il activity. Hence it can
be concluded that the nitrogenase of the Gloeocapsa sp. s resistant
to all the five herbicides. Such cyanobacteriall multiple herbicide
resistant FS TI activity in Coeocapsa sp. is the reason for the

resistance cf nitrogenase activity in that cyanobescterium.

Mutational production of higher plant cell lines recistant
to herbicides glyphosate and atrezine have been successful (Sato
et al., 198R)., Transgenic plants resistant to inhibitory action of
glyphosate have also beer generated (Shzh-et al., 1%ec). Mulants
resistant to 2,4-D have been isolated in /Arobidopsis thaliana
(Esteiie and Somervilla, 19S7). The mechanism of detoxilication of
2.4-D in Acaligenes eutrophus JMP 134 has been elucidated (Sterber
et al., 19S7). This bacterial genes has been engineered Iinto
tobacco rendering the plant resistant to the herbicide 2,4-D
(St erber and Willmitzer, 1989). Si nce t he di azot rophi c
cyanobacteria with potential for use as nitrogen biofertilizer jn
rice fields have plant 1like photoautotrophic nmetabolism it is

essential to develop nethods for introduction of herbicide resistant
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genes in them in order to nake themeffective source of nitrogen in
nodern agricultural rice field conditons. The source of herbicide
resistant genes would be either mutationally created or isolated
from naturally occurring mcrobial forns including cyanobacteria,
whi ch contai n herbici de resistnant genes. In such cases there has
to be a suitable gene transfer method to introduce them into the
desired strains. (One such nmethod is evidently the method of genetic

t ransf or nati on.

Transformation as a node of gene transfer has been well
denonstrated in wunicellular cyanobacteria (Shestakcv and Khyan,
1970; Devilly and Hughton, 1977; Astier and Espardeller, 1976;

Stevens and Porter, 1980; Grigcrieva and Shestokov, 1982; Golden and

Scherman, 19S3; Kuhlmier et al., 19S4). Trancsforma) ion as a gene
transfer process has not been found to be successful in
hetlerocystous filanmentous cyanobacteria. Wolk et al. (19%4)

devel oped conjugation as ? nethod of gene transfer system in
filamentous cyanobacteria wusing triparental nmethod of meting.
McFarlene et al. (19S7) inproved the nethod by using biparentel
reconbinat: on. Recently Singh et ai. (1987 & b) have shown
transformation as a method of gene transfer to be successful in
heterocystous cyanobacterial forme as well. The factcrs that play
role in the transformaticn in such cyanobacteria include purified
DNA vs RNA conpl exes, compctence, DNA concentration, DN A contact
period light and dark condition and honmo ¢ .d hetero specific nature
of transformation process. Unlike the transformation in unicellular
cyanobacteria where it is found to be a natural process,

heterocystous forns require artificial induction through the
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preparation of permeaplasts. The reason for success of
transformation in such preparations could be due to unhindered and

undanaged u:.take of transforning DNA

Sensitivity of transformation process to DNase has been
considered a very strong evidence for DNA to be the cause of
transfornation process (Avery et al., 1944). DNA bincing and upt ake
has been shown to be an energy requiring process in heterotrophic
transormable bacteria (Lacks, 1977). Chauvat et al. (1983) found
uptake of transferring DNA to be nore or less simlar in
photosynthetic light and dark. Golden and Shernman (1984) found nore
efficient process of transformation taking place in dark than in
phot osynt hetic |ight. Singh et al. (1987a & b) showed requirenent
of photos.,  thetic l'i ght for effective trancformation.
Transformation of N. muscorum wth the purified donor DNA from
d oeocapsa sp. which contains five herbicide resistant genes vas
found to be sensitive to DNase, dependent on photosynthetic I|ight.
The DNA nediated transfer of herbicide resistant phenotype from
A oeocapsa sp. to N. muscorum is a case of heterospecific
transformation. The stable nature of transformant N. nuscorumwth
purified G oeocapsa sp. DNA clearly suggests that the herbicide
resistant gene of @ oeocapsa sp. can be stored, expressed and
maintained in N nuscorumin a stable and unnodified form There is
report for plasmd born nature of nachete and basal in resistance
gene in d oeocapsa sp. (Singh et al., 1986). This concl usion was
based on the observation that the 3 oeocapsa sp. naturally resistant
to nmachete and basal in |ose their phenotype following treatnent with

ethidium brom de, a drug reported to elimnate plasmids from cells.
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Since transformants in the present study selected for nachete

resistance were found to be also resistant to basalin, DCMU,
atrazine and propanil, a comon genetic determinant controlling
resistance to all the five herbicides is inplied. Transformant s

selected in the presence of five herbicides arose with a frequency
of alnost simlar to those selected in the presence of machete
al one. This finding also suggests that the genes involved in
conferring resistance against the five herbicides are closely |inked
on the transformng DNA Qur results do not suggest anything
whether the herbicide resistant genetic determnant or genes are
plasmide borne or chromosomally located and this aspect needs furthr

st udy.

Most of the procaryotes inc.ucdin8 cyanoba teria possesses
ammonium transport systens, i.e., proteins which specifically serve
for the energy requiring perneation of NE ; thus accunulating it
intracellularly. Amonia on the other hand, diffuses rapidy
through biomembranes. Part of the accumulated N};E | eaks out through
the nenbrane in the form of ammonia. This amonia after getting
protonated is recaptured by the ammonium carrier and transported
into the cells. Thus a futile cycle (cyclic retention) is operating
in the mcrobes possessing ammonium transport systens. Strains or
mutants defective in ammonium carrie- called [Ant —) woul d be
constantly excrete ammonia (K einer, 19S5) in constrast to amonia
excreting nmutants described previously (Shanmugam and Val enti ne,
1975). The mutants of I&-fixi ng cyanobacteria defective in amoni um
transport system [Anmt strains) are prototrophs i.e., they do not

require additional nutrients since Amt strains because of NH3 | oss
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do not accumulate high intracellular ammonium |evels and therefore
Nz-fixation is much repressed by ammnium than in tie wld type

(Kl einer, 1985).

Glutamine synthetase (G5 plays a key role in anmonia
i ncorporation in cyanobacteria. The nost common feature of mutants
of nitrogen strains that release anmonia continuously have been, the

reduced level of GS activity together with increased nitrogenase

activity (Pol ukhina et al ., 1982; Si ngh et al., 1983b;
Lattore et al., 1986; Spiller et al., 1986; Boussiba and G bson,
1991). However, these ammonia excreti;.g mutant cyanobacterial
strains, invariably possess normal ammonium transport system

thereby inplying that ammonia excretion does not depend on anmoni um

transport system

The inhibition of nitrogenzse activity and heterocyst
product i on whi ch occurs on adding a mm ¢ ni un to N,-fixing cul tures can
be prevented by adding MSX and that the MSX allows nitrogenase
synthesis and heterocyst production in ammonium grown cultures. A
| arge nunber of studies have been done on the netabolic aspects of
ammonia excretion in di azot r ophi ¢ and non-diazotrophic
cyanobacteri a. Misgrave et al. (1982) denonstrated sustai ned
amnmonia production by immobilized filaments of nitrogen fixing
het er ocyst ous cyanobacterium treated with MSX, the inhibitor of GS
activity. Ntrate assimlating non-diazotrophic cyanobactera also
excrete nitrate derived amroni a during photoautotrophic condition in
the presence of GS inhibitor (Querrero et al., 1962; Ranos et al.,

1982) .
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Ammoni um transport system does not control anmoni um
excretion but control its uptake. It would be interesting to find
out the fate of ammonium excretion process and the degree of
extracel lul ar production of amonia by Anmt~ strain of cyanobacteria.
Al the ”er-GS strains excrete anmonia during diazotrophlc growth
and the degree of extracellular amonia production was a function of
decreased GS activity. Sel ection of mutant strains of heterocystous
cyanobacteria for MSX resistance as a result of mutz ion in gln A
gene have been shown to result in generation of ammonia excreting
strains (Singh et el., 1983b; Thomas et al., 1990). Simlarly
selection of nutant strains of A variabilis resistant to growth
inhibition by EDA at pH 9.0 has also led to production of anmonia
excreting straine (Kerby et al.. 1985, 19S7). In the present
investigation we {ounc that the EDA -ecicstance is associated with
excretion of emmonis and all such Edar strains when exam ned were
found to have defective GS (biosynthetic) activity. In
cyanobacteria, the gin A gene codes ft r cyanobacterial GS enzyme and
a nutation in this gene at a particular site results in a nutant GS
pheniotype. Mol ecul ar mecchari isns are to be understood in detai
controlling gln A gene nutation specifically at hose sites |eading
to the production of nutant GS, which is ~esgistant to inhibition by
EDA. A definite role o GS activity in regulation of extrecellullar
liberation of anmmonia produced by phoiobiclogical fixation cf Nz is
her eby thus suggested. Qur results also show for the first tine the
successful application of techniques of genetic transformation and
mutation in generating nultiple herbicide resistant amoni a
excreting strains in the cyanobacterium N. muscorum. Free living

di azotrophic cyanobacteria has been suggested to function as a
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source of biofertilizer jn rice fields of tropical countries (De,
1939; Watanabe, 1956; Si ngh, 1961; Venkatraman, 1972;
Stewart et al., 1979, 1980). It is inportant to nention here that
the anmpni a excreting strains resulting from nmutational nmanipul ation
have been used in l|aboratory conditions as very effective source of
photoblologically produced ammonia for nitrogen nutrition of rice
(Lattlore et al., 1986) and wheat (Spiller and Sunasekaran, 1990).
Cyanobacterial strains with conpetent biofertilizer potential should
have the necessary attributes nmentioned in the Chapter 1.
Accordingly our aim has been to generate a trancformant of
7. muscerum resitant to herbicides and then use one such
transformant to select out a potent amonia excreting strain. The
results of the present =tudy thue imply to have a long bearing for

fu° 1 meaningful reszliszticn in constructing potrnit biof ert ilizer

strains.
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CHAPTER 4



MJUTATI ONAL ANALYSI S OF GLUTAM NE SYNTHETASE RESPONSE TO

THE AWEIN UM ANALOGLE ETHYLENE D AM NE

| ntroducti on

2 heterocystous, diazotrophic

Nostoc muscorum is
cyanobacteriumgrow ng well with N2, nitrate (I\D:) or anmmoni um (NH:;)
as nitrogen source. Ml ecular nitrogen (Nz) is reduced to amoni a
by nitrogenzse within heterocyst where it is converted to glutamine
nitrogen by the ammonia assimilatory enzyne glutam ne synthetase
(GS). Qutamine thus produced is translocated to adjacent
vegetative cells where the glutamate produci ng enzyme, g]utanate
synthase (QGOGAT) produces it from glutamine and a-ketoglu.arate.
Ntrate assimilati= g system is ammonium repressible in N nuscorum
(Bagchi et al., 1985 ) and Anabaena doliolum (Raiet al., 19SS). In
heterocystous nitrogen fixing filaments, ni trogenase remnains
functional within the heterocysts and nitrate reductase within the
vegetative cell which also contains active nitrite reductase (Kunar
et al., 1985). Cenetic and biochemcal evidences in N. muscorum
svggest that molybdenum cofactor synthesis of nitrate reductase is
constitutive and its apoprotein conponent is anmmonium repressible
(Bagchi et al., 1985). N2 - deri ved, I\g-derived or exogenously

supplied amonia is assimlated into glutamne by glutamne

synt het ase.
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Ammoni um assimlation involves tw basic steps, one its
upt ake and the other its incorporation into amno acids. A pH 7-8
NH; is the predominant form and experinents have shown operation of
an efficient biphasic ammonium transport system (Amt) in
di azot rophi ¢ and non-di azotrophi ¢ cyanobacteri a. At pH above 8.0,
the predominant formis ammonia which freely diffuses into the cell
without the participation of Am system (Ra et al., 1984; Singh
et al., 1985; Boussiba et al., 1984; Kl ei ner, 1985). The
i ncorporation of cellular ammonia into glutamine is then carried out
by glutam ne synthatase. Any genetic approach aimng at
construction of diazotrophic cyanobacterial strains capable of
excreting much of the fixed nitrogen (photofixation of NZ) in the

form of ammoni a woul d have to take into account the relative rele of

Amt system and gl utam ne synthase activity in the process.

There are two ways to induce the cyanobacteria to liberate

amoni um extracel lularly by inhibiting ammonia assinlation via GS,

one is inactivating GS using MSX (Stewart and Rowel |, 1975; Musgrave
et al., 1982a &b; Kerby et al., 19¢3) and the second way is, by the
selection of mitant strains partially deficient in ammonium

assimlation (Polukhina et al., 1982; Sakhurieva et al., 1982). A
succesful nethod of nutant selection for resistance to ethylene
di am ne was proposed by Pol ukhina et al. (1982).

GS and QOGAT constitute the primary pathway of ammonia
assimlation resulting from N2-fi xation, nitrate reduction or

exogenous supply in heterocystous cyanobacteri a. O the basis of
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enzymatic studi es (Dharmawardene et al., 1973; Rowell et al., 1977),
usage of anal ogues (Sewart and Rowel |, 1975; Ladha €. al., 1978)
and 1EN tracer studies (Stewart et al., 1975), it has been
denonstrated that glutamine synthetase is a major enzyne involved in
ammonium assimlation in nitrogen fixing cyanobacteria. Thi s

conclusion is also supported by other workers (Wolk, 1967; Meeks

et al., 1975; Thonmas et al., 1977) and now there is substantial
evidence (Brown et al. , 1974) to say that glutamate anal ogue
L-methionine-pL-sulfoximine (MSX) inhibits glutamne synthetase

activity and as a result of this, the nitrogenase synthesis and
het erocyst production are uninfluenced even in the presence of
exogenous anmmoni um (Stewart and Rowel |, 1975), in other words MsSX
alleviates the inhibitory effect of exogenous ammonium on
ni trogenase synthesis and heterocyst production. The addition of
exogenous M5SX to N -fixing cultures leads to extra cellular
liberation of ammonia (Gordon and Brill, 1974; Kumar and Kumar,
1980; Lea et al., 1984; Or and He.elkorn, 1982; Shanmugam et al .,
1¢7°8). Mitant strains that are blocked at the level of amonium
assimilation were first described 1in Klebsiella  pneumoniae
(Shanmugam and Valentine, 1980). Such mutant strains not only
derepressed nitrogenase synthesis but also excrete ammonia produced
by the enzyme into the surrounding medi um (Shanmugam and Val enti ne,
1980). Cyanobacteria use light and wa.er as sources of energy and
reductant for nitrogen fixation (Haselkorn, 1978; Wolk, 1982).
Their photosynthetic ability inherently enpowers them to be never

energy limted for production and |iberation of ammonia and because
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of this physiol ogical property nitrogenase-derepressed nutant
strains of the heterocystous, ubi quitous cyanobacteria can
protentially be used as suppliers of fertilizer nitrogen. Spiller
et al. (1986) have isolated nitrogenase-derepressed nutant strains

and anal yzed their physiol ogi cal and bi ochemcal properties.

The ammoni um analogue ethylene dianine (EDA), like the
glutamine anal ogue MSX, is also a potent inhibitor of cyanobacterial
GS activity in vivo. Eda’-GS strain has been shown to be nore
efficient producer of extracellular amonia than the corresponding
Msx' -GS strains (Polukhina et al., 1982; Kerby et al., 1986; Chapter
3 of this thesis). Methylammenium, another anal ogue of ammoni a has
been shown to be =zssimilated like a fixed nitrogen source, by a
class of Msx'-GS strains of N. muscorum (Bagchi and Singh, 1984).
As a sequel to the studies in Che: ter 3 we thus proceeded to anal yze
the role of GS activity in regulation of Eda” phenot ype, ammoni um
excretion and EDA assimilation. This was achieved by isolating and
characterizing a nunber of Eda" mutant clones derived from the
parent strain, Mex' strain and Het N f strains of N. masorum

descri bed bel ow.

Experinmental Procedure
Axenic clonal cultures of parent N masorumwere grown in

nodi fied Chu No. 10 medium as described in Chapter II. Het™ Nif~

mutant strain of N muscorum was grown in nodified Chu No. 10 growth
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medi um suppl enented with 5 nMKNO, or 1 nM NH,C1. The pH of the
amoni um nedi um was adjusted between 7.2 and 8.0 with HEPES NaCH

Exponentially grown cultures were used to isolate the desired

mut ant s.

| sol ati on of nutant strains

L-Methionine-pL-sulfoximine (MBX) resistant N musorum :MSX isS

a glutamate analogue and an irreversible conpetitive inhibitor of
ammonium assimlating enzyne glutamine synthetase (G5 activity.
2 MM MBX was found to be conpletely growh toxic. MBX resi stant
clones were isolated on conbined nitrogen free solid medium
desi gnated as NZ- medi um contai ning 100 uM MsX 2 x 10 U were
spread on solid nutrient plates and incubated for two weeks under
phot oaut ot rophi ¢ growth conditions. 'he surviving colonies were
isolated and transferred to fresh liquid medium for further

experimental anal ysis.

Ethylene diemine (EDA) resistant Nostoc muscorum : EDA is an
ammonium anal ogue which enters inside the cyanobacterial cells at pH
8.5 or above, freely by difusion where it is metabolized by G5 to
produce amincethyl glutamne which is not further assinilated, thus
causing growh inhibition of the cyanobacterium (Kerby et al.,
1985) . EDA resistant (Edar) mutants of parent N muscorum, its
Het” Nif~ and Msx' -GS strains were isolated. EDA survival studies
of the three strains suggested that they were uniformy sensitive to

the inhibitor and could not survive at inhibitor concentration of
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30 uM at pH 9.0. Spontaneously occurring Eda" clones were sel ected
from 200 uM EDA contai ni ng Nz—agar nedium (pH 9.0) in the case of
parent and Msx -GS strain. For Het N f strain N, -redium was
suppl enented with 5 mM KNO .. Edd clones thus selected were tested
for their stability before storing them on inhibitor containing

nutrient egar slants.

GS (biosynthetic) activit, was measured by followi ng the
method of Kingdon et al. (1968). Protein and Chl a were estinated
PV using the methods of Lowy et al., (1951) and Mackinney (1941),

respectively. These nethods are des ribed ‘n Chapter 2.

Cyanobacterial :ell lacks transport system for uptake of
ethylene dianine (EDA) and this ammonium anal ogue enters
cyanobacterial cell freely by diffusion at or above pH 8.5, where it
is netabolized by G5 into aminocethyl glutamine leading to
cyanobacterial growh inhibitien (Kerby et al., 19S5; Stewart
et al., 1987). EDA inhibits growth of N. muscorum and a dose of
200 pM causes conplete inhibition of in vivo GS activity. Parent,
Het~ Nif~ and Msx'-GS strains were used to isolate Eda' cl ones,
growi ng on N?_/NO:;- medi um containing 200 pM ED:. Tha nature of the
Msx"-GS strain used here was that it was not ammonia excreting and

is different’ from the one described in Chapter 3. Eda’ clones arose
-7 -7
at a frequency of nearly 3.5 x 10 from parent strain, 4.5 x 10
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fromHet Nif" strain and 3.2 x 10-5from Msx' -GS strain. Thus, it
appears that Msx'-GS strain is inherently nore prone to spontaneous
mutation leading to Eda’” phenot ype. A careful examination of the
size and growh of the colonies on inhibitor-free control medium and
on inhibitor containing experinental mnedium showed that nainly EDA
resistant colonies _(Edar) conprised two types: one snall in size and
the other large in size. This large and small size colonies were
designed as Eda_r and HEda [ Eda[ colonies were slightly
yel | owi sh-blue-green in colour and Edaz colonies were deep
bl ue-green col our. The proportion of Edaz coloni=zs anong Eda’
propulation derived from parent or Het N f strain was nearly 0. 1%
and those from Msx -GS strain was cbout 97% Various Zds strains
were designated as : rperent-Eda, or Eda_ or Het Nif -Lde, or Eda,

I r '8 - 3 .
¢r Msx -Eda or Edaq depending upcn their source and size.

As shown in Table 4.1, 43 h [D4A treatnent of culture
caused conplete inhibition of G5 (tiosynthetic) activity from parent
strain, Het N f and Msx' strains. This suggested that there is no
cross-resistant relationship between Msx " phenotype and Eda"
phenotype. Also GS from the Eda" strain was found to be sensitive
to inhibitory action of MX It is inportant and interesting to
mention here, that prelimnary studies in our laboratory indicate
that the in vivo G5 (biosynthetic) activity of Msx' -GS utrain has
been found to be resistant to inhibitory action of PPT and that from

t he Pptr-CB strain to be resistant to the inhibitory action of MsX

thus showing a cross-resistance relationship (data not shown). This
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Table 4.1

In vivo GS (bjosynthetic) activity (nmol NADH oxidized my !
protein mn ) of various cyanobacteri al strains of
Nostoc muscorum With or without 200 uM ethyl ene di amne (EDA).

GS (biosynthetic) activity

Strain
(- EDA) (+ EDA)
Parent 65.5 0.0
(+ 1.63)
Het ™ Nif~ 68.4 0.0
( 1.87)
Msx" -GS 60.8 0.0
(+ 1.51)
Parent-fda’ 53,1 51.4
. (+ 1.46) (+ 1.21)
Parent-FEda" 14.5 12.4
¥ (+ 0.38) (= 0.44)
Het™ Nif ™ [Ida 53.€ 54.5
- (£ 2.38) (+ 1.21)
Het™ Nif~ Eda; 13,8 15.2
(+ 0.61) (+ 0.23)
Msx' -GS-Eda’ 47.6 49.2
- (+ 0.96) (+ 1.12)
Msx' ~GS-Eda” 12.5 11.8
° (+0.26) (+ 0.33)

Cyanobacterial ciltures were pretreated with EDA for 48 h and
then examined {for extractrble GS (blosynthetic) activity in
cell-free preparation.

Each reading is an &verage (* SE) of three independent
experiments.



suggests different mutations within the gin A gene responsible for
conferring Msx "Gs phenotype or Eda' -GS phenotype. Another
important finding is that the spontaneous mutation to Eda” phenotype
occurred at nearly hundred-fold higher frequency in Msx © strain than
in parent or Het™ Nif strain. Evidently, spontaneous mutation
frequency to Eda" phenotype appears to be the function of
cyanobacterial gIn A allele. On microscopic examination, Eda"
clones were found to produce heterocystous filanents on N1 medium
and non-heterocystous filaments on 200 ¥ HDA containing N ,~medium.

In comparison Edaf clones remained neterocystous under both growth

conditions.

An shown in Table 4.1 in vivo GS (biceynthetic) activity
decreased by a fac.cr of nearly one-fifth follcwing mutation » Edai_
phenotype and nearly by 4-fold following mutstion to Fdrr phenotiype.
EDA treatment did not change in vivo GS activity cf Eda’ or rda’

o 2

clones. A= shown in Tables 4.2z, b & ¢, Ed

]

ctrains in general and
their respective parents nave more or less doubling time in N, or
ammor ium growth medium, but Ec’ai strain on the other hand showed a

doubling time which was nearly five-fold higher under similar
r r

3

L
conditions. However, Eda strain, £da_ strain and their respective
parents all grew with more or less similar doubling time in

glutamine medium. Since availability of glutamire as nitrogen
o

source is iound to restore the growth rate of Eda strain to their

parental level, in N, of ammonum medum glutamine production from
2

N or ammonium in Eda strain seems to limit their phenotypic
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Tabl e 4. 2a

Doubling time (in hours), nitrogenase activity (nmol C2H4 formed
it} -1.

pug Chl a h ') heterocyst frequency (nunber of heterocysts per

100 vegetatiye cells), G§1 (biosynthetic) activity (nmol NADH

oxidized ng protein mn and the level of photobiologically

produced extracel lular ammonia (nmol N8B pug™ ' chl a 2 h™'in

parent Nostoc muscorum and its EDA-resistant (Eda") strains.

Characteristics Nitrogen Parent Eda" Eda"
source

Doubling time N2 30 24 115
NH4aCl
(1 mM) 28 20 120
Glutamine
(1 mM) 24 18 26
EDA
(0.2 mM) MG 22 130

Nitrogenase activity

N2 14.5 12.6 18.6

Heterocyst frequency

N2 5-6 5-6 5-6
GS (biosynthetic)
activity N2 65.5 63.1 11.5
[¢ 2.07) (x 2.73) (£ 0.26)
Photobiologically
produced extracellular
ammonia N2 0.0 0.0 8.3
(+ 0.26)

NG = No growth .
Each value is an average of (% SE) three independent

experiments.



Table 4.2b

Doubl i ng tirngl(in hours), nitrogenase activity (nmol C2Ha forned
ug Chl a h "), heterocyst frequency (nunber of heterocysts per
100 vegetative cells), GS (biosynthetic) activity (nmol NADH
- -1 . .- ; .
oxi di zed ny protein min "and the |level of photoblologlcgkly
produced extracellular ammonia (nnol NH3 pg" Chl a 2 h "in

Msx"GS strain of Nostoc muscorum and its EDA-resistant (Eda")
strains.

Characteristics Nitrogen Parent Eda Eda
source
Doubling time N2 32 25 130
NHaCl
(1 mM) 30 24 135
Glutamine
(1 mM) 28 23 35
EDA "
(0.2 mM) NG 26 132
Nitrogenase activity
N2 12.8 14.2 18.8
(¢ 0.32) (+ 0.38) (+ 10:35)
Heterocyst freguency
N2 5-6 5-6 5-6
GE (biosynthetic) 6
activity Nz €0.8 47.6 12.
(+ 0.29) (+ 1.43) (£ 0.52)
Photobiologically
produced extracellular 7 6
ammonia N2 0.0 0.0 ’
(£ 0.31)

NG = No growth
Each value is an average of (¢ SE) three independent

experiments.:



Tabl e 4.2c

: Dog?ling timgl(in hours), nitrogenase activity (nmol QCH4 forned

g ~ Chl a h '), heterocyst frequency (nunber of heterocysts per
100 vegetatLYe cells), GS (biosynthetic) activity (nmol NADH
oxidized ng protein min "and the level of photobiologically
produced extracel lular amonia (nnol NH3 pg” ' Chl a 2 h™ 'in

Het Nif strain of Nostoc muscorum and its EDA-resistant (Eda")
strains.

Characteristics Nitrogen Parent Eda" Eda"
source
Doubling time Nz NG NG NG
NH4aCl
(1 mM) 26 20 105
Glutamine
(1 mM) 24 22 26
EDA
(0.2 mM) NG 24 106
Nitrogenase activity
N2 0.0 0.0 0.0
Heterocyst frequency
N2 0.0 0.0 0.0
GS (biosynthetic)
activity N2 68.4 53.8 13.8
(+ 3.51) (£ 2.01) (+ 0.66)
Photobiologically
produced extracelluiar
ammonia N2 0.0 0.0 0.02

NG = No growth .
Each value is an average of (% SE) three independent
experiments.




gr owt h. The observed four-fold decrease in GS (biosynthetic)
activity of various Edag strains appears to be the enzynatic cause
of limted glutamine production. Al such strains had nuch higher
nitrogenase activity than their respective parents. S nce only Eda’
strain with substantially higher nitrogenase activity was found
substantially ammonia excreting during their phot osynt heti ¢
diazotrophic growh, their GS activity alone, appears to be the
apparent cause of both extracellular production of amonia and
intracel lular generation of glutamine. Het N f - Eda’L strain unlike
its Met~ Nif -Eda’ strain grew in N -medium containing EDA  thus
indicating its ability to metabolize the ammonium anal ogue like a
fixed nitrogen source. Accordingly various Eda" strains of parent
and Msx" were grown in various nitrogen nedia to s “dy and compare

their ability to essimilate EDA like a nitrogen source.

As shown in Tables 4.3a &b Eda:: c‘rain like parent,
Msx' -GS and Edaf strain differentiated heterocyst wth nitrogenase
activity in N_-medium but not in ammenium or gl utam ne medi um Eda’
strain also behaved simlarly. However, Eda[ strain differed from
Eda; strain, parent strain, Het” Nif strain and Msx -GS strain in
showi ng EDA repression of heterocyst and nitrogenase activity during
their growth in the EDA nedium Evidently, mutation has conferred

on Edar strain and not on Edaf strain to assimlate EDA like

ammoni um ni trogen sour ce.
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Het erocyst frequency

(nunber of

Tabl e 4.3a

het erocysts per 100

vegetative cells), HF and Nitrogenase (N2ase) activity ((nmol

C2H4 formed pg

Chl a h ' of parent

EDA resistant (Eda") strains.

Nostoc muscorum and its

r

Parent Edai EdaS
Media
HF Nz2-ase HF Nz-ase Hr Nz-ase
activity activity activity
Nz 5-6 15,2 S=6 13.4 5-6 19,2
(£ 0.52) (x 0.41) (+ 0.54)
NH4C1l 0.0 0.0 0.0 0.0 0.0 0.0
(1 mM)
Glutamine 0.0 0.0 0.0 0.0 0.0 0.0
(1 mM)
EDA O.uv 0.0 0.0 0.0 4-5 14.5
(0.2 mM) (+ 0.36)

All the strains were first grown in glutamine
days, washed and transferred to desired

medium for 6

media and t! n

incubated for growth for 72 h l!efore estimating heterocyst
frequency and nitrogenase activity.

Each value 1is an average

experiments.

of" (% SE)

three independent



Table 4.3b

Heterocyst frequency (nunber of het er ocysts per 100
vegetative ceIL§), HF and N;trogenaser(NZase) activity ((nmol
C2H4 formed ug Chl a h of Msx -GS strain of Nostoc
muscorum and its EDA resistant (Eda") strains.

Msx -GS str—Eda: str—Eda;
Media
HF Nz-ase HF Nz-ase HF Nz-ase
activity activity activity
N2 5-6 12.6 5-6 13.6 5-6 20..1
(+ 0.32) (+ 0.39) (+ 0.44)
NHaCl 0.0 0.0 0.0 0.0 0.0 0.0
(1 mM)
Glutamine C.0 0.0 0.0 0.0 0.0 0.0
(1 mM)
EDA 0.0 0.0 0.0 0.0 5-6 16.8

(0.2 mM) (£ 0.49)

A'l the strains were first grown in glutamine medium for 6
d:ys, washed and transferred to desired media and then
incubated for growth for 72 h before estimating heterocyst
frequency and nitrogenzse activity.

Each value is an average of (& SE) three independent
experiments.



D scussi on

In heterocystous diazotrophic cyanobacterial forns, one
always finds a pattern distribution of heterocysts where a group of
vegetative cells, are found regul arly associ ated Wit h any one of the
many heterocysts, in one dinmensional array. The heterocyst and its
near by vegetative cell represent a kind of synbiotic association.
The cont i nued ef ficient maintainance of this delicate
i nt erdependence of two cell types would need rmetabolisns that can
ensure distribution of heterocysts in a spaced pattern. In a
fundanental work on genetics of heterocyst formation in N muscorum
and N linckia, Singh et al. (1977) found evidences to concl ude,
that heterocyst formation and nitrogenase activity is nder the
positive control of a regulatory gene and that active nitrogenase is
not involved in regulation of heterocyst spacing. Thi s het erocyst
spacing pattern is under the genetic control and the nature of the
mechani sm of the heterocyst inhibition by proheterocyst is different
fromthat of heterocyst inhibition by nitrate or ammonium Mitants
defective in heterocyst formation (Het ) and/or nitrogen fixation
(Ni f~) have been described by many workers in other heterocystous
cyanobacteria (Qurrier et al., 1977; Padry and Singh, 1978, WI cox
et al., 1975). Devel opment of vegetative cell into heterocyst has
been shown to acconpanied by Nf gene  arrangenent in
Anabaena PCC7120 by Golden et al. (1985), Haselkorn et al. (1987).
Fogg (1949) suggested that either ammonia or a close derivative of

it is the regulator of heterocyst differentiation and heterocyst
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pattern formation. Wolk (1967), found evidence to conclude that
het erocyst controls new heterocyst formation in a negative way, by
exerting heterocyst inhibitory influence, involved in the regul ation
of heterocyst pattern fornmation and cones into operation at a nuch
early stage of heterocyst devel opment called proheterocyst. Stewart
and Rowell (1975) presented evidence resulting from the action of
MSX on G5 activity in ammonium assimlating non-heterocystous
filament that ammonia itself is not the regulator and that glutamine
or sone other netabolic product of amonia was likely to be the
regul ator nolecule of heterocyst differentiation and nitrogenase
activity. Singh et al. (1983a) have isolated a GS deficient
gl utam ne axotrophi c nutant of Anabaenae cycadae, where anmoni a was
found inhibiting heterocyst forration and nitrogenase activity.
They found ammonium inhibition of heterocyst formation and
nitrogenase activity to get derepressed in the presence of MSX and
it was shown that the derepression was a result of MSX inhibition of
ammoni um uptake.  This led them to propose that amnmonium per se is
the initial repressor signal of heterocyst formation and nitrogenase
activity in the cyanobacteria. Turpin et al. (1984) and Mckerras
and Snith (1986) concluded that i) ieed ammnia per se is the

regul ator of heterocyst formation and nitrogenase activity.

Cyanobacterial diazotrophic and non-diazotrophic strains
grow at pH 7.5-8.0 with anmmonia as nitrogen source and under such
conditions ammonia is expected to exist predomnantly in the form of

ammoni um ion which can enter cyanobacterial cells only through the
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i nvol venent of the active ammonium transport system (amt). Active
transport of NH; has been investigated in a variety of bacterial
species (K einer, 1985 wusing ['‘Clmethylammonium as a nodel
substrate. Studies of the nitrogen regulation of AM system in
E. coli has denonstrated the involverent of a ntr system (Jayakumar
et al., 1986). (peration of biphasic Amn system was denonstrated
for the first tinme by Rai et al. (1984). Boussiba et al. (1984,
1989), Singh et al. (1985), Rai et al. (1986) have confirmed the
exi stence of Anmt system in cyanobacteria as wcll. inis Ant system
can be repressed by anmmoni um A role of Am system has been
suggested to be a nechanismfor conservation of internally generated
amoni a from N2-fi xation, nitrate reduction or deamination (Boussiba
et al., 1984; Kl einer, 1985). According to this view, absence of
Amt activity fromcells fixing N?. or assimlating NO?; is expected to
result in extracellular |Iliberation of Nz-derived or I\Dg-derived
ammoni a. Both parent and Het ~ Nif nutant strain of N muscorum used
in the present study were Am ¥, did not show any Am activity during
growh with nitrate as nitrogen source and also did not generate
extracel lular amonia during such grow h. It supports the view,
that in cyanobacteria Am system does not function as a nechani sm
for cellular conservation of ammonia, derived from N2—fixation or

NO. reduction.

A large nunber of studies have been done on the netabolic
aspects of ammonia excretion in diazotrophic and non-diazotrophic

cyanobacteria. The mutants that excrete ammonia will have certain
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comon features like reduced GS actvity and increased nitrogenase
activity (Polukhina et al., 1982; Singh et al., 1983b; Lattore
et al ., 1986; Spiller et al., 1986; Boussiba and G bson, 1991).

Ammoni a excreting nutants of the cyanobacteria invariably possess
normal Amt system thereby inplying NHZ excretion does not depend on
Amt  system Sel ection of mut ant strains of het er ocyst ous
cyanobacteria for MSX resistance as a result of nutation in glnA
gene have been shown to result in generation of ammonia excreting
strains (Singh et al., 1983b; Thomas et al., 1990). Simlarly
selection of mutants of Anabaena variabilis resistant to growh
inhibition by EDA at pH 9.0 has also led to production of anmonia
excreting strains (Kerby et al., 1986, 1987). |In the present study,

EDA resistance was als found to be associated with excretion of

anmonia and all such Eda" strains when exanined were found to have
defective GS by bhiosynthetic activity. Interestingly, one class of

Edarrnnants arose as a result of their ability to assimilate EDA
like fixed nitrogen source. The gln A gene codes for cyanobacteri al

GS enzyne. Since mutant GS activities conprise two distinct groups,

one associated with utilization of EDA as nitrogen source and the
other wthout acquiring the ability to utilize the ammonium
anal agoue as nitrogen source. Such nmutant GS phenotypes are
obviously due to the result of nutations at different sites in the
glnA gene that are regulating in GS activity. These findings
clearly suggest us, to understand in detail, the nolecul ar mechani sm
controlling glnA gene mutation specifically at those sites, that

lead to the production of nutant GS which is resistant to inhibition
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by EDA, but which is incapable of assimilating it like nitrogen
source. Qur results suggest that the mutant Msx'-gs strain and
mitant Eda -GS strains Jack a cross-resistance rel ationship, that
the frequency of spontaneous nutation to Eda’ phenotype is
apparently a function of gln A allele and that the mutant Eda’-GS
strain conprises two distinct physiological groups. Such areas
although little studied have a great bearing on the biofertilizer
technol ogy of cyanobacteria. Verma et al. (1990) have isolated
glutamine auxotrophic (gln) nutants of N muscorum specifically
deficient in GS activity, such nutants of heterocystous forns wth

transformbl e systems are expected to provide ideal systens for

(a) determining the organization, regulation and

functioning of cyanobacterial gln A and

(b) cloning of gin A gene of cyanobacteria and bacteria

in the background of the present findings.
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CHAPTER 5



CHARACTERI STI CS O METH ONI NE TRANSPCRT SYSTEM | N SPONTANEQUS
MJUTANTS OF NOSTOC MUSCORUM RESI STANT TO METH ONI NE ANALOGLES
ETH ONINE AND NCRLEUAINE, GS INH BITCR : PHOSPHINOTHRICIN

AND GROMH INHBITCR : A2l DE

| nt roducti on

In enterobacteria amno acids can serve as a source of
nitrogen and carbon through the ntr system of genetic control
(Merrick_, 1988). There are no detailed studies about the
role of anmino acids in nitrogen or carbon nutrition in
cyanobacteri a. Glutamine, arginine and proline can éerve as
nitrogen source ‘n Nostoc muscorum, in which glutamate is found to
be growth toxic (Sngh et al., 1991, 1992). Spence and Stewart have
denonstrated a role of proline oxidase in assimlation of proline as
ni trogen source In Anabaena sp. PCCr120 (Spence and Stewart, 1976).
Several other cyanobacteria have al so been examned, with respect to
amno acid nutrition and growh studies have suggested, some of them
to function, as very effective nitrogen source |ike ammonium
(Nel son and Larsson, 1980; Vaishampayan, 1982; Rawson, 1985).
There are very few studies dealing with the mechani sm of anino acid
transport in heterocystous cyanobacteria. There are reports for
the occurrence of high and low affinity transport system for

glutamate and glutanine (Chapman and Meeks, 1983) and single



transport for leucine (Thiel, 1988) in A variabilis ATCC29413,
glutamine transport systemin A cylindrica (Rowellet al., 1977), a
glutamat e/ aspartate in Nostoc sp. (Strausser and Falkner, 1986) and
a glutamne/glutamate transport system in Anabaena sp. PCC7120
(Flores and Muro-Pastor, 1988). Qccurrence of proline transport
system has also been denonstrated in N muscorum (Sngh et al.,
1991) and Anabaena sp. PCC7120 (Spence and Stewart, 1986). The
results of anmno acid transport system indicate the occurrence of
limted nunber of amino acid transport systens, one specific for
basic amno acids, the other for neutral amno acids and a third one

specific for aronmatic amno acids.

The activities of amno acid transport systens are expected
to determne the intraceliclar accurul ation of exogenous am no acids
in cyanobacteria. In addition, one would also |like to know the role
of amno acid transport systens in regulating intracellular and
extraceljular pool of amno acids and the role of intracellular

amno acids in nitrogen nutrition as well as protein synthesis.

Mutational studies in N rnuscorumhave indicated a definite
role of GS activity in the assimlation of arginine or proline as
nitrogen source (Singh et al., 1991). Methionine anal ogues such as
ethionine and norleucine have been used to isolate nethionine
anal ogue resistant mutants of N nuscorum Phosphinothricin, a

potent gl utanm ne synthetase (G5 inhibitor, has been used to isolate
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its resistant rmnutant. Azide, a well-known inhibitor of mcrobial
growth, has been used to isolate its resistant nutant strain.
Earlier studies suggest that azide inhibits growh by inhibiting
ATPase activity (Rosin and Kepes, 1972), nitrate reductase activity
(Solmonson and Vennesland, 1972), nitrogenase (Lockshin and Burris,
1965), cytochrome oxidase activity and respiratory electron flow
(Peschek, 1981). Resistance to azide in cyanobacteria may occur in

three different ways :

(i) by derepressing heterocyst and nitrogenase in conbi ned
nitrogen media (Sngh and Singh, 1978),

(ii) by wutilization as substrate for nitrogenase (Schollhorn
and Burris, 1977), and

(iii) by being defective in azide uptake (transport nutants).

Those found defective in the methionine transport system were used
to find out the role of transported methionine as a source of
nitrogen in cyanobacteria. The results suggest that these mutant
strains, are all nerly fifty per cent defective in glutamine and
nmet hi onine transport and such transport defective nutants, |ack
repr essi on control of net hi oni ne or gl ut am ne on
het er ocyst - ni trogenase system Such anino acid transport defective
mutants would be useful for use as biofertilizer since they would
keep fixing nitrogen while assimlating exogenous amno acids

available fromthe growh medi um
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Mat eri al s and net hods

Axenic cultures of Nostoc muscorum were routinely grown in
nodified Chu No. 10 nmedium as described in Chapter 2, free of
conbi ned nitrogen source or containing 1 nM glutamine Of methionine
as nitrogen source where necessary. Log phase cultures were used
for the isolation of various mutant strains after determning the

| ethal dose to the parent culture.

| sol ati onof spont aneous mutants resi stant tovariousinhibitors

(i) Isolation of L-ethionine resistant strain :

L-Ethionine at a concentration of 2 ug m'l was found to be

conpletely growth toxic to parent strain under diazotrophic growth
condi tions. L- Et hioni ne concentration of 50 ug m‘l was used for
selecting out spontaneous nutants resistant to L-ethionine.
D azotrophically grown log phase cultures were harvested, washed,
fragmented and approxinmately 2 x 106 CFU were spread on agar plates
contai ning N2-rmedium with 50 ug ml—l L- et hi oni ne. The inocul at ed
plates were incubated at photoautotrophic growh conditions at a
tenperature of 28 + 2 °C and photon fluence rate of 50 mmol m s

for fortnight.

(ii) Isolation of L-norleucine resistant strain :

L-Norleucine at a concentration of 1 nM (131.17 Mg mlhl) was found
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to be conpletely growth toxic to parent strain under diazotrophic
growth conditions. L-Norleucine concentration of 4 nM was used for
i sol ating spont aneous mut ant s resi st ant to L-norleucine.
Diazotrophical|y grown log phase cultures were harvested, washed,
fragnmented and approximately 2 x 10® cru vere spread on agar plates
contai ning N2-nediumwi th 4 nM L-norleucine. The inocul ated plates
were incubated at photoautotrophic growh conditions at a
1

tenperature of 28 + 2 °C and photon fluence rate of 50 pmol m~? g~

for fortnight.

(iii) Isolation of phosphinothricin resistant strain :

Phosphinothricin at a concentration of 0.1 pug m~' was found to be
conpletely growth toxic to parent strain under diazotrophic growh
condi tions. Phosphinothricin concentration of 1 pug m” was used
for selecting out spontaneous rmutants resistant to phosphi nothricin.
Diazotrophically grown |log phase cultures were harvested, washed,
fragmented and approxi mately 2 X 10° CFU were spread on agar plates
containing MN2-nedium with 1 pg m 1 phosphi not hri ci n. The
inoculated plates were incubated at photoautotrophic growth

conditions at a tenperature of 28 + 2 °C and photon fluence rate of

50 umol m?2 st for fortni ght .

(iv) Isolation of azide resis:ant strain :

. . ) -1
Sodium azide at a concentration of 20 ug ni was found to be

conpletely growh toxic to parent strain under diazotrophic growh



condi tions. Azide concentration of 100 pg rTi_1 was used for

selecting out spontaneous nutants resistant to phosphinothricin.
D azotrophically grown log phase cultures were harvested, washed,
fragnented and approxi mately 2 x 106 CFU were spread on agar plates
containiné* N2-medium with 100 m8 mig.&, sodi um azi de. The i nocul ated
plates were incubated at photoautotrophic growth conditions at a

tenperature of 28 + 2 °C and photon fluence rate of 50 umol m ™~ s

for fortnight.

In all cases, the surviving colonies were repeatedy
restreaked on fresh nutrient plates containing the respective
inhibitor, tested for their stability and then isolated and stored
on agar slants for further experimental use. The mutant strain
resistant to L-ethionine .as designated as Etnr, to L-norleucine as
Norleur, to phosphinothricin as Pptr and to azide as Azi .
Exponentially growing parent N muscor urn and its mutant strains were
grown either diazotrophically or in N2-nmedium containi ng

1 nMmethionine was used to deternmne the heterocyst frequency and

ni trogenase activity as described in Chapter 2.

[3§]Methionine transport assay

Parent and its nutant strains were grown in N2-medi um
1 nMglutamine containing nedium and 1 nM nethionine nedi um
Exponential ly growing cultures were harvested, washed and suspended

in 10 nM HEPES-NaCH buffer (pH 7.5) and transport activity was
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assayed as described in Chapter 2. [358] Met hi oni ne was suitably
diluted with cold methionine stock solution. Aliquots were then
drawmn from it and added to the cell suspension at a final
concentration of 100 pM. [*S]Methionine (Specific activity

5d mol 1) was purchasedsfrom BRI T, Bonbay, |ndia.

Resul t s

The nutant strains were checked for nmethionine transport
activity, in relation to their wild type parent, and those that
showed deficient mnethionine transport wunder diazotrophic growh
conditions, were selected for further study. The frequency of such
inhibitor resistant .utants, were nornmally in the range of
1-5 x 10_6. The nethionine transport was neasured by making use of
[3581 nmethionine and the results of such studies are show in
Tabl e 5. 1. Parent N. muscorum showed alnost simlar activity of
met hi oni ne transport system in diazotrophic grown, glutamine grown
or methionine grown cultures. It is inportant to nention here that
glutamne or nethionine grown cultures of the parent strains never
produced heterocysts and nitrogenase activity, thus indicating their
utilization like a fixed nitrogen source in cyanobacterial grow h.
Wiile one can infer that glutanine or nethionine functions as
co-repressor of heterocyst-nitrogenase systemin the cyanobacterium

no such nethionine or glutamne repression of nethionine transport
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Table 5.1

L~Methionine transport (nmo1’°S-methionine m‘:]'1 Chl a m n") in
the parent Nostoc muscorum and its various nutant strains.

g
Strains Nature of the growth media
Nz2-grown Glutamine Methlonine
grown grown
-~
Parent 40.13 46.06 40.0
(£ 2.17) (+ 2.82) (+ 2.93)
Etn" 15.65 30.13 36.0
(+ 0.87) (+ 2.13) (+ 1.78)
Norleu" 20.67 24.15 22.33
(+ 1.13) (+ 1.89) (+ 1.77)
ppt” 8.07 19.20 35.71
(+ 0.65) (x 1.08) (+ 2.67)
Azi" 7.82 10.0 10.13
(+ 0.49) (+ 0.58) (+ 0.64)

Six day old drowing cultures were harvested, washed and
suspended in 10 mM HEPES-NaOH buffer (pH 7.5) before the uptake
was measured,

All values are average (* SE) of three independent experiments.



T mutant suffered

activity, is evident in the parent strain. The Etn
nore than two-fold decrease in methionine transport activity, under
di azotrophic growh conditions. However, methionine transport
activity in this nutant increased in methionine grown cultures or
glutamine grMRF cultures. The increase of methionine transport
activity was alnmost simlar to simlarly grown cultures of the
parent strain. e can therefore infer that nethionine transport
system in Et n" mutant has becone gl ut an ne/ met hi oni ne acti vabl e.
The Norleu" nutant like Etn” mutant also suffered decrease in
met hi oni ne transport activity under diazotrophic growh condition
and such decreased transport activity was not significantly
i nfluenced by glutanine or nethionine. The Ppt" strain and Azi ¥
strain were nore deficient in methionine transport activity than
Etn' or Norleu' mutant strains under wiazotrophic growth conditions.
However, both glutamne to a lesser extent and methionine to a nuch
greater extent, activated the methionine transport activity in the
Pptr strain. In comparison, the Azi® mutant strain did not show
gl utam ne/ nethionine activation of nethionine transport system
Azi” mutant strain and Norleu' mutant strains thus seem simlar in
respect of their response to gl utamne/ methionine activation of
their methionine transport system Smlarly Et n" and Pptr nmut ant
strains belong to a different category in terns of their nethionine

transport activity being glutam ne/methionine activable. Not much

can be said at the nonent, about nitrogen regulation of nethionine
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transport activity except that, it is not glutam ne/mnethionine

repressibl e.

Since the various mutant strains were defective in
methionine transport system at different degree, we ";nined
methionine repression control of heterocyst and nitrogenase activity
in them Results of such studies were given in Table 5. 2. The
parent N muscorum neither showed heterocyst nor nitrogenase
activity, in the growh medium containing 1 nM L-methionine. I'n

conparison to its diazotrophic culture, Etn

strain produced
het erocyst and nitrogenase activity, under diazotrophic growh as
well as in the growth medium containing 1 nM net hionine. However ,
the frequency of heterocyst and the level of nitrogenase activity
were slightly lower in methionine nmedia than in diazotrophic growh
nedi um It thus appears, that mutational decrease in nethionine
transport is the reason for apparent |ack of methionine repression
on heterocyst formation and nitrogenase activity in the nmutant
strain. Nor led nutant strain behaved nore or less like the Etn"
strain in respect of lack of nethionine repression control of
aer obi ¢ di azotrophy. Azi " and Pptr muitant strains were also simlar
qualitatively in respect of |oss of nethionine repression control on
het erocyst system in the cyanobacterium Quantitatively speaking
AziT and Pptr mitant strains were nore efficient than Etn’ or

¥

Norleu” nutant strains in showng lack of nethionine repression

particularly on the nitrogenase system Wien one conpares the
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Table 5.2

Het erocyst frequeny (nunber of heterocysts per 100 vegetative
cells), HF and nitrogenase (N2ase) activity of the parent Nostoc
muscorum and its various nmutant strains grown in diazotrophic and
methionine nedi um

Growth media

Nz—medium Methionine medium
Strains “
HF Nzase HF Nzase
activity activity
Parent 5-6 1.63 0.0 0.0
(+ 0.09)
Etn" 5-6 2.49 3-4 1.014
(# 0.13) (+ 0.05)
Norleu® 6 N .42 5-6 1.75
o M s (+ 0.09)
ppt" 5.0 121 5-6 8.1
(+ 0.08) (+ 0.11)
Azi” 5.0 1.65 5-6 2.25
(+ 0.13) (+ 0.09)

The values are average (* SE) of three independent experiments.



methionine transport data from various am no acid anal ogue resistant
mutants with the data on the degree of lack of nethionine repression
control on het erocyst—nitro'genase system in the cyanobacterium one
finds a correlation between the 1loss in methionine transport
activity and lack  of net hi oni ne repression control on

heterocyst-nitrogenase system

D scussi on

Transport of amno acids in bacteria often involves
nmul tiple stereospecific transport syst ens. Transport of
branched-chain amno acids viz., L-leucine, L-isoleucine and
L-valine is one of the best studied of these and probably invol ves
several transport systens (Yamato et al. 1979). A series of
studi es have al so been conducted to study the genetics of nitrogen
regulation of anmino acid catabolism in E coli and S. typhimurium
and the results suggest the operation of a nitrogen starvation
signal in activation of operons for netabolism of amno acids |ike

hi stidine and arginine (Merrick, 1988).

Cyanobacteria can provide an ideal systemfor exam ning the
reasons, about the multiplicity of specific amno acid transport
systenms in enterobacteria. The results of such studies will also
throw light on, why sone anino acids are toxic to cyanobacteria and

why others are not (Thiel, 1988). Cyanobacteria would al so provide
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a sinple system to study how netabolite uptake is energized in
phot osynt heti ¢ organi sns. It has been suggested that obligate
phot oaut ot r ophi ¢ cyanobacteria do not control their intermediary
nmet abol i sm by repression/derepression of enzyne synthesis and that

this lack of transcription regulation is a characteristic and
causative feature of obligate autotroph physiology (Carr, 1973).

Am no acids such as methionine or glutamine are known to block the
inhibitory effect of MsX on Chlorella GS activity by inhibiting its
transport (Meins and Abrams, 1972). The inclusion of anmino acids in
the growth medi um and denonstration of their assinlation into cell

material is not acconpanied by reduction in levels of amno acid
bi osynthetic enzymes. This has been denonstrated for arginine and
branched-chain amno acids in A variabilis (Hood and Carr, 1972)

and for 3-deoxy-D-arabi no- heptalosonic-7-phosphate (Waber and Bock,

1968) . Exogenous glutamne wthin the cell is know to be
assimlated like a nitrogen source causing repression of its
bi osynthetic enzyme GS (Singh et al., 1993; Verna et al., 1990).

Proline has also been shown to be utilized like a fixed nitrogen
source in Anabaena sp. PCC7120 through the enzymatic nechanism
involving the participation of cyanobacterial proline oxidase enzymne
(Spence and Stewart, 1986). A definite role of GS in assimlation
of amno acids |like arginine and proline have been shown in
N  muscorum Where the cyanobacterial amno acid transport systemfor
proline and arginine seemto function normally in the absence of GS

enzyne activity. This also suggests while the GS enzynme activity 1is

78



essential for amno acid assimlation like a fixed nitrogen source
it is not essential for regulating their transport (Sngh et al.,

1991) .

Hole of amno acid transport gystems in amno acid
accunul ation, excretion and utilization as nitrogen source needs to
be understood at nolecular level for construction of strains for
extracel lul ar production of amino acids, as well as for construction
of strains that lack amno acid repression-control of heterocyst and
nitrogenase activity in diazotrophic cyanobacteria. Few studies
have been carried out on this aspect of amino acid transport in sone
cyanobacterial strains and all these studies suggest nainly
operation of three anino acid transport systens in the netabolism of
amno a ids (Herrero and Flores, 1990; LataXxre et al., 1987; Thiel,
1988; Chapnman and Meeks, 1983). Mitation to resistance to amno
aci d anal ogues in cyanobacteria could be at the transport |evel, at
the biosynthetic enzyme level or at their catabolic enzyne |evel.
It is known that mutations to MSX resistance in cyanobacterium
A doliolum occurs both at the transport level and at the GS
activity level. Such MsX transport defective mutants produce the
MSX-sensitive GS enzyme (Singh et al., 1987c). The resistant nutant
strains of N muscorum described here include, resitance to
methionine anal ogues ethionine (Etn ) and norleucine (Norleu ), to
the GS inhibitor : phosphinothricin - (Pptr) and a potent growh

inhibitor : ° sodi um azide (Azir). Al these nutants are defective
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in methionine transport. These results do support the view for a
conmon occurrence of transport system for the inhibitor as well as
for methionine. The parent strain neither differentiated
heterocysts nor showed nitrogenase activity during growh wth
met hi onine. This clearly suggests the ability of the cyanobagterium
to utilize methionine as a nitrogen source. Earlier studies have
shown the ability of Anacystis nidulans (Delaney et al., 1973)and
N muscorum (Vaishampayan, 1982) to wutilize nethionine like a

nitrogen source.

The lack of nethionine repression on heterocyst and

r r
nitrogenase activity in ethionine [Etn ), norleucine(Norleu ),

r r
phosphinothricin (Ppt ) or azide (Azi ) resistant cyanobacterl al

nmutant strains coupled with the observation . r the operation of
net hi oni ne defective transport system in them suggests a direct
role of the amno acid transport system in regulation of the am no

acid catabolism, like a fixei nitrogen source.

The present findings on the behavior of Azi" mutant strain
corroborates with earlier observations of derepress: i heterocyst and
nitrogenase activity in conbined nitrogen mec‘~ (Sngh and Singh,
1978) and lack of amno acid repression on heterocyst and
nitrogenase activity nay be useful in studying the property of the
mutated gene products in nif or NR nmutants of heterocystous

diazotrophic. cyanobacteri a. In addition such nutants are useful
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fromthe point of view of their utilization as biofertilizer strains
in view of their ability to scavenge amno acids from the external
medium in rice fields without suffering any adverse effect on their
nitrogen fixing ability. It 1s therefore suggested, in any schene
or plan for construction of cyanobacterial biofertilizer strains,

introduction of amno acid transport defective trait nust be

i ncl uded.
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CHAPTER 6



MUTATI ONAL STUDY COF SALINITY/O0SMOTIC REGULATION CF
GROMH, N TROGEN FI XATI O\, OXYGEN C PHOTOSYNTHESIS,

AMWCN A ASSI M LATI ON AND AMIN UM TRANSPCRT SYSTEM

I ntroducti on

Mai nt enance of structural paraneters such as turgor and
cell volune needs water. Bi ol ogi cal nenbranes are permeable to
water. Cells have nmechanisns for retaining solutes (electrolytes or
non-el ectrolytes) wthin a sem-perneable nmenbrane against a
concentration gradient but water is not retained and tends to nove
towards |ow thennodynamc water activity i.e., when a cell is water
stressed either due to dessication or due to external solute
concentrations, let water novenent out of the cell is favoured.
H gh solute concentrations in the nedium can cause extensive

influence on a cell in the follow ng ways :

(i) Either by osnmotic effects (water stress),
(ii) lon specific effects (ion inbal ance) or
(iii) Toxic effects (excessive accunulation of solutes or

i ons)

Depending On the type and concentration of the solutes surrounding
the cell one of these factors may domnate. The osnotic effect nay
be counter ‘balanced because higher solute concentration in the

nutrient medium leads to increased rate of ion/solute uptake. This
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lowers the water potential and stinulates the water uptake by the
cells which raises the cell turgor. This change in the osnotic
potential as a neans of naintaining positive water bal ance, is known
as osnotic adjustment or osnoadaptation or osnoregul ation (Turner
and Jones, 1980). It is a well-known fact that osmolarity like
tenperature is a physical parameter of great relevance to biol ogical
systens which have evolved various strategies to overcone this
probl em Gsnol arity of a natural habitat is subjected to great
fluctuations and know edge of the osmoregulatory mechanism of
organisns from such habitats provide nethods to artifically
construct osmotolerant fornms which can grow and multiply under
fluctuating constrains of environnental osnolarity. lonic and
non-ionic environnents of varying osnolarities are known to limt
the survival and growth of organisns. Know edge about the genetic
and physi ol ogi cal nechani sm of biol ogi cal adaptation to salinity and
osnotic stress is expected to be of great fundanental relevance to
agriculture, food mcrobiology, plant-nicrobe interactions and
nmedi cal mcrobiology (Gsonka and Hanson, 1991). Probl ens of
salinity and water stress in agriculture is now an ever-grow ng
problem and future success of agriculture would depend greatly on
the ave ility of crop plants resistant to salinity and water

stress.

The genetics and physiology of osnoregulation has been
studied in greater detail in bacteria, where accurmulation of a
vari ety of conpatible solutes such K *i ons, amno acids : glutamate,

glutamine, proline, ¥-aminobutyrate and al anine, quaternary am nes
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l'i ke glycinebetaine and sugars like trehal ose and sucrose have been
denonstrated to be the physiological mechanism of their adaptation

to osnotic stress (Flowers et al., 1977; Imhoff, 1986).

The genetic basis of osnotic adaptation in enteric bacteria
has been studied in detail which includes kdp A to E genes required
for inducible K+upt ake (Vél derbaug et al., 1987), pro Uand P genes
required for the transport of proline and glycinebetaine (Cairney
et al., 1985 and pro A B and C genes required for synthesis of
proline (Jakowec et al., 1985, Mihan and GCsonka, 1983), ots A and B
genes required for synthesis of trehalose (Javer et al., 1988) and
bet A° B and C genes required for transport of choline and synthesis
of glycinebetaine fromcholine (Syrvold et al., 1986). omp genetic
sy tem has al so been shown to contribute osnotic adaptation througi

control of synthesis of porin proteins of bacterial plasna nenbrane

(Csonka, 1989).

N2—fi xation process in Klebsiella pneumoniae has been found
to be an extrenely osmosensitive process and a role of
glycinebetaine in its protection has been inplicated (Le Rudulier
and Valentine, 1982). Bacterial osmotolerant mutants are avail able
and over production of proline in these bacteria is found to be the
bi ochem cal basis of osmotolerance (Srom et al., 1983). Recent
studi es al so advocate role of polyamines as conpatible osmolytes in

hi gher plants under osnotic stress (Flores and Gal ston, 1984).
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Accumul ati on of glycinebetaine as a conpatible osmolyte has
been found to be wdespread in higher plants (Jones and Storey,
1981) and the enzyme activities of its synthetic pathway have been
shown to be osmoinducile (Broukisse et al., 1989). Cenetic
engi neering of glvcinebetaine pathway into inportant crops has been
suggested to be one of the possible solutions to osnotic stress

problemafflicting them (MQie and Hanson, 1990).

Studi es on adaptation of cyanobacteria to osnotic/ salinity
stress was started by Borowi t zka, 1980; MacKay et al ., 1983).
Subsequently, a series of other studies were conducted to find out
the physiol ogi cal mechanism of osnotic stress resistance in various
cyanobacteria characteristic of fresh water, nmarine and brackish
water h-bitats (Reed and Stewart, 1988). These studies showed
i nvol venent of disacharides sucrose and trehal ose or a heteroside
such as glucosyl-glycerol or quaternary ammoni um conpounds such as
gl yci nebet ai ne as conpatibl e sol utes produced under osnotic stress.
The extrene osmotolerant cyanobacterial forns were found to
accumul ate gl yci nebet ai ne, the noderately osnotolerant forns
gl ucosyl -glycerol and the least osnotolerant forns sucrose or
trehal ose. Very few studies have touched the aspects of nitrogen
fixation and GS activity in relation to osnotic stress (Warret al.,
1988; Reed and Stewart, 1988). No studies have so far been nade
with regard to response of aerobic nitrogen fixation, anmmonia/am no
acid transport to naturally occurring osnotic stress situations.
Wi | e hyperosmotic shock has been found to generate various types of

organi c osmotica within cyanobacterial cells there has been little
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study with regards to the consequences of the hypoosmotic Shock i,
such cyanobacteri a. Few available studies indicate extracellular
liberation of various organic carbon and fixed nitrogen conpounds
fol lowing hypoosnotic shock in Synechocystis sp. POX6714 and

Cal ot hri x scopulorum (Reed and Stewart, 1988).

D azotrophi c cyanbacteria are natural biological systens of
nitrogen input in wet land rice agriculture in tropical countries
(Singh, 1961) and serious efforts are being nmade to increase their
potential as biofertilizers in such ecosystens (Md et al., 1991).
The scientific merit of the present practice of wusing them as
biofertilizer suffers from lack of know edge about their salt
tol erance, osnotic tolerance, herbicide tolerance and their ability
to conpete successfully against the native strains. It therefore,
becones i nperative to gener at e t echnol ogy to const r uct
cyanobacteri al biofertilizer strains which are resistant to
salinity/osnotic stress. Chapter 3 of this thesis reports for the
first time the successful application of techniques of genetic
transformation and mutation in production of multiple herbicide
resi stant anmonia excreting strains of diazotrophic cyanobacterium
and one of the desirable characters to be present in cyanobacterial
bi ofertilizer strains relates to their resistance agai nst
salinity/osnotic stress as well. It therefore becones essential to
study the role of osnotic stress in regulating the production,
assimlation and liberation of ammonia resulting from N,-fixation.
This has forned the basis for the origin of the present problem for

st udy. No infornation exists about inpact of osnotic stress on
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biofertilzer guajity of cyanobacteria. The biofertilzer quality of
caynobacterial strains under field condition is a function of j:¢
survival, competetive ghility, Nz-fixation and excretion of fixed
nitrogen. Gsnotic nodulation of nitrogenase activity, Na-fixation,
amoni um transport and assimlation and amino acid transport needs
detailed physiological and genetic analysis for devel oping
appropriate osmotolerant cyanobacteri al strains for use as
biofertilizer. W have begun a systenatic study of these aspects in
the cyanobacterium Nostoc nuscorum and our results do suggest a
possi ble practical application of nutational technology in
construction of genetic traits offering conpetent protection against

salinity/osnotic stresses.

Materi al s and net hods

Axenic clonal cultures of parent N rnuscorum and various
mutant strains (as described below were grown and nmaintained

photoautotrophically in nodified Chu No. 10 di azotrophic nedi um

I solationof salinity (Nad ) resistant (NaClr) mut ant strain

Sodi um chloride at 150 nM was found conpletely lethal to
cyanobact eri al growth under diazotrophic growh conditions.
Spont aneous nutants resistant to Nad were selected out at this
concentrati on. Such colonies were isolated and repeatedly
restreaked and tested for their stability on fresh Nad containi ng

medi um This strain was designated as NaC J strain.
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I'solation of Gsmotic (sucrose) resistant (Sucrose’) Mutant
strain

Sucrose at 300 nM was found conpletely lethal to
cyanobact eri al growh under ° diazotrophic growh conditions.
Spontaneous nutants resistant to sucrose were selected out at this
concentrati on. Such colonies were isolated and repeatedly
restreaked and tested for their stability on fresh sucrose

containing medium This strain was designated as Sucrose’ strain.

Both the strains were naintained on agar slants and grown

as and when required.

Sodi um(Na+) transport

Exnonentially growing diazotrophic cultures of parent
N. muscorum and its Nad' and Sucrosé strains were harvested,
washed twice with deionized water and resuspended in the sane and
equilibrated for 30 mn in light at a photon fluence rate of
50 ymol m S ~. Na uptake was neasured as depletion of Na from
the bathing nedium containing 100 pmol m'l Ned wusing a flane
photoneter (Digisun Hectronics, India). 100 ppm Nad sol ution

prepared in deionized water was used here as standard.

14
[ C]Sucrose transport

(**clsucrose (Sp. activity 300 4 mol™ 1) transport was
assayed by following the nethod of Singh et al. (1985 with

appropriate modifications, at 300 pM final sucrose concentration in
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the reaction mxture following silicon-oil/ mcrocentrifugation

technique (Scott and Nicholls, 1980), as described in Chapter 2.

1
[ 'CL}Hethyl ammoni umt r ansport
14 -1

[ C]Methylammonium (Sp. activity 7.5 kBg mi ) transport
was assayed by following the method of Singh et al. (1985) wth
appropriate modifications, at 50 uM final methyl ammonium
concentration in the reaction mxture followng silicon-oil/
mcrocentrifugation technique (Scott and N cholls, 1980), as

described in Chapter 2.

PS Il nediated oxygen evolution was neasured by using a
dark type Oxygen electrode fitted in a G1son xygraph as descri bed
in Chapter 2. N trogenase activity and Chl a content were also

estinmated as described earlier (Chapter 2).
Resul ts

As shown in Fig. 6.1la &b, parent N muscorum did not
survive a growh nedium salinity of 150 M Nad or osmolority of
300 mM sucr ose. The spontaneously occurring nutant clones of the

cyanobacterium resistant to Nad lethality or sucrose lethality

—
arose with a frequency of 0.8 - 1.5 x 10 thus suggesting the Nacji®

or Sucrose" phenotype to be the result of a single mutational event,
The NaCl' strain was found to be equally resistant to sucrose
lethality and vice versa showing a cross-resistant nature

(Fg. 6.1a &b).
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Legend to Fig. 6.1la
Survival curves of the various strains of Nostoc
muscorum to different concentrations of Nad .
Parent strain (o)
*)
Sucrose’ strain (&— &)

Nac1' strain (m

Survival was estimated by cc ing the nunber of
col oni es seen on each nutrient plate after a w. V of incubation,
under photoautotrophic diazotrophic growh conditicns.  Survival
values thus obtained from the control pletes, were treated as
hundred percent =z ~d those obtained from the hypersaline nutrient
pl ates, were expr - sed in percentage with respect to the control.
Mean values from three experinental dete minations are shown

+ SEM val ues where these exceed the dimensions of the symbols
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Legend to Fig. 6.1b

Survival curves of the wvarious strains of Nostoc
muscorum to different concentrations of sucrose.
Parent strain (o)
Nac1' strain (m__e)
Sucros€ strain A

Survival was estinated as detailed in the legend to
Fig. 6. 1la. Mean values from three experinmental determnations

are shown + SEM val ues where these exceed the dinensions of the

symbols.
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lnorganic ions like Na at high cellular level are known
perturbants of the structure and function of the enzymes and ot her
cellular proteins (Yancey et al., 1982). Thus, any osmoregulatory
cellular strategy nust not only be osmoprotective and osmobalancing
in pature but at the sane tine nust also be functioning in effective
curtailnent of influx of perturbant ions Iike Na*. This aspect of
Na+ transport was examned in the three strains of the
cyanobacterium. As shown in Fig. 6.2, the mutant strains showed

severe decrease in uptake of Nt with respect to the parent strain.
14

[ ClSucrose transport was also assayed in all the three strains
where in all of them showed a simlar pattern of transport
(Fig. 6.3). Studies on time course influence of salinity/osnotic

stress on nitrogenase of the three cyanobacterial strains has been

presented in Fg. 6.4 aé&hb. Mitation to salinity/osnotic
resistance was acconpanied by a significant decrease in
cyanobacterial nitrogenase activity. N trogenase activity of the

parent strain was conparatively a little nore sensitive to salinity
stress than to osmotic stress. In conparison, the nitrogenase
activity of the tw nutant strains showed significant stimulation
Wi th sucrose treatnent than with Nad treatnent. This might reflect
a positive role of osmolarity in regulation of nitrogenase activity

in osmotolerant cyanobacterial strains.

The parent and its nutant strains were also conpared for
phot osynt het ic oxygen evolving activity following treatnent for 14 h
with 150 nM Ned or 300 nM sucrose. The salt or osnotic stresed

cultures of the parent strain showed nearly five-fold decline in its
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Legend to Fig. 6.2

Na* uptake in the three strains of Nostoc muscorum.
Parent strain (I
Nac1® strain (m—)
Sucrose” strain (4—a)

Mean values from three experinental determinations are
shown + SEM values where thece exceed the dinensions of the

synmbols.  (For other details see text)
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Legend to Fig. 6.3

[14CJSucrose uptake in the three strains of Nostoc
muscoruim.
Parent strain (o)
NaC1® strain (m___°)
Sucrose strain (4 o)

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

synbols. (For other details see text)
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Legend to Fig. 6.4a

Effect of 150 mM Nad (hypersalinity stress) on the
nitrogenase activity of the three strains of NostoCc muscorum.
Parent strain (o)
*)

) .
Sucrose  strain (4__a)

Nac1® strain (m

Six-day old diazotrophially growing cultures were
harvested, washed and incubated in fresh Na-medium in the absence
and presence of 50 nM Nad at different tine intervals. They
were then harvested, washed, resuspended in fresh N2-medi um and
assayed for nitrogenase activity as described in Chapter 2.

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

symbols. (For other details see text)
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Legend to Fig. 6.4b

Ef fect of 300 nM sucrose (hyperosnotic stress) on the
nitrogenase activity of the three strai ns of Nostoc muscorum.
Parent strain (e )

NaC1" strain (m__)
Sucros€ strain (&__a)

Six-day old diazotrophically growing cultures were
harvested, washed and incubated in fresh N2-medium in the absence
and presence of 300 nMsucrose at different time intervals. They
were then harvested, washed, resuspended in fresh N2-nedium and
assayed for nitrogenase activity as described in Chapter 2.

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

synbols. (For other details see text)
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oxygen evolving activity. In conparison simlarly treated cultures
of NaCIr or Sucrosé strains showed no si gnificant variation in
phot osynt heti ¢ 02 evolution activity (Table 6.1). However, oxygenic
phot osynthetic process was found to be relatively nore osmotolerant

than N2-fixation process.

Studies on anmonium (methylammonium) transport activity
(Amt) in diazotrophically grown cultures showed that the activity
decreased by alnmost fifty per cent in the parent strain (Fg. 6.5a)
under stressed conditions, while it remained al nost uninfluenced in
the tw nmutant strains (Fg. 6.5b &c), under unstressed and

stressed conditions.

Saline ~rosnotic sensitivity of in vivo GS activity of the
parental strain was also examned in diazotrophic cultures stressed
with 150 MM Nad or 300 nM sucrose for 4 h. Wile extractable GS
(biosynthetic) activity was 78.4 3.6 SEM umol NADH oxi di zed
mg—l protein mn' for stressed cultures and 85.5 4.2 SEM
umol NADH oxi di zed rrg_1 protein rrin_1 for unstressed cultures, the
activity of GS (transferase) was 1985 = 37 nmol 7y-glutamyl
hydroxamate formed ng ' protein mn! for stressed cultures and
2012 + 77 nnmol y-glutamyl hydroxamate forned rrg_1 protein rrin-1 for
unstressed cultures. dearly cyanobacterial GSis little influenced

by osnotic stress.
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Table 6.1

Oxygen evolution (PS I1) activity (nmol 02 evolved h~?! ug Chl @)
of parent Nostoc muscorum _and its NaCl-resistant (Nac1') and
sucrose-resistant [Sucrose ) nutant strains.

Tr eat nent Par ent NaClr Sucr osé
Cont r ol 225.0 183.0 168. 0
(x 14.55) (x 11.15) (£ 9.4
Nad (150 nmv) 46.5 188. 2 172.5
(£ 2.83) (x 10.41) (x 10.62)
Sucrose (300 mV) 43.1 184.5 166.5
(£ 2.65) (£ 9.52) (£ 8.46)

Qultures of the strains were grown diazotrophically for 6 days,
treated with ionic osmoticum (Nad) or non-ionic osnoticum
(sucrose) for 14 h and then examned for oxv/gen  evolving
activity.

Each value is an average (+ SE) of three independent experiments.
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Legend to Fig. 6.5a
Upt ake of [”ijathyl ammonium in the parent Nostoc
muscorum under di azotrophic growh condition.

Six day old culture was harvested, washed and i ncubated

in 10 M HEPESNaCH (pH 7.5)  Dbuffer ) ) or in buffer
containing 150 M Nad (e—-=) or in buffer containing 300 nM
sucrose (@ ___ &), for 2 h. They were then washed and resuspended
in 10 nM HEPES-NaCH buffer (pH 7.5) and uptake was assayed as
described in the text.

Mean values from three experinental determnations are
shown * SEM values where these exceed the dinensions of the

synbol s.



Legend to Fig. 6.5b
Upt ake of [“C]methylammonium in the Nad' nutant
strain of Nostoc muscoru. under di azotrophic growh condition.

The sanple was prepared for assay as described in legend to

Fig. 6.5a.
10 nM HEPES-NaCH buffer, pH 7.5 (e___)
10 nM HEPES- NaCH buffer, pH 7.5 + 150 M Nad (m_—¢)
10 nmM HEPES- NaCH buffer, pH 7.5 + 300 nM sucrose (& &)
Mean values from three experinental determnations are

showmn + SEM values where these exceed the dinensions of the

synbol s.
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Legend to Fig. 6.5c
14 r

Uotake of [ Clmethylammonium in the Sucrose nutant
strain of Nostoc muscorum under diazotrophic growh condition.
The sanmple was pepared for assay as described in legend to
Fig. 6. 5a.
10 nM HEPES- NaCH buffer, pH 7.5 (e__)
10 nM HEPES-NaCH buffer, pH 7.5 + 150 nM NaQd (¢ °)
10 nM HEPES-NaCH buffer, pH 7.5 + 300 nM sucrose (& &)

Mean values from three experinental determnations

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

symbols.
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The next st udi es i nvol ved on the rol e of
het er ocyst - ni trogenase represslible nature of nitrogen sources |ike
ammoni um and proline (Sngh et al., 1991) in cyanobacterial osnotic
adapt ati on. The nain reason for choosing proline in the present
study was because of its well-characterized osmoprotective role in
enterobacteriaceae (Gonka and Hanson, 1991). As shown in
Table 6.2, Nad lethality did not change with the change in nature
of nitrogen source fromNz2 to ammonium thus ruling out any special
role for ammoniumnitrogen in osmoregulation of the cyanobacteirium.
However, the nost interesting results cane from proline cultures
whi ch under unstressed conditions netabolized proline like a fixed
ni trogen source causi ng repressi on of cyanobact eri al
het er ocyst - ni trogenase system and under osnotic stress conditions
used it .s a nost effective osmoprotectant pernitting the cultures
to differentiate heterocysts and fix N2. This led us to exanine the
uptake of proline in diazotrophically grown cultures. The
unstressed cultures showed a proline uptake of 0.5 + 0.02 SEM umol
proline mghl Chl a min_l, while cultures stressed with 150 nM NaQd

: _ -1
for 30 mn showed a value of 4.5 * 0.18 SEM umel proline ng = Chl a
=1

mn
Di scussi on

H gh external osmolarity inhibits growth and devel opnent of
organi sis nai nly by reducing the turgor pressure. The ease with

whi ch various organi sns sense the osnotic or salt stress signal and

respond to it by netabolic readjustment to maintain their cellular
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Table 6.2

Eval uation of the role of NH: and proline on survival (X),
het er ocyst frgguency (HF, '/.) ~ and nitrogenase (N2ase) activity
(nmol C2H4 pg ~ Chl a h °) of the parent Nostoc muscorum under
hyper-saline (150 nM Nad) growh condition. Saline treated
cul tures served as control.

Parent strain

Nitrogen Control culture Hypersaline culture
source
Survival HF Nzase Survival HF Nzase
activity activity
N2 100 5-6 10.4 0.0 0.0 0.0
(x 0.72)
NH, 100 0.0 0.0 0.0 0.0 0.0
(1mM NHQCl)
Proline 100 0.0 0.0 86.7 4-5 8.5
(1mM) (x 0.53)
Source of inocula for <control and hypersaline cultures was
N2-fixi ng heterocystous cultures. Survival was estimated by
counting the nunber of colonies formed on each nutrient plate
after a week of incubation under growh condition. Survi va

values thus obtained from control colonies were treated as
hundred percent and those obtai ned from hypersaline cultures were
expressed as percentage of control. Smlarly heterocyst
frequency and nitrogenase activity were determined in a week old
cul tures.

Each value is an average (+ SE) of three independent experinents.



turgor 1s 3 peasure of their osmotic or salt adaptability. Turgor
sensitive accunul ation of conpatible nolecules by either transport

or fresh synthesis or both in response to salinity or osnmotic stress
is the  physi ol ogi cal mechani sm  of osmotic adaptation in
cyanobacteria (Reed and Stewart, 1985) and bacteria (GCsonka, 1989).

In general salinity and osnotic stresses have been considered to be
simlar by sone workers in bacteria (Csonka, 1989; Weretilnyk and
Hanson, 1990) and dissimlar by others in cyanobacteria (Blumwald
and Tel-or, 1982: Fernandes et al., 1993). Sinmlarity or

dissimlarity could be analyzed unambiguously by isolating mutant

strains resistant against salinity or osnmotic stress and then
examning their cross-resistant relationship. The results presented
in this Chapter show a spontaneous mutation frequency characteristic
of a single mutatior 1 event thus suggesting the NaCl ' or Sucrosef’
phenotype to be under the control of a single genetic determnant.

Since 150 nM Nad (150 nM Nad aqueous solution gives about 278
mOsmol equivalent to - C.72 MPa) and 300 nmM (300 nM sucrose in
aqueous solution gives about 333 nsnol equivalent to - 0.84 MPa)
are approxinmately of simlar osmotic strength (WIf et al., 1979)
one may conclude that Nad or sucrose induced lethality is primarily
due to osnotic and not ionic cause. Further support to osnotic
stress as a cause for Nad or Sucrose lethality comes from the
finding that Nacl® mutant strain was also found resistant to sucrose
induced lethality and vice versa. Such cross-resistant results at
genetic level suggests that a single genetic determ nant functions
in the genetic regulation of both salt resistance and osnotic

resistance and that salinity/osmotic induced stress signal generates
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physiologically simlar response in the cyanobacterium The present
finding, assunes significant in view of earlier reports that found
no evidence for the involvement of any single gene product in the
regul ation of various osmogenes in bacteria (Hggins et al., 1987)
or salt .resi stant genes in the cyanobacterium Anabaena torul osa
(Apte and Hasel korn, 1990). |In addition, present mutational results
also indicate a powerful role of nutational approach in producing
geneti cal | y-engi neered cyanobacterial strains capable of growh and
multiplication in hypersaline or hyperosmotic nedia and opens out
the possibility of identifying specific cyanobacterial genes and
their products in conferring osnotic adaptation. Nad i nducible
transcription of about a hundred genes in the salt-tolerant
cyanobacterium A torul osa has been reported (Apte and Hasel korn,
1990) but their specificity in salt adaptation depends upon
dencvnstrating the essentiality of their products in such process.
In this context it is worth nentioning that all osmoinducible
transcripts in enterobacteriaceae are not essential for acquisition
of osmotolerance (Csonka and Hanson, 1991; GCsonka, 1989).
Hyperosnmotic treatment of A variabilis with Nad, sorbitol or
sucrose have also been found to generate physiologically sinilar
response in the cyanobacterium (Reed and Stewart, 1985). Fernandes
et al. (1993) have forwarded that cyanobacterial responses to salt
and osnotic stresses are physiologically distinct phenonena.

However, as already stated our results do not support this view

Reduction in Na® influx has been reported to be the najor

mechanism of salt tolerance in diazotrophic cyanobacteria (Apte
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et al., 1987). «Qur results also show a severe curtailment of Na't
influx in the mutant strains while showing simlar pattern of
sucrose transport. Mitational curtail ment of Na® influx associated
with simltaneous acquisition of osnotic resistance does suggest a
definite role of curtailed Na* influx in osmoadaptation of the
cyanobacterium N trogenase activity was nore sensitive to Nad or
sucrose stress than its photosynthetic oxygen evolving activity, a
finding in agreement with previous report on salt inhibition of
nitrogen fixation in cyanobacteria (Tel-or, 1980). Mitation of the
cyanobacterium to Nad " or Sucrose phenotypes resulted in
significant decrease in 1its nitrogenase activity under unstressed
conditions. However, under stressed conditions nitrogenase activity
in the mutant strains showed a significant raise approaching al nmost
to the parent level wth passage of tine. Wile the ammoni um
assimlation (through GS) seens to be little influenced by
salinity/osnotic stress, the transport system of ammonium is very
much inhibited under the same conditions. These results impliacate
that cyanobacterial ammonium netabolism is regulated not at the

| evel of ammoniumassimlation but at the transport |evel.

Uilization of proline as a nitrogen source in
cyanobacteria and proline repression of heterocyst and nitrogenase
is already well-known (Sngh et al., 1991). Wilization of proline
as osmoprotectant seems to be osmoregulated through osnotic
inhibition control of its catabolism. Prolinebetaine function as
nitrogen source or as an osnoprotectant in Rhizobiummeliloti has

been shown to exhibit such osnmotic control (Gloux and Le Rudulier,
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1989). In enterobacteri aceae exogenous proline uptake has been
shown to be ©smoinducible (Measures, 1975). Qur results show an
increased proline uptake by a factor of almost nine-fold under
osnotic stress conditions, thereby showing that the proline uptake

like proline catabolism is osmoregulated in the cyanobacterium.

The single mutational acquisition of osmoresistance by the
cyanobacterium suggests the involvenent of a conpatible osmolyte
mechani sm Though proline is found to function as a conpatible
solute of osmoprotective nature, the nature of the conpatible
osnolyte produced in the two osmoresistant nutants is proline or
some other osnmolyte is difficult to infer at the noment and needs

further studies.

To construct an osmotolerant biofertilize;, strain we
nust have a know edge of their physiology and genetics that
regul ate their osmotolerance. Thus the follow ng objectives
should be achieved in a systematic way in the construction of

conpetent osnotol erant strains :

(i) A range of osmotolerant characteristics of oxygenic
phot osynt hesi s, N2-fi xati on, ammonia and anmno acid
transport and their assimlation in the parent and various
mut ant strain shoul d be determ ned,

(ii) The nature of the inorganic and organic osmolytes
accumul at ed intracel lularly during osnotic stress should

be identified,
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(111) Transport systems specific to these accunulated osmolytes
should be analyzed with respect to their function in
csnoadapt at i on,

(iv) Mitational acquisition of  osnoresistant/osnosensitive
genetic traits must be identified with respect to their
biofertilizer potential.

(v) Mitational and transformational identification of  genes

specific to osnotol erance should al so be |ooked into.

In this context,the results presented here provide a beginning for
genetic construction of a conpetent osmotolerant strain using the

techni ques of nutational analysis and genetic transfornation for use

as a biofertilizer.
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CONCLUSI ONS

From the studies presented in the foregoing chapters,

the foll ow ng concl usi ons have been arrived at

(i) DNA is the genetic basis for mnachete resistance

(i)

(iii)

phenotype, as well as for all the other herbicide
resistant phenotypes (Basal in, DCMJ, Atrazine and
Propanil) in G oeocapsa sp. This is the first report
on the presence of multiple herbicide resistance in a
uni cel lul ar diazotrophic cyanobacterium, and that the
genetic determnant controlling the herbicide resistant
phenotypes are all closely linked and that this genetic
trait is transformabl e to Nost oc muscorum.

The transformation process was found to be obligately
dependent, on photosynthetic light, on the presence of
permeaplasts of recipient N nuscorumand on TRIS-EDTA
buffer in the transformation mxture, but was found to
be DNase sensitive.

Sensitivity of N.muscorum by all the herbicides nay be
because of their inhibition on nitrogenase activity,
due to inhibitory carbon dioxide fixation through their

inhibition of PS Il activity, for supply of ATP and
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(iv)

(v)

(vi)

(vii)

(viii)

(i x)

reductant, while resistance to them by Gloeocapsa sp.
and transformant N.muscorum is due to their herbicide
resistant PS Il activity. PS 1 activity in all the
strains remai ned uni nfl uenced by the herbicides.
CGenetic acquisition of resistance by GS to M8X, PPT or
EDA is invariably found associated with the devel oprment
of ammonia excreting ability during diazotrophic growh
of the cyanobacterium

Edd -GS strains were nore deficient in GS activity and
profi ci ent in amonium excretion, t han their
correspondi ng Msx '.GS strains or Ppt ".GS strains.
Apparently, the |level of extracellular ammonia
liberated seens to be a function of nutational decrease
ii cyanobacterial G5 activity.

For the first time, strains have been constructed which
are multiple herbicide resistant and ammoni a excreti ng,
under diazotrophic growh conditions, using the
techni ques of genetic transformation and mutati on.

Msx' -GS strain and Eda'-GS strain did not show a
cross-resi stance rel ationship.

Spont aneous nutation frequency to the Eda" -GS phenot ype
appears to be a function of the cyanobacterial gln A
allele.

Eda cl ones conprised of two physiologically distinct
types, one assimlating EDA like a nitrogen source and

the other non-EDA assimlating, but amonia excreting.
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(x)

(xi)

(xii)

(xiii)

(Xiv)

(xv)

(xvi)

Glutamine or methionine functions as a co-repressor of
het erocyst - ni trogenase  system but not of t he
net hi oni ne transport system in the cyanobacterium.

Loss of nmethionine transport activity, leads to a lack
of methionine repression control, on the heterocyst-
ni trogenase system

An evidence is shown for a role of amno acid transport
system in the regulation anino acid catabolism like a
ni trogen sour ce.

A single genetic determnant, functions in genetic
regul ation  of salinity resistance and osnhotic
resi st ance.

Mitational curtailment of influx of Na' ions associated
with simultaneous acquisition of osnmotic resistance
suggests, a definite role of curtailed Nt influx, in

osnoadapt ati on of the cyanobacterium

Mitation to salinity/osnotic resistance was acconpani ed
by a reduced level of nitrogenase activity under
unstressed conditions. However, a positive role of

osmolarity in regulation of nitrogenase activity is
evident in the osmotolerant strains.

Phot osynt heti ¢ oxygen evol ving activity is sensitive to
salinity/osmotic stress in the parent strain, but
tolerant in the mutant strains. However, phot o-
synthetic oxygen evolving activity, was found nore

tolerant than nitrogen fixation process.
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(xvii)

(xviii)

(Xi x)

(xx)

Wi | e cyanobacterial ammoni um assimlation (through GS)
is little influenced in both parent and rmutant strains,
its ammonium transport activity is inhibited in the
parent strain, while renmaining unaltered in the nutant
strains, under salinity/osnotic stress conditions.
Nature of nitrogen source has no special role in
osnoregul ation of the cyanobacterium.

Role of proline as an osmoprotectant under osnotic
stress and that exogenous proline uptake is
osmoinducible has been shown.

Miut at i onal acquisition to osmoresistance by the
cyanobact eri um suggests, involvenent of a conpatible

osmolyte mechani sm
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