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CHAPTER1 

INTRODUCTION 

'}'h~ .m~i;riti~Jl':l~ needs of the growing wot:ld population depends mai_nly on 

the success of modern agriculture that in turn depends heavily on the 

availability of fixed nitrogen in the form of chemical fertilisers. The demand 

f()_r ni~ogenJ~rtilisers ,has further increased with the introduction of high 

yielding varieties of crop plants. Modern farming depends on the 

petroleum based chemical inputs such as fertilisers, herbicides and 

pesticides. 'fh~ ~ost of S"!J.~h chemical nitrogen fertilisers rise proportionately 

with the rise in the cost of fossil fuels. Thus, the provision of chemical 

nitrogen fertilisers is gradually becoming out of reach for developing 

cou_nt_ries. ill. ,a~ciiti~n, t:here is an increasing concern over their adverse 

effects on aquatic and terrestrial ecosystem by rendering them eutrophic. 

These realisations have led to research for developing alternative sources of 

_nitrogen Sl,lpp)y in agricultural farming. The most obvious candidates in 

this regard are biological nitrogen fixers called diazotrophs which play a 

vital role in maintaining soil fertility and sustaining the crop yield even in 

the ab~e_nce of any _added nitrogenous fertilisers (Venkataraman, 1981). 
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1.1. Cyanobacteria: 

Cyanobacteria are an ancient and diverse group of gram-negative 

eubacteria characterised by their ability to perform higher-plant type 

oxygenic photosynthesis (Stanier and Cohen-Bazire, 1977). They occupy a 

wide range of habitats and colonise many terrestrial and aquatic habitats 

from polar to tropical areas (Bergman, 1996; Capone et al., 1997; Carr and 

Whitton, 1982; Dodds et al., 1995; Stal, 1995). Many cyanobacteria are also 

found in extreme environments which include arid deserts, frigid lakes or 

hot springs and salt marshes (Carr and Whitton, 1982; Dodds et al., 1995; 

Potts, 1996). They form symbiotic associations with a wide range of 

organisms, ranging from protists, animals, plants and fungi (Adams, 2000; 

Bergman et al., 1996; Rai, 1990; Rai et al., 2000, 2002). Cyanobacterial species 

include unicellular, filamentous, branched filamentous and non­

filamentous colonial forms. Among prokaryotes, cyanobacteria are the only 

representative of true multicellular organisms (Adams, 1992; Tandeau de 

Marsac and Houmard, 1993). The filamentous forms may produce four 

kinds of structurally and functionally different cells. They are the 

vegetative cells, heterocysts, hormogonia and akinetes. 

2 



1.2. Vegetative ce_lls: 

Photoautotrophy, fixing carbondioxide through the Calvin cycle and using 

light as energy source, is the dominant mode of growth in cyanobacteria. 

Vegetative cells are the sites for photosynthesis. The chlorophyll a protein 

complexes, the photosynthetic reaction _center, the carotenoids and the 

electron transport system are all contained within the vegetative cells. The 

light harvesting accessory pigments (phycobiliproteins) are located in 

phycobilisomes attacheci t_o _the s1,1_rface of thylakoids, which under 

conditions of nitrogen-deficiency, also serve as nitrogen source (Bryant, 

1994; Tandeau de Marsac and Houmard, 1993). The vegetative cells also 

contain a number of storage bodies such as cyanophycean starch (glycogen) 

as C reserve, carboxysomes that contain ribulose 1,5-bisphosphate 

carboxylase/oxygenase (Rubisco), cyanophycin (a polymer of aspartic acid 

and arginine) as N-reserve, and polyphosphate boclies as P-:-reserve. 

J.3_. Hormogonia: . - ~~--- --- -~~-

The differentiation of horm()goni~ :(rom vegetative cells occurs in 

filamentous cyanobacteria (both heterocystous and non-heterocystous). 

Hormogonia are distinguishable from vegetative cells by cell shape and in 

some species by cell motility and presence of ga_s v~sicles. Hormogonium 

differentiation represents a transient morphological stage in the 

3 



developmental cell cycle of some filamentous heterocystous and non-

heterocystous cyanobacteria. The differentiation of hormogonia from 

vegetative cells takes place upon transfer of stationary phase cultures to 

fresh medium. Various environmental factors, such as altered N-

metabolism, change in temperature and light spectral quality affect 

hormogonia differentiation. In Nostoc muscurom (Armstrong et al., 1983), 

and in Calothrix PCC 7601 and PCC 7504 (Herdman and Rippka, 1988) 

removal of NaN03 from the medium triggers the formation of hormogonia. 

In some Calothrix sp. strains, hormogonia are produced upon addition of 

iron to iron-deficient cultures (Douglas et al., 1986). In various 

heterocystous strains grown under phosphorous limitation, hormogonium 

• 
induction occurs upon transfer to phosphorous rich medium (Castenholz 

and Waterbury, 1989; Mahasneh et al., 1990; Whitton, 1992; Wood et al., 

1986). The ability to form hormogonia is of much importance to those 

cyanobacterial strains that enter into symbiosis with plants. Hormogonia 

are the infecting units in many cyanobacteria-plant symbioses (Bergman et 

al., 1996; Rai et al., 2000). It has been reported that in Gunnera-Nostoc 

Symbiosis, the acid mucilage secreted by the Gunnera induced the 

hormogonium differentiation, which is essential for infection (Johansson 

and Bergman, 1992; Liaimer et al., 2001; Rasmussen et al., 1994). 

4 



1.4. Heterocyst: 

Heterocysts are microoxic cells for N.z-fixation in filamentous heterocystous 

cyanobacteria. The enzyme nitrogenase which converts molecular nitrogen 

into ammonia is localised inside the heterocyst. The differentiation of 

heterocyst from a vegetative cell is a nitrogen-regulated process in 

cyanobacteria. Presence of exogenous nitrogen sources such as nitrate, 

nitrite, ammonia and some amino acids repress heterocyst differentiation in 

all heterocyst forming cyanobacteria (Wolk et al., 1994) whereas in the 

absence of such nitrogen sources 5-10% of the vegetative cells differentiate 

into heterocysts. 

The nitrogenase enzyme complex consists of two different 

proteins: Mo-Fe Protein (dinitrogenase) and Fe-Protein (dinitrogenase 

reductase). The dinitrogenase is <12~2 tetramer (Mr 226.8 kDa) and its a and p 

units are encoded by the nifD (Golden et al., 1985; Lammers and Haselkorn, 

1983) and nifK (Mazur and Chui, 1982) genes, respectively. It also contains 

two molecules of Mo-Fe cofactor. The dinitrogenase reductase (Mr 66 kDa) 

is a dimer of two identical subunits encoded by nif H gene. The 

chromosome region harboring nif HDK genes in Anabaena sp. PCC 7120, 

undergoes DNA rearrangement during differentiation of vegetative cells 

into heterocysts. In heterocyst nif HD K is contiguous but in vegetative cells 

an 11kb DNA fragment interrupts nifD gene (Golden et al., 1985). A second 
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rearrangement involving deletion of 55 kb fragment located in fdxN gene 

(Golden et al., 1987) has also been shown to occur during heterocyst 

differentiation. These rearrangement events involve site-specific excisases 

encoded by xisA (Lammers et al., 1986) and xisF (Carrasco et al., 1994), 

respectively. 

The above mentioned nitrogenase is the conventional Mo­

dependent nitrogenase (Nif 1) which functions exclusively in heterocysts 

under aerobic conditions (Elhai and Wolk, 1990; Thiel et al., 1995). Anabaena 

variabilis ATCC 29413 also possesses another Mo-dependent nitrogenase 

(Nif 2) which functions in vegetative cells under anaerobic conditions (Thiel 

and Pratte, 2001). A vanadium-dependent nitrogenase encoded by vnfDGK 

genes and an Fe-only nitrogenase have also been reported in Anabaena 

variabilis (Kentemich et al., 1991; Thiel, 1993). In N2-fixing non-heterocystous 

cyanobacteria (Bergman et al., 1997), there is a temporal separation of 

nitrogen fixation and photosynthesis (Bergman et al., 1997; Gallon, 1992). 

Some of them, e.g. Gloeothece (Mullineaux et al., 1981), Cyanothece 

(Schneegurt et al., 1994) and Osdllatoria (Stal and Heyer, 1987) fix nitrogen 

mainly during the dark period of a light/dark cycle. Plectonema boryanum 

and Phonnidium fix nitrogen under anaerobic or microaerobic conditions 

(Rai et al., 1992; Stewart and Lex, 1970; Weisshar and Boger, 1983). Symploca 

PCC 8002 fixes nitrogen in the light under aerobic conditions (Fredriksson, 
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~-t _a_l_., 1998)_. In m~l-'in~ non-h~re_rp~y~to!!~ fil~m~ntP!!~ cy~_m>"P~~t~rl!!m 

Trichodesmium sp., N2-fixation takes place during the day when the 

photosystem n is fully operative. 

The p_rp~~$$ pf N2-£i_~_C1tiPn i$ m~mlJoli~~JJy ~~p~n~iv~ _r~q!liring 

ATP, reductant and microaerobic conditions. Photophosphorylation, 

oxidative phosphorylation, substrate level phosphorylation and/ or uptake 

hydrogeP~-s~ ~_r~ tb~ m~m $9W"~e~ of AJP @ottomJ~y (l_Qd Stewart 1-976). 

The oxidative pentose phosphate pathway is the main source of reductant 

for heterocyst. 

The ~n.zyme nitrog~l-l~$~ i~ ~~tr~meJy se_Q~jtive t9 ozygen (Fay, 

1992), and both the dinitrogenase and dinitrogenase reductase are 

inactivated upon exposure to 02. Several structural, biochemical and 

g~n~tk ~b~ng~~ mk~ pJ~~~ during diff~_r~ntt~lion of ~ vegemliv~ cell into 

heterocyst in order to maintain a microearobic interior. Such changes 

include synthesis of multilayered cell envelope which acts as a specific 

"P~rrie_r fo_r 02, lO$$ of PS JJ ~~tivity _(P~re_r$91-l ~-t a_l., 1981), p_r~s~n~~ pf gptt.Jse 

hydrogenase and high rate of respiration (W olk et al., 1994). 

Genes responsible for regulations of heterocyst formation have 

starwd to ~ rJM_r~~reri_sed (Ad~m~ ~nd P!!ggCl.n, 1999; Wolk ~-t l!l_., 1994:; 

Wolk, 1996). In response to nitrogen-step-down, an autoreglatory gene 

hetR, is induced in regularly spaced cells within 2-3.5 h. The presence and 
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expr~ssio_!l of hetR i1l_no_n-lJ.~tero~y_stotiS cycmo}J_a(:terium Symploca PCC 8002 

have also been reported Ganson et al., 1998). The HetR protein is an unusual 

serine type protease, which may be degrading the repressor of genes to be 

swj_tch~c_l- Wl _a_1lcl _artivatpr_s p_f g~-1l~S to b~ switcb.ecl p_ff du;ril)g heterocyst 

differentiation (Zhou et al., 1998 a, b). Transcription of hetR is indirectly 

controlled by the product of ntcA gene, which is found to be wide spread in 

~ya11ob_a(:t_e_rj(l (F_r_i_a_s _e_t _aJ., 1993; Herre_ro et al., _2-0PJ). The nt_cA gene encode_s 

a global nitrogen regulatory protein named NtcA (a cyclic AMP-binding 

protein) required for utilisation of nitrate and for heterocyst differentiation. 

Nt~A f_rpn:t A.tJa_baen_f:l J?CC _71ZO iilter!J.cts wifu p_romot~_r _regions of xisA (a_l) 

excisases gene necessary for the formation of heterocysts), ginA (gene 

encoding glutamine synthetase)., rbcLS (encoding Rubisco), nifH (encoding 

diili:t.roge_na_se _redl.JctCl_se) (l_nd n_t_cA (eil~Pcl_i1lg Nt~_A itself) (Frias et at, 199.:1:; 

Wei et al., 1994). In addition NtcA also binds to the genes encoding 

glutathione reductase (gar gene). Thus, in addition to global response to N­

d~p_rjva:tiop (F_ri_(lS _et {1}., 1994) n_t_c;A _also _r~spp_nd_s tp _redo~ stam_s Giang et 

al., 1997). Many genes essential for heterocyst differentiation and 

development have been identified and characterised on the basis of the 

vaxipu_s ph~notyp~_s ~x_hibJted by h~t~rp_cy_st fp_:(.Ql(ltion d~fective mp@nt_s. 

Two more important genes for heterocyst development are hepP 

(Fernandez-Pifias et al., 1994) and hetC (Khudyakov and Wolk, 1997). 
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_In_s~_rtipJJc~J iD.~~tiv~tjp_n pj 1Jf.tP p_r~v~.n~ tb~ iPJ:Ql~tiPn Pi p_rp_b~t~rp~y.$P, 

and strains with multiple copies of hetP form multiple contiguous 

heterocysts in absence of combined nitrogen sources. The synthesis of 

_i_@~r];t:_t!)_$_1: gly~p_ljpjd l~ygr, ib~t j_s impm1:~.nt ilJ. p_rpjgpp_n. pj mf:rpgen~_se 

from oxygen requires hetM (also known as hglB) and hglK encodes a protein 

for transport of heterocyst glycolipids in Anabaena PCC 7120 (Bauer et al., 

19_97; JR~~_k _e_t tJ:l._, 199_5)_. :Jhr~~ ~~ll .n_~m~d _&p_A_, hep13 -~nd _h.qJC_, -~_re 

required for the synthesis and stabilisation of heterocyst envelop (W olk, 

1996). A Fox- mutant that is defective in heterocyst envelope and has 

im_p~_voo _N2-Ji~~tiP.n _cibiliJy !!lJ.dg_r -~~r_p}Jj~ ~_p_lJ.ditiPJ).$ .b~.$ b~gn isPl~wd. 

(Ernst et al., 1992). Genes involved in heterocyst spacing has also been 

identified. PatS gene product (PatS-5; a pentapeptide) diffuses along the 

_fil~ID~l_l~ JliJ-d ~-r~j:e_s -~ gr~dj~_n_t pJ inhibj_tp_ry _sjgn~J fp_r _m~jn@jniJJ.g fug 

pattern of'spaced heterocyst (Yoon and Golden, 1998). 

Akingre.$ _i)Je Jprm-gd by sp_mg _mg_m~_r.$ Pi NP.$!P~-~~e~g, IDYnl~ri-~~g-~g -~nd. 

Stigonemataceae. They serve as a mean of perennation in these organisms 

(Adams and Carr, 1981; Nichols and Adams, 1982; Nichols and Carr, 1978; 

W Ql_k, 1965, 1973) _i)J)Q p_rpvjd,g fug ~i)pi)rity fp_r gn:>wtb l>y g_e_rmjp_i)fjng 

under favourable conditions even after long-term exposure to extreme 
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Akinetes are suggested to be the evolutionary precursors of heterocysts 

(Wolk et al., 1994). A variety of environmental factors trigger the 

vegetative cells, with a thickened cell wall and a multilayered extracellular 

envelop (Herdman, 1987, 1988 Nichols and Adams, 1982) and their shape 

cylindrica). Akinetes do not resemble the bacterial endospore structurally, 

and are not heat resistant but are resistant to cold and desiccation. Akinetes 

_germinate to nroduce new filaments after resumption of favourable growth ------------ -~:""~---------- -------------------------- -------------------· -- --

conditions (Adams, 1992; Herdman, 1987, 1988; Nichols and Adams, 1982) .. 

relation to heterocyst 

(a) akinetes occur adjacent to heterocyst (e.g., in A. cylindrica, 

Cylindrospermum and Rivularia). 

interheterocysts interval ( e.g., in Anabaena CA and Nostoc PCC 7524). 

Akinetes have also been found in complete absence of 

10 



b~_tw~I} ib~ _b~~rpryst Th~J'~iPJ'~,_b~!~J'Pry~.ts ~~~m tP impp~~ J'~gW.@.ri:ty PJJ. 

the pattern of akinete development but their presence is not essential for 

formation of akinetes. A number of amino acid analogues (e.g., arginine 

_a_n_~_lpg:Q~_s ~-~-n-~y~JriiJ~ -~n.d cy~JJP~J~JliJJ~ QJJ.d .tb~ !'~.tin~ _CJ.n.QJPgm:! ~­

aminobutyric acid) increase akinete frequency as well as alter akinete 

pattern in Anabaena ctjlindrica. The amino acid analogues 7 -azatryptophan 

_(l_I}g £CJ._n_ay(J._l}j_n.~ _b~v~ b~~-1} _$_hPwn tP _c!lreJ' _CJ._ki_n~t~ pa.trem j_I} _N_o_stot PCC 

7524 (Sutherland et al., 1979). 

1S.l. Strn.dJUM ru!d g~~fi~ ~imil~fi~_s b~b\1~~11 .H~J~.r9cy~~ -~d 

Akinetes: 

Akinetes and heterocysts are generally larger than vegetative cells, with a 

thickened cell wall, and· a multilayared extracellular envelope. A lot of 

_str:pr.W~J _simil_(l_rj_ti~_s ~,glit ~_tw~~-1} h~t~rpcyJ;.ts _a.D.d _c!l9JJ.~re_s QJtbp:JJ.gh bPth 

are known to be functionally different from each other. In Anabaena species, 

the envelopes of heterocyst and akinete contain equivalent polysaccharides 

{CaJ'd~mil_(l_I}d WPl~ 1976.~ 1979.~ 1981). SPJ'i~nre fJ JJJ. (199.3) J'~po_rred the 

presence of glycolipids envelope in akinetes. Akinete formation has been 

little studied genetically and most studies on the genes involved in akinete 

d~v~lppJP~nt _CJ.J'~ Pb.fJiil}~d fr9ID tb~ wp_r)s PIJ. h~t~_rpcy~t fprm~tion.. J'h~ 

formation of both akinetes and heterocysts in Anabaena variabilis ATCC 

11 



_Z9~13 _r~q11j_r~_s _a ~PIDIDPn gen~ _&pAr -w:lP~h ~m:pde.s en.veJpp 

polysaccharides (Leganes, 1994). Presence of functional hetR has also been 

shown to be essential for both akinete as well as heterocyst formation 

(1~gcm~s !!J .oJ., 19_9~; W pJk # .oJ., 199~)_. ln. _N_Qs_tp_c _e.llip_sp~pPJJL1JJ, mJJ.W.tiPJl in 

hetR blocks the differentiation of both heterocysts and akinetes at an early 

stage. Studies on the relationship between the differentiation of heterocysts 

and akinetes have been carried out in a o-enetically manipulated ----- - ----- --- ---- - ----- --------- ---- --- -- 0-------- --- - ----~-- -----

cyanobacterium, Nostoc ellipsosporum (Leganes et al., 1994). Recently, a 

marker gene that is found to .be expressed primarily in akinetes have been 

the akinete formation in filamentous cyanobacteria. The environmental 

factors which have been implicated as trigger for akinete formation 

phosphate (W olk, 1965). 

influence cyanobacterial growth and differentiation. Direct correlations 

have been observed between the light intensity at which A. cylindrica is 

12 



gr.PWJl_~I1d :th~ ~~Jl d~J!SJty -'~J w_bj~_h -~I1~~ f9JJJ:t_@.ti9n j_s jJlj_Jj_@.t~ (Nichols 

et al., 1980). Sutherland et al. (1979) demonstrated that addition of utilisable 

carbon sources such as sucrose to the exponentially growing culture of 

_N__Qs_to_c _FCC ?511= ({@.~!!l.W_tiv~ p_bp:t_p_b~~J"PlrPplty) d.el@.y _@.NJW:t.e .f9J'ID_@.tiPI1 

implying a direct role for light availability in control of akinete formation. 

Fay et al. (1984) also advocated that light limitation was the most important 

factor triggering akinete .differentiation in Anabaena circinalis .(KU:tz 

Hansgirg). However, van Dok and Hart (1996) ruled out the possibility of 

light availability alone triggering akinete differentiation in Anabaena 

circinalis. 

l$.3_.2_. Ng.m~.nt IJmit~Ji9.n_: Ampng th~ m~j9r nPm~n~ P.s~d by 

cyanobacterial strains for growth and multiplication, phospahte limitation 

has been implicated as a major trigger for akinete formation (Herdma~ 

_ 1987, 1988; Ni~h9l.s ~md Ad~m.s, 1982-)_.fuA_. P.l!:ri!!JdJi~, No~_tpc Jindcif!. (R~ddy, 

1983), A. cylindrica (Wolk, 1965), Fischerella muscicola (Kaushik et al., 1971) 

and A.circinalis (Van dok and Hart, 1996) phosphate limitation has been 

r~pprred tP b~ th~ m~jpr trigg~r_. How~v~r, in ~on:tr~1't :to 1'P~h r~pp~, F_CJy 

et al (1984) demonstrated that presence of phosphate stimulated akinete 

differentiation in A. circinalis. 

LimJmtion pf _fi_x.ed-m:trog~n 1'!Kb ~1) m:tr_CJt~, mmre ~nd 

ammonium has been reported to trigger akinete differentiation (Dementer, 

13 



19_56; JJ~g~_, 1917)_. S_ing_h ~nd SLiY~~mv~ (196~) .. ~nd J'y~gj 0-974) h~s 

reported that presence of combined nirrogen sources inhibit akinete 

differentiation. Conversely, Sutherland et al (1979) and Van dok and Hart 

.(1996) _h@.v~ i:IJ.P~-P~:IJ.d~1J.:tly J~pp_rred th!).t _N-:@.Y~il~b_ility h~d JJ.P eff~ct 011 

akinete differentiation of Nostoc PCC 7524 and Anabaena circinalis, 

respectively. 

Va_d_pJJ_s .oth~J ~PIDPPUl}d_s _b_@.V~ b~~J} _r~ppJ:t~d Jp_r fu~j_r J.mp_@.~t 

on akinete differentiation. Sucrose (Sutherland et al., 1979), glucose (Tyagi, 

1974., 1978)., Sodium glutamate (Dementer, 1956)., NaO (Cannabaeus., 1929) 

_@._:Q.d _ffigb ~P_:Q.~~I1Ir_@.tiPn pJ ~J!}_p_b_@.t~ h_iJ.V~ ~~JJ J~PPJ~ iP IDdJJ-~e ~_kinete 

differentiation. Wolk (1965) has reported that acetate and calcium 

glucuronate increased akinete differentiation in A. cylindrica. In this 

Qrg~J1i_sm, S_md_iJ.j_r !).J}d WJ!ittvn (1977) _b!).v~ ~_bpwn tl:t_iJ.t d~fi!:iency oJ i.rPn 

increased akinete frequency, whereas deficiencies of rrace ions showed the 

opposite effect (Mg2+ and Ca2+) or no effect (Mo and 5042-). Conversely, in 

_.!1n_t;l_bfJ!ma _c_irdna.lis lin1i.tiJ..tiPn oJ .f~3+ d_jd nPt ~-iJ.Y~ ~kilt~re dJJkrentiatiPJl 

(Van Dok and Hart, 1996). In C. licheniforme amino adds tryptophan, 

aspartic add, phenylalanine, proline and isoleucine have been reported to 

iiJ.~-r~(J._s~ Jlkirt~re diff~_r~nti5J.tiPn wh~_r~;:J.~ ~y~li~ _:IJ.:ud~P:tid~~ h5J.d Jjffi.e or no 

effect (Hirosawa and Wolk, 1979a,b). 
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conflicting reports on the metabolic activities of akinetes. This may be due 

to the difficulty in obtaining pure akinetes or asynchronous akinete 

d:lff~-r~n.li_~_tip_n. flpw~v~_r .. _smdi~_s \\j_tb Ngptpc .PCC ?;>24 (S:utb~rl"Jtd # _al., 

1979) and Anabaena variabilis (Braune, 1980) have shown that akinete 

differentiation can be synchronised. 

Ib~ mP~t ~1t'il9Jlg ~_b_ct_nge_s in .c~Jlul"r ~p_m_pp_sjtion. d:ur_ing 

akinete differentiation are increase in glycogen, cyanophycin, carbon 

content and dry weight (Fay, 1969; Simon, 1977a, b). In Anabaena C1Jlindrica 

fu~ _ro_c~Jw~ _Cl!Qn~~lJ _b~v~ JiW~ 9% JJ-9 ~bJp_rppJJ.yJl_@.nd }@.~_Is p_hpj:p_sy_s~m 1. 1n 

contrast, Sutherland et al (1979) reported that the chlorophyll a content of 

Nostoc PCC 7524 was higher than that of the vegetative cells, while the 

_p_by~pcy_@.nj_IJ_ ~p_IJ_j:~_n:t w_"_s @fh"ng_ed_. m A1Ja_b~JJfJ _dPliPJ1!_1J:l, the me@bPlif 

changes associated with akinete differentiation include reduction in 

respiratory activity and loss of nitrogenase, nitrate reductase, glutamine 

_sy_ntb~.@._s~, ~-sP-"~j:~ d~hyd_rpgeJJ_@._se _@.nd ph9t91'yntbeti~ ~~tivjty ~lPng 

with photosynthetic pigments (Rao et al., 1984). The finding that the 

respiratory activity is reduced in akinetes of A. doliolum is in uniformity 

wj_tb NPPlPf PCC _7~24 (Ch~:uv_".t, 19.82) ~JJd Np_s_tpc $pPJJ.git!!!for_m!! crm~l ~nd 

Wolk, 1983). Singh and Kashyap (1988) reported that the metabolic 

activities of the akinetes of Fischerella muscicola are similar to those of 



-~n_a_b~IJa _d_o_liplf!m _and :tmPJ~~ fup_s~ oJ _Ng$_tg_c _rcc ?5~4- (Su:therlcm.d e.t .al., 

1979). However, inactivation of glutamate synthase, partial inactivation of 

nitrogenase, and unaltered glutamine synthetase activity have been 

_r~p.P_rt~d _ill Cl_o_s_tridiu.m p_(lS_t_el(r_iaiJ1!1Jl -~Nl}!!~.S (V ~ll~.sp_inp~ -~nd J<lein~r, 

1980). The decreased activity of superoxide dismutase in akinetes and 

heterocysts has been reported in Anabaena cylindrica (Grilli Caiola et al., 

1991). 

1..5..3A. 

conditions, akinetes germinate and produce vegetative cells. Increased light 

intensity, phosphorous and nitrogen availability have been implicated as 

m~jor trigge_r.s .for -~Jgn.e~ g~.r.mi.n.-~tion (He_rdm._~_n_, 19B7, 1988; v~_n Po_k -~_nd 

Hart, 1997). However, in Nodularia spumigena akinete germination has been 

reported to occur at low light intensity (Huber, 1985). The energy demands 

of ~Nl}~.fe d_iff~_r~nti~tion !)J~ initi_i!lly m.~tftom. -~~_rp}J_i~ p)(_id_~ti.on of ~~_rbp~J 

reserve (Rai et al., 1988). However, the action of both photosystem I and IT 

are required for efficient and rapid germination (Herdman, 1987, 1988). 

No~.tPc PCC 7524 ~.ki_n~te.s do not g~rmin~t~ j_l} d~_rls_, ~Jfupygb th~y -~how 

respiratory Oz uptake (Chauvat et al., 1982). During germination, all the 

metabolic activities related to C and N metabolism reappear sequentially 
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~Jlpwj_ng fu~ .e~Jl.s tP _ep_ntiJI!J.~ tb~Jr _np_rm~J grpwtb .ffi.~j # Jtl._, 1988; 

Sutherland et al._, 1985a). 

1.6.. _Sp_p_r~s (Mdg._et_es) m bj_pJg_rtiJis_eJ's t_edJJJPlPgy: 

The .almnd~n_e~ pf cy_an.p}:>_a.ereri~ m !i~~ Jj~J~b W~l) fu.st r~pprt~d PY F.r!Js.eb 

(1907a, b) and their importance in nitrogen economy of rice fields has been 

well documented (De, 1939; Singh, 1961; Watanabe et al., 1951). It has been 

esti_m.at~d Jlmt cy.anol>~.et~ri~ .eonm1mt~ 2Q-80 ~g N h~-1 .erpp-1 on m_mpver 

of their biomass in the rice fields (Albrecht et al., 1991; Ladha and Reddy, 

1995; Roger and Ladha, 1992; Venkataraman, 1981). The use of 

cy~noba.eren~ (~g~m~tion) m !i.e~ :fj~Jd.s h~§ b~n §_bown to mcr~-~1)~ tb~ 

rice yield (Metting, 1988; Roger and Kulasooriya, 1980; Venkataraman, 

1972; Watanabe et al., 1951). However the potential benefits of 

.ey~nob~.e~ria ~§ biof~.rtili§~r.s in ri.e~ fi~Jd.s h~§ ~n Jimi~d dJJ~ to Jow 

viability of inocula and their susceptibility towards adverse environmental 

stresses. The strategy frequently employed by cyanobacteria to face such 

envi.ronm~nmJ str~§.s~s i.s to fo].JJ} ~trn..emr~JJy ~nd memboli.e~Jly di.stin.et 

cells called spores (akinetes), which can germinate to produce new 

filaments when growth conditions are favourable. H the inocula can be 

provided to tbe f~JIDer_s ill foJID of .spor~§_, W.s wowd b~ ~-~.si~_r to _h~ndJ~ 

and can withstand adverse environmental conditions. 
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1.7. PJ:~~e»t Study: 

When ~ppli~ ~_s bioJertili_se.r in n~~ .fieJd.s fr~-living cy_C)JJ!>P!,l~teJ'ij,l .reJef,l.se 

nitrogen into the soil after death and decay. Thus the nitrogen released is 

not directly transferred to the crop plants. Instead, all soil organisms 

i.ndu.di.ng the ~_rpp pJj,iJJJ$ .slJiJ..re fu:i_s mtrogen . .Infj,i~t .smJJg oJ it i_s even Jp_st 

by denitrification. The benefits of cyanobacterial biofertilisers can be 

drastically enhanced if there is direct and continuous N-transfer from 

cyg.npp_C)~reJ'ij,l w ~.rpp pJC).nts_. Dir~t gJJd ~Pn@u.pu._s :t;rg_ru;Jer Pi n~~d 

nitrogen to rice plants could be achieved by creation of artificial 

associations involving symbiotically competent N2-fixing cyanobacterial 

_st.r~ins j,llJQ .rke pJgJJJ.s (Nib.s~m et a_l_., 2002; _Rgj e_t Pl., 2000; W_WJwn., 2000}_. 

The potential of cyanobacteria as biofertilisers in rice field has also been 

limited due to the use of herbicides and chemical nitrogen fertilisers that 

limit the grpwfu ~.nd N2-fixtng ~!,lp!,lQ.ty p_f cyg.npbg~reJ'ig, .r~p~tively 

(Whitton, 2000) and lack of high viability inocula. 

The overall aim of the present study is to understand the 

processes of akinete formation and germination, identify factors which can 

itig~r _p.r!>.fu.s~ _C)]dl}~t~ Jp_r_m_C).ti!>JJ., .smdy .tb~ vj_C)pjJJJy !>i tb~e j,i_kinet~_s (in 

term of longevity and efficiency of germination), and finally select a simple 

but efficient process by which inocula can be prepared in the form of 

_C)_ki_:rwte_s ~i.tb_mgb Yi._C)bllity _C)nd ~.ffi!:i~JJJ ge.rm_:in!,lti!>.n_. A_Np_s_tp~ _sp . .str!,li.n w!,ls 
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i_spJ~t~d Jp~_a.Jly irPID 11Pil 1!_a.mpJ~~-· J'_bj~ _s:l:riDn. w~~ Jd~ntified, by 

fingerprinting and tRNA Leu intron analysis, as Nostoc ANTH. This strain was 

chosen for the present study because it has been shown to be symbiotically 

~_pm_p~_t~n_t, J:l: _h_a.~ b~~J) _sg~~n~d Jp_r _r~~i~t:a.:n~e _tp tb~ _b~rbj~Jd~ parm:pJa.t, _it 

colonises roots of rice plants and carries out associative nitrogen fixation, and 

its chlorate-resistant strain fixes Nzin presence of nitrate (Bhattacharya, 2002; 

~h.a.J:t~d1a._ry~ # lJJ., .ZOOZb; NilS_$Pn ~_t _q:l_., 20Q2)~ 
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CHAPTER2 

MATERIALS AND METHODS 

2_.1_. l~9l•~Ji9D _1!-nd pmifi.~i!:f:i.9JJ 9J Ng§f:P~ ~p_: 

_$pjJ 1'.~mpl~1' wey~ rPJJ~rt~d d11®g ih~ IDPJJ.fu pJ S~p~_:m}J~_r frpm N.orth 

Eastern Hill University campus, Shillong and brought to the laboratory. The 

samples were examined under phase contrast microscope. Nostoc colonies 

w~_r~ jQ.~p@~Q_, w_~~_ll_ed tb9!P!lghly wjfu d!>llPJ~d dJ~tiiJ~d w~ter C)rtd then 

homogenised using glass beads. The homogenised samples were then plated 

on sterilised nitrogen free BG-11 medium (BG-11o; Rippka et al., 1979) with 

1..5 % _ag~r_. Jh~ pl~t~~ w~_r~ _WrllP_at~d _at 2.5° C: Mnd~_r _Ugbt (pJwton _fluenr~ 

rate 50 J.!IDOl photons.m-2.s-1). When colonies appeared, these were picked up 

and viewed under the microscope before subsequent re-plating on BG-11o 

m~di:Lim_. Ib~ p_rpr~~_s w_a_s _r~p~_at~d _s~v~raJ tim~_s !IJltiJ well _s~pa.rat~d 

colonies were obtained. These colonies were then purified by plating on 

solidified BG-11o medium containing Polymixin-B sulphate (10 J..Lg.mJ-1) and 

Cyd.o_}J.f?)(im.Jd!? {100 JJg._m).-1)_. I.b~ j_IJ.dJyj_Q_y_al _N__QsJpf rPJPI!i~_s w~_r~ pidsed up 

under aseptic conditions and transferred to liquid sterilised BG-11o medium 

in test tubes. The procedures were repeated till axenic cultures of Nostoc sp. 

w~_r~ .o.Pta_iD!?d_. StP~.ks w~_r~ m_ai_ntaiiJ.~d p_n _spJid J3G-11o mePJU11]. in t~~t 

tubes. 
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Lindblad, Uppsala University, Sweden) and PCR fingerprints using STRR-

1A primer (done in the laboratory of Prof. B. Bergman, Stockholm 

strain. The results (Figure 2.1 and 2.2} show that this Nostoc strain is virtually 

.\J.A identical to Nostoc ANTH isolated by us earlier from Anthoceros (Prakasham 

~ 
rv~ ~.nd J~~J, 1991}. D9th .str~j]}.$ _s_hpw~d jg~nti~~J @g~_rpr_i_l}~ _(JJ.l.d tRNALeu 
~ . 

(UAA) intron sequences of both strains were similar except for a difference 

of just two bases (at positions 111 and 139). For full details protocols for 

and Svenning (1998) and Paulsrud and Lindblad (1998), respectively. 

The cyanobacterium Nostoc ANTH was grown from axenic stock cultures in 

N2-medium (BG-11o medium; Rippka et al., 1979). The concentrations of 

macronutrients in Nz-medium were (mM): KzHP04.3HzO, 0.18; NazCD3, 0.19; 

0.029; Ferric ammonium citrate, 0.030. The concentrations of micronutrients 
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.r~q:uJ.r~Q., ili~ Nzcm~Q.Ju,m w.~.s _sy_pp_l~m~rt~.d wJ.tb ~PmbJnf?d mtrogen 

sources such as potassium nitrate (nitrate-medium) or ammonium chloride 

(ammonium~medium). The medium was always buffered with equimolar 

~p_I}~~I).j:r_~_tip_I} p_f H.E.P.E_S. Th~ _p_H p_f ili~ mooJ:um WAS -~Q.jy~~d to z . .s b~ore 

autoclaving. 

Cultures of Nostoc AN1H were routinely grown in a culture room 

maintained at 25° C with a light intensity (photon fluence rate) of 50 J.UUOl 

photons.m~2.s-1 • 

_2S._l. By Smphm Jimi@ti.pn; 

Nostoc ANTH was grown and allowed to sporulate in BG-llo medium minus 

MgS04. The medium was supplemented with equimolar concentration of 

MgCh to counter the effect of reducing the concentration of MgS04 so that 

the ~ombined. P~tion ~nd. ~m~m ~onqmtr~ti-PJ)§ rem~m~ the .s~me Jn ~ll 

cultures. As and when required, the medium was supplemented with 5 mM 

potassium nitrate or 2 mM ammonium chloride and buffered with equimolar 

~on~entr~tion of .J:JEJ?ES.. 
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2 . .5_.2. By P.bo.spbo.ro:Q.s JimJtCJ.ti9.n; 

No.sJpJ; ANTH w~_s gnlwn. ~n.d ~Jlpw~d to .spornJ~:re ill :BG-llo _m~j:g_m _mj_n:g_s 

K2HP04. The medium was supplemented with equimolar concentration of 

KzS04 to counter the effect of reducing the concentration of K2HP04 so that 

the CQm.bined c~.tion ~nd ~nion roncenJJ'!Jtion .rem~med the .SJ)me in ~11 

cultures. As and when required, the medium was supplemented·with 5 mM 

potassium nitrate or 2 mM ammonium chloride and buffered with equimolar 

conc~ntr~tiPn pf H.EP.ES.. 

2...5. . .3.. By -~amtio.n oi y_rgjo:u..s ~MboJt.sow~e.s; 

Nostoc ANTH was grown in BG-llo medium supplemented with glucose, 

sucrose, or fructose. Four different concentrations (10, 20, 30 and 50 mM) of 

each sugar were used. During growth, the appearance of any akinetes was 

dv_sely ro<mjfp_red_. 

2..6_. Culb.tre ~o.ndiJi9.nio.r -~~t~ g~~~tioJ!: 

_A_Jsjnete .p.op:ul~iio_I). w~_s w_~_s_lJ.ed ®c~ _and .r~p_spe_Qded m _fresh BG-11o 

medium at a concentration of 2 x 106 akinetes ml-1 and incubated in the 

presence of light at 50 JliDol photons.m-2.s-1. Whenever necessary KN03 (5 

JJtM) -~.m:lNIMQ .(Z_mM) wg_re .tJdded _fJ.s .svm~e.s p_f combin~d mtrogen_. 
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Z.?. Akinete and heterorvst frequenrv: ---~-~---~- ----- -------~J-- ----- -----~J-

populations by light microscopic observations. 

at least 1000 akinetes under the light microscope. Akinetes that did not lead 

to emergence of germling and remained in the single cell stage were 

Growth was measured as increase in concentrations of chlorophyll a. 

absorbance at 663 nm was measured using a Beckman DU-530 

Spectrophotometer and chlorophyll a concentration calculated according to 

absorbance of the culture at 650 nm. 
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The cJ.dtill'e$ we1e $Willed by Jig_bt mi~JP$~PPY ~nd wbe.r~ n~~e$$.""JY" Jigbt 

micrographs were taken using the Jenaval (Carl Zeiss Jena) Research 

Microscope. 

c_(l_r}Jp_l} J:p _NJJ:r_p~_l}_r_"".tiP Pi _s~_mple~ w9_s de~wJn.ed P-~ing V""J:ip Jll CH.NOS 

analyser fitted with autosampler (E,ementar Analysensysteme, GmbH, 

Germany). 

2_.1.3.. ftpf~j_n .£.sti.m;J.tioo_: 

Protein content was measured according to Lowry et al., (1951) as per details 

given below: 

.S mJ Pi cy_(l11PP_(l_e~rj_(l_l ndmre w_(l~ c~ntrifuged -""nQ. the pglJet w_(l_s 

resuspended in 1 ml of distilled water. The cells were disrupted by 

ultrasonication using a Soniprep 150 (MSE) fitted with an utrasonic 

_mjc.rPp_rp}Jg. The _sMp~J'119~nt w_"".s cPJle~ted _Cl~J' c~n~g«Jti91} -""t .3000 g Jpr 

5 min and used for protein determination. 
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_2_.13---Z_. 

Reagents: 

A. 2% Na_z COg in 0.1 N NaOH. 

B. 1 % sodium potassium tartarate solution. 

C. 0.5 % Cu S04 solution. 

D. 100 ml of reagent A mixed with 1 ml each of reagent Band C 

(freshly prep_C)._red before u~e)_. 

E. 1 N Folin and Ciocalteu' s phenol reagent. 

F. Standard protein solution: Bovine Serum Albumin (BSA) 

solution was p_rep_a_red _i;n tile _r.C).nge of 10-J_pp J.Jg._mJ-1. 

To l_mlof ryanob.C).cteriaJ protein gxtr.C).ct, .5 mJ pf _re.C).gent P was .C).dd~d _al}d 

mixed gently. This was incubated for 10 min at room temperature and then 

0.5 ml of Folin reagent was added rapidly. After 30 min the mixture was 

centrifuged .and the .C).p_~o_rp.C).JJ.ce of the li~p~m_atmJ w_(l_s J~Cid .C)..t _750 _11m. A 

calibration curve was prepared by using BSA solution as standard for 

determination of cyanobacterial protein content. 
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using a Clark-type oxygen electrode installed in a 3 ml Plexiglass container 

with magnetic stirrer (Rank Brothers, England). Three ml cyanobacterial 

allowed to equilibrate for 5 min while stirring. The electrode was then 

polarised and the linear rate of oxygen evolution was obtained in light 

_suppli~d py _a 100 W WQgste_n _fflam~_nt bplb, w_hicb was _shield~d f_ro_m the 

sample by a water bath acting as heat filter. The light intensity at the surface 

of the sample chamber was 50 J.-Lmol photons.m-2 .s-1• Oxygen consumption 

rate of oxygen evolution and consumption were expressed as nmol ~ 

evolved/ consumed.min-1.mg -1 protein. 

Chlo_rophylls al).Q ~(lrpt~noid~ w~r~ extr~ct~d J11 methanol. Tb~ 

phycobiliproteins were extracted in 0.05 M phosphate buffer, pH 7 by 

sonication. The solutions containing chlorophylls and carotenoids or 

spectra of the samples were determined in the wavelength range 400 nm-700 

nm using Beckman DU-530 UV /Visible spectrophotometer. 
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2_.16_. 

2 . .16_.1. 

Enzym~ ~~~~y~: 

Ni:Jrpg~n~~~= 

_Nj_trpg~_n.as~ a~tivi.ty w_a_s ll'J~JtS-'J-J"~d a_s ~ftty_l~JJ~ prPdJJ~j:jon tJ~tng _a~etylen~ 

reduction assay (Stewart et al., 1967). 8 ml of cyanobacterial culture was 

placed in a 18 ml stoppered serum vial. Acetylene gas was injected to a final 

~p_n~~JJJrati~n ~f 10 % (v jv) pJ tb~ _air p_h_ase in fu~ vi~Js_. The vi~ls were 

incubated in light (photon fluence rate of 50 J.lmol photons.m-Z.s-1) at 25 oc on 

a magnetic shaker. After 1 hour, 1 ml gas sample was analyzed for ethylene 

_p_rpdp~~d py :t}_sin.g _(l J:_r_(l~p_r _5~0 ga_s ~_hrp_m_atogrjipb fitted w_ith a porapak r 

column (stainless steel column 6' x 1/8", packed with Porapak T of mesh size 

(80/100) and a flame ionization detector. 

2_.16 .. Z.l. }3_~:frjl~tiP» pf ~~~-= Cwtw-~.s were _harvested l>y 

centrifugation, washed twice in 50 mM Tris-HCl buffer (pH 7.5) and 

resuspended in the same buffer. The cells were treated for 10 min with 

alkyltrimetbylamm<>NWP hro_mide (CJ'AJ3) CJJ _a fin_aJ ~on~entratio_n oJ JOO 

J.tg.ml-1 (Frias et al., 1994). Glutamine synthetase transferase activity was then 

assayed in situ using CTAB permeabilised cells. 
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;2_.}6.;2.2. 

described by Sampio et al (1979) except that CTAB permeabilised cells were 

used. The reaction mixture contained in a final volume of 3 ml, 1 ml enzyme 

~xtr~ct (CTl\B-p~tW~CJ.biUs.ed reJJ s:Qpp~p_sicm), ~0 bllllOl Tris-BO buffer pB 7, 

3 !lmol MnOz, 20 !lmol Potassium arsenate, 0.4 !lmol ADP (Na+salt), 60 !lmoL, 

hydroxylamine and 30 11mol glutamine. The reaction mixture was incubated 

iD- fu~ _da_r}s Jp_r 10 mi_n CJ.t _30 oc. 'J'b~ Jea~tion w(l_s terminated by the addition 

of 2 ml of stop mixture (4 ml of FeCb, 1 ml of 24 % TCA, 0.5 ml of 6 N HCI 

and 6.5 ml of water). The absorbance of the supernatant was read at 540 nm 

qfte_r JV Jil_in pJ ~~ntrjfugi:lJjp_l} _C1t ZOOO rpm. Th~ c!.m.centration of y-glv.tamyl 

hydroxamate formed was estimated from a standard curve that was 

prepared in the range of 0-0.2 Jlmol y-glutamyl hydroxamate. mJ-1. 

2.16_._3_. 

NitrCl.te reduct(lse (NR) (l(:t;iyjty wa_s _meC1swed _in §_i_tu (MC1;m:a_no et £ll., J.976) 

using CTAB permeabilised cells. 5 ml of cyanobacterial culture was taken 

and centrifuged. The pellet was thoroughly washed with and resuspended in 

NR bp£fer (50 mM Tris-.BCl (pH _7._5), OJ _M NC1CJ, 0.3 M s:u~rose, 1 _m_M 

KN03, 1 mM EDTA and 5 mM MgCh). CTAB was added at a final 

concentration of 100 J!g.ml-1 and the suspension incubated for 10 min at room 

t~mpe_r;;1ture wit}l v:igonm_s -~}).~.Ising. J'}).~ _r~act;ion _mi'-<wre coptajm~Q., in 
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-~d_d_i_tip_I). _tp _p~m~-~hili__s~d s:glJ~, Jn -~ fin~l vPlllm~ of 1 ml: 20 _mM _KN03, lOO 

mM glycine-KOH (pH 10.5), 4 mM methyl viologen, and 10 mM sodium 

dithionite freshly dissolved in 0.1 ml of 0.23 M NaHC~. After 7 min of 

jns:Pb~ti!>n Ju d~_r}s _(lt 30° C, fu~ J~~rtion w_(l~ t~JJ.ni_n_(l:red l:>y ~dding 0_.2 mJ pf 

1 M zinc acetate. Subsequently, the nitrite formed was determined by the 

method of Snell and Snell (1949). 

2_.16._3_.1_. _NJwJ~ ~~ti.m~tiv_n_: NJmte w51_s ~stj_m_(lted s:pJo_rtm~tri(:«tlly _as 

described by Snell and Snell (1949). 

Reagents: 

A. 1 % (w jv) sulphanilamide in 3M HCl. 

B. 0.02 % (w jv) N-(1-Napthyl ethylenediamine dihydrochloride) in 

distilled water. 

c:_. Poms_sinm _nitrite 1'91J!tion w~_s p_r~p_w~d _in tb~ J(lJJ-g~ pf 10-JOO 

nmol.ml-1. This was used as standard. 

Procedures: 

To 1 ml of sample, 1 ml of sulphanilamide and 1 ml of 1-Napthyl ethylene 

diamine dihydrochloride was added. The solution was mixed thoroughly 

and fu~ ~b.so_rba_n<;:~ Wjls _re~d -~t ~0 PID !!freJ' 15 mill- A s:~JJbr~tio_u s:wv~ w_as 
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Prepared by using potassium nitrite solution as standard for estimation of . ---- ~------ --~---- ------------ -~----- ---------- --- ------ ~---- ---- ----------- -- ---

nitrite. 

for 5 minute. The pellet was then resuspended in sodium dodecyl sulphate 

(SDS) sample buffer (1:1, v /v). The sample buffer consisted of 10 mM' Tris-

SDS, 5 % f3-mercaptoethanol, and 0.01 % (w jv) bromophenol blue. These 

samples were boiled for 5 min and then centrifuged at 15,000g for 5 min. The 

gel; 100 rnA current}. The electrophoresis was stopped when the tracking dye 

(Bromophenol blue) reached near the bottom edge of the gel The proteins 

destained. 

All glasswares used were Borosil make. All biochemicals were purchased 

from Sigma Chemicals Company, USA. General chemicals and solvent were 
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from Qualigen or Glaxo. Electrophoresis requirements were procured from 

Bio Rad and Alcohol from Bengal Chemicals, Kolkatta. 
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Figure 2.1: STRR lA-PCR-based DNA fingerprints of Nos toe sp., Nos toe sp. 

(PR: Paraquat-resistant mutant), Nostoc sp. (AR: Azetidine-2-carboxylate­

resistant mutant), Nostoc ANTH and Nostoc PCC 9229. 

These fingerprints were obtained using short tandemly repeated repetitive 

sequences (STRR lA) as primer and whole filaments of Nostoc as templates. 

The STRR 1 A primer used here had the following sequence: 3 '­

CCCCTRACCCCTRACC-5 '. Note that the fingerprint of Nos toe sp. and its 

mutant are similar to that of Nos toe ANTH and quite distinct from Nos toe PCC 

9229 (included here as control). 

Lane M represents DNA molecular weight standard (bp). 
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SampJ~ 

NostocANTH AAATAATTGA GCCTTAAAGA AGAAATTCTT 

Nostocsp. AAATAATTGA GCCTTAAAGA AGAAATTCTT 

NostocANTH TAAGTGGATG CTCTCAAACT CAGGGAAACC 

Nostocsp. TAAGTGGATG CTCTCAAACT CAGGGAAACC 

NostocANTH TAAATCTGTT CGCAGACATG GCAATCCTGA 

Nostocsp. TAAATCTGTI CGCAGACATG GCAATCCTGA 

NostocANTH GCCAAGCCCA AGATAATIGG AAAGGTGCAG 

Nostocsp. GCCAAGCCCA AGATAATTGG GAAGGTGCAG 

NostocANTH AGACTCGACG GGAGCTACCC TAACGTCAAG 

Nostocsp. AGACTCGACG GGAGCTACTC TAACGTCAAG 

NostocANTH ACGAGGGTAA AGAGAGAGTC CAATICTCAA 

Nostocsp. ACGAGGGTAA AGAGAGAGTC CAATTCTCAA 

NostocANTH AGCCATTAGG CAGTAGCGAA AGCTGCGGGA 

Nostocsp. AGCCATTAGG CAGTAGCGAA AGCTGCGGGA 

NostocANTH GAATG 

Nostocsp. GAATG 

fig-pre 2~: Com.p_arisPJl of IJ-w;:l~otid~ _s~qtJ-~Qq~~ of tEN A Leu (U:AA) _iptron 

from cyanobacterium Nostoc ANTH and Nostoc sp. 

T4~ }JpJ(l l~tt~r_s _(at p9.sJiiPilli JJJ _cmd J~9) Jr:tdirq.t~ fu~ djff~r~nce of base_s 

between Nostoc ANTH and Nostoc sp. 
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CHAPTER3 

RESULTS AND DISCUSSION 

3_.1.1. J-~~J9~ -~~~Ji:Qg -~~J~ diff~_r~Jtti~f:im1: 

In fue p(}st. _sev~_r51} !lJJ.tJw_r~ h!lY~ .r~po_rt~d fu_(}~ 51 _Q!JIDP~_r p_f f(}~JPJ"l> trlgg~_r o_r 

enhance akinete formation in cyanobacteria. These include light limitation, 

phosphate limitation, iron limitation, limiting fixed nitrogen, providing 

amin.o (}t;:_id~ or iiJ.{:J~!l~ing {:Pn.;:~n:tnrl;io.D§ oJ _N51CJ in tb~ growth m~dil!ID (~~~ 

section 1.5.3 of Introduction). There have been no . earlier studies on 

sporulation in Nostoc ANTH. Therefore, to start with, I tested various factors 

that .:may mgge_r _C)Jgn~t~ _fp_rmC}gpn in _NQs_tg_c .A_NJ.H. When _N_Qs.~oc A.N.lli 

was grown in BG-11o medium (N2-medium), no akinete formation was 

evident at any stage of the growth. Akinete differentiation was not triggered 

ev~n ~fter Mterin.g tb~ pH oJ the m.~dimn (from JJ.PJm!lJ ?.5 tP p_Ij S, 9 Pr 11) 

or the temperature at which the cells were cultured (25, 30, 35, 45 or 50° C). 

Even when Nostoc ANTH, grown in NH/- or N03--supplemented BG-llo 

medium (NH/- and NOJ--medium, respectively), was transferred to BG-11o 

medium (N2-medium), akinete formation was not triggered. Thus, limitation 

of combined nitrogen did not cause akinete differentiation (Table 3.1). 
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Sim_il~_dy, _limi_ti_Qg _llght Jnw111>ity v_r 9JillJ;tjng iron Jrp_m tb~ growth .IJlediWP 

did not trigger akinete formation (data not shown). Addition of glucose, 

fructose or sucrose (each at concentrations of 10, 20; 30 and 50 mM) to the 

gr9wtb Jpgq_ip.II). .P-roJvng~d th~ ~~pmJ-~tiJ:d gr9wtb ph.CJ.~~ but proved to b~ 

ineffective in triggering akinete formation (Table 3.1). Similarly, addition of 

amino acids or NaO proved ineffective (data not shown) although the Nostoc 

_A.-NIH JJ> _known t9 @_k~ JJ.P _a_l}Q 11tili.?:~ cHlJ._wo _a~Jd_s (13hattacha:ry_a # «t 

2002a). When N2-grown cultures of Nostoc ANTH were transferred to fresh 

N2-medium from which sulphate was omitted (BG-11o minus MgS04), there 

w_a_s _no growfu -~-l}Q -~_Ig_l}~t~ _fp_r.m.~tion _sm_rt~d wj_thirr .3 d_ayJ> oJ .th~ trans_f~_r to 

medium lacking sulphate. By day 24, most cells had become akinetes and no 

further akinetes formation occurred (Table 3.1; Figure 3.1). Transfer of Nostoc 

_ANJ.H _frp_:r;n N2-11JgdJ11m to N2-:ID~dJ11.m la~]si_Qg p_bo_sp_h_a~ (K2H:P04) aJ_so 

triggered akinete formation. However, the akinete differentiation was 

delayed compared to that in medium lacking sulphate (after 8 days of 

tr_~_n_s_f~_r _in_sjgad oJ jJJ._st .3 ~l~y_s )_. _!1} addiJiJm, fu~ -~l<iJl~t~_s co_ntinJJ.ed tp 

differentiate for a longer period than that in the medium lacking sulphate (35 

days instead of 24 days). In the medium lacking phosphate, the Nostoc 

_A_NJ'.H ~lso _sJwwffi _s_igntfis:_~_QtJ~v~J oJ growtlt d:wing the _imtiaJ 7-B ~lays in 

contrast to the sulphate lacking medium where no growth was observed 

(Table 3.1; Figure 3.1). The initial growth of Nostoc ANTH in medium lacking 
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pJw.sp_b_CJ.t~ ~jl_n b~ ~~pJj].jJJ.~d by tbe fj].~t tb~t r~p~j].t~d .sub.cn.lmring of 

cyanobacteria in laboratories leads to accumulation of phosphate 

(polyphosphate bodies) that can be mobilised under phosphate limiting 

co_nd_itions (St~wjl_rt, 1980).. Ib~r~for~ under p_bp_~phCJ.t~-:.limj_t;j_ng ~ondi.t;jo_n.s 

they continue to grow as long as internal reserves of phosphate last. Thus, 

for the first 7-8 days the cells grew in phosphate-limiting medium using 

j_nrenJCl.l r~.s~rv~.s <>f ph<>spJJCJ.t~, j].ft~r w_bi.c_b the growth ~~-a.sed _(l._ng ~Jq__n~te 

formation started. In cyanobacteria, there are no such reserves known for 

sulphate, therefore the effect of sulphate limitation is quicker on cessation of 

gr<>w.tb jl.JJ.d mgg~ring jl.JQ_n~t~ f<>rmjlti<J.n . .Ev~n _Cl._fter _5 yejlr~ qf .repeCl.red 

culturing in BG-11o medium, there was no change in the above response of 

Nostoc ANTH to sulphate limitation. In medium lacking both phosphate and 

suJpb.ate, th~ gr9w.tb jl.JJd jl}g_n~t~ for_mjl_t;jp_n r~.sp<>n.s~ of _Np~_t9c ANTH 

remains similar to the medium lacking only the sulphate (i.e. there is no 

quickening of cessation of growth or earlier triggering of akinete formation). 

Th~ l;:Kk of growth j_n meilium J~~king .suJphj].t~ (m~_nti<>n~d ~bove; 

Table 3.1 and Figure 3.1) persisted even when such medium was 

supplemented with nitrate or ammonia (Figure 3.2). While no akinetes were 

form~d Jn jl!l\.mom:!J:m.-.suppl~m~Jlted m~din.m .. a.kin~re J<>J'IDjltio.n did occpr 

in the nitrate-supplemented medium. In the latter case, the start of akinete 

differentiation was delayed by 2-3 days however, and it took that much 
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J_pnge_r jp_r _m_cp~:Jm!liD _IJ.l!IDPeJ" pj ~eJJ.s tp JJe~PIDe ~-lsjnete.s (f_~p_le 9_.); _Fjg11_re 

3.3). Nitrate did not cause such a delay in akinete formation when I used a 

chlorate-resistant mutant of Nostoc ANTH (Bhattacharya et al.J 2002b) that is 

d~f~~tive Jn nitr~te !l_ptq_ke -~-IJ.d y.Jiliz_~tivn_. J'bj_s j_IJ.di~~re.s lb()t the d~lCJy Jn 

triggering akinete formation was due to nitrate per se or a product of its 

metabolism. These data also suggest that presence of heterocysts is not 

J}e~e.s.s~_ry fp_r _CJ_lsinete dJff~_renti~tiP.D iiJ. thi.s ~Y-~.DPP!J.~t~xi:!!m ~i_n~e No;._toc 

ANTH did not form heterocysts in nitrate medium but still differentiated 

akinetes. 

)~ __ ]]. iiJ.te.re.Sti.Dg _p.be.DPID~_J].P.D W!J..S .DPti~~g w_beJl fue.Se ~~perimeJJ.ts 

were repeated using medium lacking sulphate that was buffered with 5 mM 

HEPES (Figure 3.3). There was growth but no akinete differentiation in 

JJ.IJ.bJJ.ff.er~d .:BG-JJo m~di!l_m, wJ.liJe -~-lsinete.S ditf~.renti.~ted PJJJ JlP gn>wth 

occured in unbuffered BG-llo medium lacking sulphate. HoweverJ growth 

was observed and no akinete differentiation occurred when the medium 

)_~~-king S!llp_h~te W_(J_S P!lffe.red wjtb .H.E.P.ES.. SJmJlwly, j].} N.tmt~-.S!lpp_lem.ept 

unbuffered BG-llo medium lacking sulphateJ there was no growth but 

akinete differentiation occurred. However, when this medium was buffered 

wj_tb J:IE.P.ES, tbe.r.e w_CJ..S grvwtb Jmt PP -~.kiD.et.e Qiff~enti_aj:jpJJ_. JiEJ>.ES (4-(2-

Hydroxyethyl)-1-piperazine ethane sulphonic acid) contains sulphonic acid 

and Nostoc ANTH must be using it as a source for SJ at least under the 
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JJJJ.lp_h~t~ Jim_i_ti_J.}.g ~ondJtio11.sf -~.s _in9.i~-~t~d by growth pf _No_stgf _ANJJ:I JJ1 

HEPES-buffered medium lacking sulphate. These results clearly show that 

the cessation of growth 'and triggering of akinete differentiation was due to 

_sJJ.lp_h~t~ Jim_itgj;io_Q -~nd fugJ tb~ -~dd_ition. pf _I:IEP_E_S J~]j~v~d tW~ .sulph~t~ 

limitation. 

Some of the above observations on akinete differentiation in Nostoc 

--ANJH -~_rg ~o_n_s_i_stgnt wJtb fug .ob.s~JY(ltiPDJJ 0_1}. _(l_kingt~ difJgrg_n.tj._ation _ip 

other cyanobacteria by earlier workers. However, a number of features 

regarding akinete differentiation in Nostoc ANTH are unique and/ or in 

~p_ntf_C}_st t9 _tbg fe_C}m_rg_s oi _(l_lgJtg~ diff~_r~_J.}._tj_(l.tion Jn pfug_r ~Y-~n.o]J_C}~t~rJa. 

Limitation of light due to the increase in culture density during growth that 

results in self shading has been suggested as a trigger for akinete 

d~v~Jpp.m~.Dt .(F_~yf 1969_(1; _F_(ly _e_t _q}._, 19.81; H~d_m_an.f 198_7_, 198.8; NJ~}).Ql_s _(l_Dd 

Adamsf 1982; Sutherland et al.f 1979; Wyman and Fayf 1986). Furthermore, 

there have been reports that iron limitation (Sinclair and Whitton, 1977), 

Jimit(ltipn of _fi~gd JJitrogen (I:I_ardgr_, 1917; P~mel}.tgr, 1956)_, _il}.(:re_ase in 

concentration of NaCl (Cannabaeus, 1929)f and provision of amino acids 

trigger or increase akinete differentiation in various cyanobacteria. However, 

thg _rg_sJ,IJts oi the _p_re_s~nt .smdy iQdJ!:i~J~ th~t tbi.s J.s not trug iQ the ~.i:J..se of 

Nostoc ANTH. As reported for Nostoc PCC 7524 (Sutherland et al., 1979), 

addition of exogenous sources of fixed carbon prolonged ·the growth phase 
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Pi _Np_s_t_o_c _ANJJ:J., but in ~_pJ).i;r()._st t9 !h!! _N_o_s_tm: J?CC 7;524 _1.}9 _().@et~ we.r~ 

formed in Nostoc ANTH. The akinete formation in Nostoc ANTH under 

phosphate limitation is consistent with earlier reports implicating lack of 

p_h_p_s_p_h().t~ _()._s _(). .ID_().j_p_r 1dgg~_r _pJ _()._ki_n~~ d!!Y!!J9p.m~nt .(Be.rdm.an_, 198?., 19BB; 

Nichols and Adams, 1982; van Dok and Hart, 1996). 

The triggering of akinete differentiation in Nostoc ANTH under 

_s!!_lpl:t_at~ltmim.tig_n_~_p_p_rt~din !h~ p_r~li~nt_smdy is .tb~_:fu'_st.r~pg.rt _pJ its kind, 

and is in contrast to the report by Sinclair and Whitton (1977) that sulphate 

limitation has no effect on akinete differentiation in Anabaena cylindrica. Both 

und~_r _ph91ipl:tare limimti9n g._n.d _s!!lph_().re limi@ti.pn_, !h~ g.J.<jn~re 

differentiation was associated with cessation of growth of Nostoc ANTH. 

This is consistent with similar observations on Anabaena cylindrica (Fay, 

19.69_a; _Ni!=_bgJ_s # _~;zLJ 19.80; Sim9Jl. 1977P), _No~_t_o~ J?CC 7524 .(SJJ.:l:b~rland _e_t _a.l_., 

1979) and Anabaena doliolum (Rao et al., 1987). Overall, the data indicate that 

sulphate limitation is a powerful trigger, and better than phosphate 

lind.@_ti_p_n, J_p_r _'lkin~t!! J_p_r_m_()..ti9.n i.n _N_Q.s_t_o~ _ANm_._m !=P.nir_()._st t9 th~ repp_r~ 

on Cylindrospermum licheniforme (Fischer and Wolk, 1976; Hirosawa and 

Wolk .. 1979b), but in keeping with the observations on Nostoc PCC 7524 

.(Sutb~.rland # .a.J.J 1979), 1 did JJ.9.t Jin.d .any ~Yiden~~ Pi _NQ.s.to~ ANlli 

releasing any substances into the growth medium that stimulate akinete 

formation. Filtrates of spent akinete-differentiating medium (BG-llo lacking 
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~J!lphCJt~ in w__bi.e_h _CJ_lsin~re i91'.ID_CJ1:ivn hCJ~ m.k~n .PlCJ.e~) did nvt Jndq.ee .a.Wn.~t~ 

formation when added to Nostoc ANTH cultures growing in N2-medium 

(BG-llo). 
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Table 3.1: Fac~pr~ Cl.ff~cting ~kin~t~ diff~r~n~i;1tipn in th~ cy;inPP;iC~~rium 

Nostoc ANTH. 

Growth Observations 8Start of bEnd of 
conditions akinete akinete 

differentiation differentiation 

Time (days) Time (days) 

BG-llo No akinete were observed during -- --
or at the end of exponential 
phase of growth. 

pH No akinete were observed in - -
culture grown at pH 5, 7.5, 9 and 
11. 

Temperature No akinete were observed in - -
culture grown at 20, 25, 30, 35, 
45; or 50° C. 

BG-1lo+ Exogenous C sources prolonged - .. 
exogenous C the exponential phase, but no 
sources akinete were observed during or 
(glucose, at the end of exponential phase 
fructose or of growth. 
sucrose; 10-
50mM 

BG-llo Cessation of growth followed by 3±1 24±2 
mmus akinete differentiation. 
sulphate 

BG-1lo Akinete differentiation were 8±1 35 ±2 
minus observed during the exponential 
phosphate growth phase. 

a Time when akinetes first appeared 

b Time when maximum numbers of cells had become akinetes and no further akinete 
differentiation occurred. 
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Figure 3.1: Growth of Nostoc ANTH in BG-llo (+); BG-llo minus 

K2HP04 (II) and BG-llo minus MgS04 (A) media. Arrows indicate the 

$t_art pf akin~t~ diff~r~nti;1tipn (i.~. when _akin~t~.s fir_st ;ippe~~d). 
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Figure 3.2: Akinete differentiation in Nostoc ANTH: effect of nitrate on 

akinete differentiation induced by sulphate limitation. (+), BG-llo (Nz­

medium; (II), BG-llo + 5 mM KN03 (N03--medium); (e), N2-medium 

minus MgS04 and (A), N03--medium minus MgS04. The arrows 

indi~~J~ th~ tim~ wh~n ~n~t~ diff~r~nti~tipn ~t_a.rted (i.~. when ~n~t~s 

first appeared). 
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T_:otble 3_.2: Eff~~t pf inprg~i~ nitrpg~n ~9Jlf~~~ pn -~in~t~ differ~nti~tion 

induced by sulphate limitation in Nostoc ANTH. 

Th~ v~lJJ~~ pr~~~nt~~ ¥e m~~n ± SE pf two in~~p~n~~nt ~xp~rim~nt~- Th~ 

terms "start" and "end" of akinete differentiation are as defined in legends to 

T~pl~ 3.1. 

Akinete Differentiation 

Time (days) 

Nitrogen sources Start End 

N2-grown 

BG-llo medium minus MgS04 3±1 24±2 

N03--crown 

BG-llo medium minus MgS04 + 5 mM KN03 5±1 26± 1 

BG-11o medium minus MgS04 + 20 mM KN03 _8 ± 1 28±2 

NH/-grown 

BG-llo medium minus MgS04 + 2 mM ~Cl - -
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Figure 3.3: Growth of Nostoc ANTH in (A), BG-llo; (II), BG-llo minus 

MgS04; (0), BG-llo minus MgS04 + 5 mM HEPES; (0), BG-llo minus 

MgSOA + 5 mM KNOJ; .(.), :BG-llo m,i_Q.U_s MgSOA + 5 mM KNOJ + 5 _mM 

HEPES. 
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3.1.2. Time Course and paHem of akinete differentiation in No$tPJ: 

ANTH: 

Enlargement of the vegetative cells and the accumulation of cyanophycin 

granules by them are taken as the signs of the start of akinete differentiation 

_($~~ B~_r_d_m_(J._n, 1987J 1988; _Ni~JJ.PJl> _(J._ng C<J.J'l'J 1978; _Ni~_hpJ_s _c:J.nd _Ad_c:J.ll11i, 1982; 

Rai et al., 1985). The same criteria was adopted here. Cell enlargement and 

cyanophycin accumulation became apparen! by day 3 when Nostoc ANTH 

WJll' fJ'_(J._Qsi~_rr~d tP _N2-mffi_i1l._m J(J.~lsi_ng l'illp_b_(J.t~ (s~~ Yigy_~ _3A)_. l'_b~ r:uJm.r~ 

changed colour, from blue-green to brown, as akinete differentiation 

proceeded and most cells became akinetes (Figure 3.5). The initiation of 

_(J._lgl}~t~ _diff~J'~]Jjj_(J.jjp_n W_(J.l) JJJ>f~_d _fi]'_St _iJ} ~~Jl_s ]J~)!:f fp _})_~t~J'p~y_st ~_ngj PJ jp 

the 2nd/ 3rd cell from the heterocyst. In the nitrate supplemented medium, 

randomly located cells started differentiating into akinetes (Figure 3.4). Thus, 

tb~J'~ w_(J._s _npt il 1>trkt ~m:r~JiitiPn ]J~_tw~~n Jp~j,ijjp_n Pi h~rerPcylits _(J._nd th~ 

location of the start of akinete differentiation. Furthermore, presence of 

heterocysts was not essential for akinete differentiation as indicated by the 

J(J.~t fu(J.t _(J._kil}~j:~l) _d~y~Jpp~d ~y~_l} m _mfJ'_(J.j:~-~p_ni:(J.ining _m~dJuro (p_rpyjd~d 
sulphate was lacking). This is not unique to Nostoc ANTH. In fact similar 

observations have been made in Aphanizomenon flos aquae (Wildman et al., 

197_5)J _N_op_tp_c PCC 7_52~ (Snlb~l'lc:J.nd # _a_l_.J 1979)J _lln_cib_fl!!JJ_a CA (s~~ NidJ.Pls 

and Adams, 1982) and Anabaena cylindrica (Nichols et al., 198~). These data 
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_a__r~ !=PJl~j_s~nt wjtb fu~ yiew ~~p_r~_s?~d by _E.f)j # f!l _(19S.S) J:bilJ hete.ro~ysts 

may impose regularity on the pattern of akinete development in some 

cyanobacteria but their presence is not essential for akinete formation. 

J'h~ _r)_lg_n~t~ ilifi~__r~_nti_atipJ:l ?~J't~d wjftti_n .3 Q!:lYS pJ :Uw tff)nsfe.r oJ 

Nostoc ANTH to the N2-medium lacking sulphate (Table 3.3). At the onset of 

akinete differentiation about one fifth (21%) of the cells began to differentiate 

JntP _f)_lsi_lJ-~~~ _f)_nd by d.<:Jy 18J 97-98% pJ tb~ n~ll_s Jlr)d bg!=P_me r)J.<mete~. Whe_n 

this experiment was repeated in the presence of nitrate, akinete 

differentiation was delayed by two days but at the onset of akinete 

diff~.r~Dli_~iiP_lJ- tb~ _nll.ml>g_r p_f !=~lls .t:J.lf)t _start~Q. tP difi~r~_nti.cJt~ iDto akineres 

were almost twice as many (46% as against 21% ). By day 28, 92-93 % of the 

cells had become akinetes. Thus, the maximum akinete frequency reached 

W_C}$ Ngber (9.7-98%) wh~_l) N2 .se_ry~g _C}.S .mtrpg~n .SPP-J'!=~ thf)n JlitrCJ.te (9_?-

93%). 
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Fig. 3.4: Light micrograph (a) A filament containing a 

heterocyst (H) and showing accumulation of cyanophycin 

granules and enlargement of cells (arrows) adjacent to 

the heterocyst (Magnification 100 X), (b) mature akinetes 

(40 X; Inset 100 X). 
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Figure 3.5: Changes in colour of Nos toe ANTH culture during akinete 

differentiation. (a), akinetes; (b) vegetative cells. 
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Table l.l: Time course of akinete differentiation induced by sulphate 

limitation in Nostoc ANTH and effect of nitrate on this process. 

N2-grown (BG-11o medium) cultures of Nostoc ANTH were centrifuged, 

washed and resuspended in BG-llo minus MgS04 medium and in BG-llo 

minus MgS04 + 5 mM KN03 medium. From 2nd day onwards one ml 

samples were withdrawn and examined under microscope. Akinete frequency 

w~s ~~lq .. d~t~4 ~s p~rc~nt~g~ pftotal vegetative cells. One thousand cells were 

counted in each sample. The values presented are mean ± SE from two 

ind~p~n4~nt ~xp~rim~nts. 

Akinete frequency (% of Total cells) 

Time In BG-llo minus MgS04 In BG-llo minus MgS04 + 5 mM 

(days) KN03 

2 0.0 0.0 

3 21 ± 1 0.0 

5 46±1 46±1 

10 57± 1 65 ± 1 

15 72± 1 70±2 
- ---

24 84± 1 90±2 

28 97± 1 92±2 

32 98 ± 1 93 ±2 
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and the photosynthetic and respiratory activities during 

akinete differentiation in Nostoc ANTH: 

BG-llo medium lacking sulphate (zero time), changes in chlorophyll a, 

phycocyanin, soluble protein, and photosynthetic oxygen evolution were 

and SDS-P AGE protein profile of mature akinetes were also obtained and 

compared with the exponentially growing cultures from BG-llo medium. 

differentiation and disappeared altogether by day twenty four when 

virtually all cells except heterocysts had become akinetes (Figures 3.6, 3.7). 

of photosynthetic pigments in mature akinetes was further confirmed by 

taking absorption spectra of extracted photosynthetic pigments from 

absorption spectra of extracts from Nz-grown filaments of Nostoc ANTH 

showed peaks of chlorophyll and phycocyanin, no peaks were observed in 

extracts of samples taken at different times during akinete differentiation, 

remained stable for the first three days and then declined becoming half by 
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d_CJy tw~_IJ-ty fp:u_r. J'm_s m~y _r~_fJ~!:t th~ fa.!:t th~t _spm~ Pi th~ _spJJJbJ~ p.rPtei~ 

may have been broken down and the nitrogen diverted to synthesise reserve 

polymers. A SDS-PAGE profile of protein bands obtained from cell-free 

~~tr_a.!:is Pi JJlCJtul'~ _(J_kiiJ-~~_s (Figur~ _9_.9) d~~-dy _s_hpw_s f~w~r _and fain-ter 

bands in comparison to those ill Nz-grown cells or in cells from sulphate 

deficient medium prior to the start of akinete differentiation. This is 

!:!>J!si_st~_nt wjth fu~ fCJ!:t fu_CJt cy_CJ_IJ-PP_CJ~E_ti_a.J _(J_Ign~~_s ~-r~ Jsm>WJJ to div~rt 

much of the nitrogen to reserve polymers (see Adams and Duggan, 1999; 

Fay, 1969a,b; Herdman1 19871 1988; Rai et al., 1985). 

_p_)}pj:p_sy_ntb~tir 02 ~ypJuJipn _s_hpw~Q. ~ _st~JJ.dy Q.~dj_n~ Q.wJng akinete 

differentiation and stopped altogether by day twenty (Figure 3.7). This 

decline in photosynthetic Oz evolution was expected since during akinetes 

di:ff~_r.e_IJ-ti.CJtiP_IJ- _p_lJptp_sy_IJ-tb~ti~ pJgm~-IJ-~ .aJ_so d~dinoo_. Tb~ twP eY~nts 

virtually paralleled each other. The respiratory Oz consumption also declined 

during akinete differentiation but did not disappear altogether. In mature 

_(J_Ig_n_e_t~_s _a. _r~_spixCJtiPlJ _r_a.t~ p_f 1_3 )Ul)pJ Oz ~p_l)_s:mn~d_ . .IDID-1.mg-1 p_rot~j_n w_a_s 

observed. This contrasts with a respiratory rate of 74 nmol Oz consumed.min-

1.mg-1 protein in Nz-grown filaments of Nostoc ANTH. Thus, in mature 

_CJ_Ig_n~~-s ib~l'!?l'Plr~tiPn.r~t~ w_a_s p_nly 1_7_.6% of fu_atinNz-grpw_nfil~ments .. 

The decline in photosynthetic pigments, photosynthetic Oz evolution, 

and respiratory rates during akinete differentiation, and the lack of 
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_p.hPtP.syJ).fu~j;j~ p_igm~J).is ~J).d p.hPtP.syJ).tb~ti~ 02 ~YP1YtiPJ). JJ). m~:mr~ .a.kin~res 

of Nostoc ANTH are consistent with the findings in akinetes of Anabaena 

CIJlindrica (Fay, 1969a,b), Nostoc PCC 7524 (Chauvat et al., 1982; Sutherland et 

_qJ, 1979), l11J_fJ_b_a~_r1(J _dpJig_lzJ-.lJJ (R~P ~t _(]J., 1984.~ 198_7), -~nd _NPPlfJJ: _spo_ngitlffor_me 

(Thiel and Wolk, 1983). Thiel an~ Wolk (1983) did report protein synthesis 

and photosynthetic Oz evolution by akinetes at a rate approximately 7 % of 

1Q_(lt Jgy_I).d _i_n Y~~tlTIY~ ~~ll~. ~ _s_m_i)Jl _j)~j;jyjty ~P:uld .h_(ly~ P~~n d:ue tP 

contamination by some vegetative cells or due to the fact that some akinetes 

in the population may be getting ready for germination since the akinete 

pPp!!.lC)tiPn w_(l_s _nPt .syn~hrpnp:u_s (s~e J~._ai # aJ . .~ 1985)_. 
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Fig~r~ 3.6: Ch~ng~~ in protein ( •) and chlorophyll a (•) cont~nts of Nostoc 

ANTH during akinete differentiation in BG-llo medium lacking sulphate 

with N2 as ~ol~ nitrogen ~011r~e. 
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Figure 3.8: Absorption spectra of methanol extract pigments (a) and water 

extract pigments (b) mature akinetes (--)and N2-grown filaments(-) of 

Nostoc ANTH. 
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1 2 3 4 

Figure 3.9: SDS-PAGE of soluble proteins in N2-grown 

cells, cell from sulphate deficient medium prior to the 

start of akinete differentiation, and mature akinetes of 

Nostoc ANTH. Vertically arrayed numbers are sizes of 

molecular weight markers in kilodaltons. Samples: lane 

1, cell free extract of N2-grown cells; lane 2, cell free 

extract of cells from sulphate deficient medium prior to 

the start of akinete differentiation; lane 3, cell free extract 

of mature akinetes; and lane 4, molecular weight markers. 
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3_.1_.4_. Hefe!'9cy~J fteqMe.ncy _cm.d Ci~f:iyjf:ie~ 9/ .niJJ:"9ge_n_.,~e, .niJJ:"~te 

reductase and the primary ammonia assimilating enzyme 

glutamine synthetase during akinete differentiation in N ostoc 

ANTH: 

Heterocyst frequency and activities of various enzymes of nitrogen 

metabolism (nitrogenase, nitrate reductase and glutamine synthetase) were 

monitored during akinete differentiation in Nostoc ANTH upon transfer to 

ih~ _[).kiJJ~t~-dlff~r~nj;i_[).j;ipJJ _m~diJ!m (BG-11o JC1~Nng ~.ulp_bCit~). _Fpr 

comparison these parameters were also monitored in cultures of Nostoc 

ANTH upon transfer to N2-medium (BG-11o). Under aerobic conditions 

_ll)ifpg~_]J._CJ._s~ _i~ JprCJ.t~d _in lt~t~r.ory~J§ _C1_1J.d ih~-s~ _CJ.r~ tb~ ~jt~s of 5l~rPbir _N2-

fixation in ffiamentous heterocystous cyanobacteria (Bergman et al., 1986; Rai 

et al., 1989). At the time of transfer to fresh media, the heterocyst frequency 

_C1_1J._d _l!ii:rpg~_lla_S~ _CJ.~j;iyjty pj ih~ _N_o_StOf _A._NT_H iJJ.P!=JJ1JJ.ID w~_r~ 4_.2.% _C1Jld 5_._8 

nmol C2& formed.J..tg-1 chlorophyll a .h-1, respectively. During growth in BG-

11o medium the heterocyst frequency and nitrogenase activity increased 

initially and then declined in older cultures (Table 3.4). This is a general 

trend fo11:r:td in }J_[).t~lt ~mmr~~-· Wh~n the ~-CJ.me inP~JJJmn w_[).~ tr_CJ.n_sf~rred to 

the akinete differentiating medium (BG-11o lacking sulphate), there was an 

increase in heterocyst frequency and nitrogenase activity during the first four 

d_CJ.y_s b11t thgn the_re WC1~ C1 _steep dediJJ.g Cind by 1~th d_[).y nP heteJP~y_s~ p_r 
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J1jJTPZ~JJJt_s!! _as::tiyjJy s_:p.nJd JJ~ iP!llJ.d (TabJ~ -~-~)_. Th~ ills:J~_a_s~_s _ill h~rerocy.st 

frequency and nitrogenase activity during the initial 4 days in sulphate­

limiting medium indicate that although the culture did not grow, 

9-iff~~Jlti-~:tiPJl Pi _fJ!IJ-S:tiPJl_aJ _b~t~rps_:y_sts S:PJlti.IJ-JJ~d p..riPJ !P tb~ .start Pi 

akinete differentiation. Further, the data indicate that akinetes lack 

nitrogenase activity. The decline and eventual disappearance of heterocysts 

_aft~r 1: 9-ay_s jp _s:ill_p_b_at~-Jilllj.titJg _m~gjJim _raj_s~_s ~ q__q~.s:tiPJl _(ls to wh~t 

happened to the heterocysts that were present on the 4th day. In fact, as the 

akinete differentiation proceeded, filaments got fragmented to a size of one, 

!w9 91 fur~~ s_:~ll_s, _@.Jl _p_f W_}Jj_s:_b W~J~ -~_kil}~j~_s_. J'lt~ JJ~t~J_ps_:y_sis gpj d~tcJd:red, 

started to appear like void dead cells and became progressively more and 

more difficult to distinguish. Since no vegetative cells remained attached to . 

_b~t~_r_ory_s~ (j_.~., -~ Y~~Jlliiv~ r~JJ_s ]J~s_:-~_m~ _aJgp~t~_s), th~ J11tt~r b~9ID~ 

nonfunctional in terms of Nz-fixation (no supply of fixed carbon). This is 

consistent with the fact that vegetative cells next to heterocysts supply fixed 

s:_~_r]Jp_lJ tP h~t~r_os_:y_sts iPJ N2-iixatip.n (~e~ W oJ.k J?J al., 1994)_. 

The ~~tiyj:ti~.s of mtr~te r~dJJs:tll.s~ dwing grpwfu Pi _Np_stpf: ANTH in 

N2-medium (BG-llo) and during akinete differentiation in sulphate-limiting 

medium (BG-llo lacking sulphate) are presented in Table 3.5. The activity of 

nitmte r~d.JJ{:@.s~ ID{:J~~.s~d dJJrmg tb.~ PJ.J$~t Pi ~kmete dJff~r~IJ.Ji~Jipn. The 

peak activity occurred on the 4th day, after which it steadily declined and 
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b~~_a_m~ IDJ.d~t~~:tabJ~ by 20th ~i_ay. _N_ii:r_at~ r~d:Yrta~~ in ~y~no"P_a~Je:ri.cJ. is 

dependent on photosynthesis, the latter providing reduced ferredoxin as 

reductant (Manzano et al.J 1976). SinceJ photosynthesis parallels the decline 

ii:t nitra_t~ r~dJJ~:ta_s~ _artiYity _(J'JgW"~ _3._7)J th~ d~ru_ne _i_I:t _mtr_~t~ redur.t:a.se 

activity may be attributable to the lack of reductant (reduced ferredoxin). 

Alternatively, or in addition, the synthesis of the eilzyme nitrate reductase 

~PJ!ld )J._CJY~ J;tppp~.d in _C!Jsjnete_s_. 

The changes in activities of glutamine synthetase (GS), during growth 

of Nostoc ANTH in N2-medium (BG-11o) and during akinete differentiation 

m _sy_lp_hiJt~-lim_i1ti:tg m~diJJm (BG-Jlo JiJd4_I:tg _sglp_b_iJ.te)J _CJ.re pr~_s~nJed i_n 

Table 3.6. Glutamine synthetase is the primary ammonia assimilating 

enzyme in cyanobacteria (see Stewart, 1980) and is essential for assimilation 

pj _aiDmP_I:tia ge_I:t~J'_iJ~d dming N2-_:fi~CJ.tiPn ii:t J.te.t~rory_s:J;s _(l_s w~Jl _as _fo_r th~ 

assimilation of ammonia generated during turnover of proteins or amino 

acids (Singh et al.J 1991). The GS activity of Nostoc ANTH growing in N2-

m~diJ.1I1J. _s_bpw~d _(IJJ. il!iti_CJJ_iJJ.rr~_iJJJ~, _a_ft~r w_:Wd1_it d~dined to _(l lower Jev~J 

and remained steady during the growth. At the end of the growth phase, the 

activity further declined but substantial activity remained (Table 3.6). On the 

pfu~_r_hiJJJ.dJ w_h~I:t_NQs_t_o_c _A_NTH w_(l_s 1r~11si~_rr~_d _tp th~ -~kin~w-4_iffer~ntiatiJJ.g 

medium (BG-11o lacking sulphate), there was a two-fold increase in GS 

activity during the time of onset of akinete differentiation (day 4). The GS 
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_cl~tivity s~C).dily d~~lin~ ib~.r~~f:t~.r _@.nd w_C)._s nvt d~re~ml>J~ by dc~.y _ZO (TCll>J~ 

3.6). The data indicate that mature akinetes lack GS activity and that 

preparatory to akinete differentiation, there is a large increase in GS activity 

vi tb~ ~~ll.s_. 

The initial increases in heterocyst frequency, nitrogenase activity and 

activity of glutamine synthetase of Nostoc ANTH upon transfer to the 

_a_kil}~f~-di:ff~_r~I}ti_@.ti11g m~diJ!ID (BG-1Jo l().~king _syJp.b_@.t~)., d~spire Jac_k Pi 

growth, mean increased N2-fixation and nitrogen assimilation preparatory to 

akinete differentiation. This is consistent with the fact that massive 

ID_@.g_o_m_oJ~~J!l_@.J' 5YJJ.ih~_sis J~@.djng Jp _r~s~_rv~ _pvJym~.r.s P~~JJJ'S Jn. c~lls 

differentiating into akinetes (see Herdman, 1987; Nichols and Adams, 1982; 

Rai et al., 1985; Simon, 1977a; Sutherland et al., 1979). The lack of nitrogenase, 

_llitr_@.f~ _r~dJJ~m.s~ _@._I}d _glytamm~ .sy_nib~i@..s~ _@.~tiYiti~.s j_n m~wr~ J)Jgn~t~s Pi 

Nostoc ANTH is also in keeping with the findings on akinetes of Anabaena 

doliolum (Rao et al., 1984) and of other cyanobacteria (see Rai et al., 1985). 
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T~bl~ 3.4: H~t~ro~y~t frequ~n~y (HF) ~d nitrog~n.tlli~ (N2~~e) ~~ivity of 

Nostoc ANTH during growth and akinete differentiation. 

Fr~ql.l~n~y of h~t~ro~Y$:l:li i$ ~xpr~$li~d _a$ _p~r~~nt of tot~ c~ll$. Nz_cl$~ _activity 

is expressed as nmol Czl!t formed. flg-1 Chlorophyll a .h-1 
. The values 

pr~s~nt~d _elf~ me_(lfl ± SE of two ind~p~nd~nt ~xp~rim~nt$. 

BG-llo BG-110 minus MgS04 

Time .(days) HF N2ase HF Nzase 

0 4.2±0.2 5.8 ± 0.5 4.2±0.2 5.8 ±0.5 

4 8.5 ±0.2 12.7 ± 0.5 6.1 ± 0.3 7.4 ± 0.4 

8 5.8 ± 0.3 6.1 ±0.8 2.6 ± 0.1 2.4 ± 0.3 

14 4.9 ± 0.4 5.1 ± 0.2 0.0 0.0 

16 3.5 ±0.2 3.8 ± 0.3 0.0 0.0 

• 
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T~bl~ 3.5: A~tivity of nitn,tt~ redu~;I$~ ~!-Iring growth _and ~nete 

differentiation in Nostoc ANTH in N2-medium (BG-11o) and in N2-medium 

l;1cking MgS04. 

Nitrate Reductase Activity8 

(nmol NO£ formed.min-1.mg-1 protein) 

Time (days) Cells grown in BG-llo Cells grown in BG-110 minus MgS04 

0 2.19 ± 0.07 2.19 ± 0.07 

4 2.69 ±0.08 4.67 ±0.16 

8 2.71 ± 0.07 1.64 ± 0.12 

12 2.59 ± 0.08 1.03 ± 0.06 

20 1.96 ± 0.06 0.0 

a The v:alu~s pr~se_nt~.d .ar~ m~_an ± _SE fr.o.m. .two .in.d~pendent e):(periments. 
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T.~bl~ 3_.6: Activity pf glJJt;;tmine ~ynth~tfl~~ (GS) dJ,lring grpwrh _and -~n~t~ 

differentiation in Nostoc ANTH grown in Nz-medium (BG-llo) and in Nz­

m~diJ.lm l;;t~king MgS04-

GS Activity3 

(nmQI y-gl~t_~myl hydrQx_~m~t~ fQrm~~_.min-1.mg-1 pr9t~in) 

Time(days) Cells grown in BG-llo Cells grown in BG-llo minus MgS04 

0 489 ± 8.4 489 ± 8.4 

4 768 ± 9.1 1028 ±4.9 

8 403 ±7.0 353 ± 5.6 

12 419 ± 7.0 203 ± 7.7 

15 447 ± 10 179 ± 4.9 

20 309 ± 7.7 0.0 

a The values presented .are mean ± SE from two independent expe_riments. 

; . 
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.3_.1_..5_. Cb_~J.!g~J' m C:_N _r_~ti!l _dm:h_tg aJ9!l~J:~ .diff~r~!lti_~ti~nJ m N O.$_tpc 

ANTH: 

In Anabaena doliolum (Rao et al., 1987) and in Anabaena tarulosa (Sarma and 

Khattar, 1993), C:N ratio of the cells seems to have an impact on akinete 

d~v~lop_me_r_t_t. m fu~ ~-CJ.1i~ pf _Np_s_tof: ANW_, 1i:Q-~h g ~9JJd:Q-1iiPn ~J!r_t 1wt b~ 

drawn since addition of exogenous sources of fixed carbon or fixed nitrogen, 

which should have changed the C:N ratio of cells, failed to trigger akinete 

Q.~y~Jop_:mgnJ (~~~ 1i~~tim-1 3_.:1.1)_. _Hpw~v~r, C_:N J'gtip_~ did ~h.CJ.ng~ d11ring 

akinete development (Table 3.7). The Nostoc ANTH cells maintained a C:N 

ratio of approximately 5 when grown in Nz-medium (BG-llo). However, 

wb~n fuey w~r~ trflm;feJJ'~d to fu~ _CJ.l<ir_t~te-diff~J~nti_CJ.ting m~di11m (BG-llo 

lacking sulphate) the C:N ratios started increasing right from the onset of 

sporulation and continued to increase till the end of akinete development 

(di!.y 2~). _In. JllCJ.illre .CJ.J<ine~1i, fue C:N rMiP Wg1i _r_t~_CJ.rJy 60% J:tighe.r th_CJ._r_t fu_atin 

N2-grown cultures (Table 3.7). This may be a reflection of the fact that during 

development and maturation of akinete from a vegetative cell, the 

membo_lls_m j~ gJt~r~d gJlQ g~_CJ.red IDPJ'e tpw_CJ.J'91i 1iynthe1ii1i of ~-CJ.J'P9n _CJ.nd 

nitrogen reserves as well as synthesis of additional cell wall layers. 
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T~ble 3_.7: Ch~ng~~ in C:N r~tip pf Nostoc ANTH d!Jring di~ptrpphi~ growth 

and akinete differentiation. 

C:NRatioa 

Time (days) Cells grown in BG-llo Cell grown in BG-llo minus MgS04 

0 5.10 ± 0.007 5.10 ± 0.007 

4 5.10 ± 0.007 6.48 ± 0.007 

8 4.82± 0.007 6.19 ± 0.007 

14 4.47 ± -0.007 7.80 ± 0.007 

24 4.91 ± 0.021 8.19 ± 0.007 

a T.h_e Yalu~s p_r~s~_nt~_d are .m~an ± .SE .of two in.d.epen.dent .experiments. 

67 



3_ . .z_. Al9n~J~ ge_rm.jp_ .. tivn 

3..2_.1 G~:rm.m .. tivn h~qg~_ncy, g~_rmi_n_ .. J:i9JJ Jimmg -~d g~.rmm.o .. P9JJ 

pattern of Nostoc ANTH akinetes: 

Studies on germination of Nostoc ANTH akinetes were initiated by 

harvesting mature akinetes from sulphate-limiting medium (BG-llo lacking 

~ill_p_hgJ~) _gJ .tb~ ~JJ-d Pi _al<iQ~~ diff~_r~_l}1i~1iPn. Th~ J).N_l}~le~ were w~.Sbed ~nd 

resuspended in fresh N2-medium (BG-11o) and incubated in light at 25° C in 

a culture room. The first sign of germination was noticeable when the brown 

_c~UWJl_f _cp_l}j~_l}_ti pj ~-~in~j_e_s m.rm~d J:>j_u~-gr~~-l}. Th~.r~-~-~_r, the ~kin~~ W_(J.)J 

ruptured and a single cell germling emerged out and cell division followed. 

For the purpose of calculating germination frequency, the germination is 

d.efiQ~d _l}_e_r_e _(J.~ .tb.e .em.e.rgen_c~ Pi ge.rmnng _(J._f:t~r fu~ rupmr~ pf _akiJtere w_aU. 

About 25% of the akinetes germinated within 24 h, 75% within 72 hand 95% 

by 96 h of incubation in N2-medium under light (Figure 3.10). Germination of 

_N__Qs_t_p_c _1~.NJJ:J _a)si_l}_ej:_e_s Q.jd _l}pj: p_c_cm _u_l}dgr d_a_:t~JJ-.e~~-· l'_hj§ j~ <:9J1~Jsrent wjfu 

earlier reports showing light to be essential for germination of akinetes of 

Anabaena cylindrica (Fay, 1969b; Yamamoto, 1976), Nostoc PCC 7524 (Chauvat 

tJ _q}., 19821~ ll1JtJ_b(Jf_1JQp_si~ _Qr_n_o}di_i _aJJ-d _f11JfJ_b_(lf_IJ_fJ ~pp_. (Reddy tt a_l_., 1975), _and 

Anabaena doliolum and Fischerella musicola (Kaushik and Kumar, 1970). It is 

apparent that the germination of the Nostoc ANTH akinete population was 

fl._sy_l}_c_brp_l}9JJ_s _(fjgpre .3..10). WJill.e _a q_u_a_r~_r Pi fu.e _a_kinet.e ppp_uJ~.tiPn _started 
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~_r_rnj_Q.Jtti_on ~ithiiJ.14 _h .of 1r_C1_l}_S_f~_r t.o fu.e _:(r_e_Sh Jh-m~diPmr it t_o_o_k _l}earJy 96 

h for all the viable akinetes to start germination. About 3-4% of the akinetes 

did not germinate even after 168 h and were considered nonviable. Since the 

_a_l9n~t.e Jgrm_ati.o_IJ. p_;r_o_~~J>J> its.elf w11.1> _a_syns:hr9_IJ.9Y_s (~~.e J>~WPJJ _3_.1._2) l~_adi.ng 

to a population that contained akinetes of different ages; the asynchronous 

germination was as expected . 

.fr_om fu.e tim.e _a19JJ~t~1> w~r.e 1r_CJ.JioSf.err.ed t_o N2~_m~di:um f_or 

germination1 it took 20-22 h for germlings to emerge and first cell division to 

occur. By 48 h the first heterocyst appeared at terminal positions of 4-5 cell 

J.e_t:tgtb g_e_;rm@~. 'Ib.e J>.es:P_t:td _b.e~rgs:yJ>J: _CJ._p_p~a_r.edJ .CJ..t fu~ .olb.er .t.e_r_mJ.n.CJ.l ~md, 

when the germling had grown to 10-12 cell length. Subsequently, intercalary 

heterocys~ developed as the germination process proceeded further. These 

_r.e1>mt _a_r.e !:9J1Sj_St.e_IJ.t wjfu r.epp.J"t$ 9JJ _N_o_S_lP£ J?CC ?~24 _(Syfu~_rl~_lJ.d _e_t _a_l., 

1985b), Anabaena PCC 7937 and Nostoc PCC 6720 (Skill and Smithr 1987), and 

Cyanospira capsulata (Sill et al., 1994). Akinetes of Nostoc ANTH also 

g__er.mJ.lla:t.e9-mpr~_S.e_lJ.s:.e .of s:Pmbim~dmirPgen.m tb.eNOi-medium (.aG-llo + 

5 mM KN03), akinete germination was quicker. Almost 75% of akinetes 

germinated within the first 36 h of incubation and a germination frequency 

9f lrl-9J.e fu~_n 90% WJl_S _ad:ti.eY.ed ~Jre_r _7'). _h. Th~ _fj_r_Sj: ~~U gjyi__Sj_9_n 9CCUrr~d 

within 18-20 h of the start of germination. Presence of Nif4 + (incubation in 

BG-11o + 2 mM NI-i40) also leads to quicker germination and the first cell 
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d_iv_i_sjp_n Jl~ _m 1b~ r-~~~ Pi ~_r_m_m_~tiP_n in _l!i.tr~t~ m~.dJu_m_. Jh~ n~~ul~ 

presented here suggest that presence of exogenous nitrogen sources 

accelerated the germination process but were not essential for akinete 

_g~_r_m1n~1ip_n _s1IJr~ ~11-~lly _high p~_rr~_nj:clg~ Qf -~-ki_n~t~.s ~_rmiiJ~red even i.n 

the Nz-medium (i.e., in absence of combined nitrogen). Thus, the internal 

reserves of akinete were sufficient to initiate the germination process and the 

.sllb_s~q_tJ~_IJt gn>w1b w_CJ.s JJll_ppp_rred by 1b~ _@._pp~_CJ_~CJ_IJ~~ vi _here_rpcyJJt _and N2-

fixation in N2-media. 
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Figt1re 3.10: (Jermin.ation of .akinetes of Nostoc ANTH m BG-llo 

medium (N2-medium). (A.), germination frequency; (II), nitrogenase 

_activity; (e), h~t~mcyst fr~.qJJ~ucy ( .c:t.s % of total c~Jl popJJlatiou iuclmii_ng 

vegetative cells of germlings and as yet ungerminated akinetes). At time 

z~ro, -~ popt.Il.ation of akinete~ w~~ inoqll_ated in the BG-11 o medium to a 

final concentration of2 x 106 akinetes.mr1 
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3.2.2 Heterocyst frequency and nitrogenase acJjyjty ~J:ruing 

germination of Nostoc ANTH akinetes: 

The heterocyst frequency and nitrogenase activity of the akinete population 

during germination in N2-medium, is shown in Figure 3.10. After 48 h 

including vegetative cells of germlings and as yet ungerminated akinetes) 

was about 8% ~ This remain constant throughout the incubation period, 

should be borne in mind that the germination of the akinete population was 

asynchronous. At 48 h, only 35% of the akinetes had germinated and 
. 1.; . 

h~t~_r.ocy~ts w~_r~ p_r~~~njfl 1tJ. ~-_5 ~glJ~ g~_rm_litJ.g Jr.om ib~~~ _C).JQ.n~re~ .only. A~ 

the time progressed, more akinetes germinated with emergence and growth 

of additional germlings that developed heterocyst Furthermore, while 

germlings grew a second terminal heterocyst followed by intercalary 

heterocysts developed. While the heterocyst frequency remained constant as 

was high at the start (over 24%, since a heterocyst develops at 4 cells stage 

itself) and declined to a level of7-8 %. 

of the first heterocyst at 48 h (Figure 3.10). The activity however increased 
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_sy}J_sgqyg_m!y ypto 120 h _C1.11d fbgp dg!"=li_ngQ. p~_rtly_. Sin!"=~ fbg _here_ro!"=y.st 

frequency remained constant at about 7-8% of the total cell population, the 

continued increase in nitrogenase activity ·may reflect the fact that at the 

S [ .e_e1._rJy .sle1.ge _bgj:g_rpcy_s~ w.e_r.e YP!tiJg _cmQ. Jp~-C1.~d -~t ~J:mirt~J grrd.s o.f ib~ 

germlings (i.e., connected to only one vegetative cell). As the germlings grew 

with time developing intercalary heterocysts (each connected to two 

v_eg~~jjvg ~.eJJ.s"' PJle -~t .e_C1.~h .end) Jmd .the YP!ttl.g h.et~IP!"=Y.S~ Jll._C1.t.un~d, 

nitrogenase activity increased . 

.3_.2_._3.. App~Mim~~ 9i p.b9t9.synfb~Ji~ pjgm~1Jts, -~.4 9i p.b9t9.synfb~Jj~ 

and respiratory activities during germination of Nostoc ANTH 

akinetes: 

figpr~ 3..1.14 .s.bow_s fue _!:1.ppg~_r-~n~e oJ p.hoto.syn.tbeti~ pigme11t.s dJJ.riQg 

germination of akinetes of Nostoc ANTH with N2 as sole nitrogen source 

(BG-llo medium). The akinetes lacked both phycocyanin and chlorophyll a . 

.Phy~ocy.rmin ~ppe~_red 5tfte.r 24 .h p.f i11~:!J.P~tion"' Jo.llowed PY ~.hlo.rop.hyJJ _(l ~t 

48 h. During the subsequent period, there was a steady increase in the levels 

of both these pigments as more and more germlings appeared and grew. The 

p.how.synJ.beti~ 9rygen evp)y:!;j.p.n. ~~me d~~m:PJe 4:8 h _C)ftg]' tJJ.e -~.kme~_s 

were transferred to the N2-medium. As expected, this coincided with the 

appearance of photosynthetic pigments phycocyanin and chlorophyll a. 
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W_h~JJ t)::lg -~kiP!"t!" w~_r~ :tt~_nJ>i!"_r_r~d tP _No3--_:r,:wdiPm fpr gRr_mjn_aijon., tb!" 

appearance of photosynthetic pigments was quicker. Both phycocyanin and 

chlorophyll a appeared, and photosynthetic 02 evolution became evident by 

2~ _b {~!"~ I~l>J!" -~._8). _Alsi_n~t~J> _b_~d _a _lpw _r_~t~ p_f r~spi_r_aj:io_n a_s :m~nti'm~d 

earlier (see section 3.1.3). During germination, the respiratory activity of the 

germinating akinete population increased steadily with time as more and 

_!Ilp_r~ -~-lg_n~t!"_s g~xroJJ!~t~d _aPd g~rmlings gr!"w .(Fjgure 3..ll}J)_. 
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Figure 3.11: (a) Changes in chlorophyll a (e) and phycocyanin (•) contents 

during akinete germination with N2 as sole nitrogen source (BG llo medium). The 

inoculum at the start .of germination was 2 X 106 akinetes mr1
. (b) Photosynthetic 

oxygen evolution (•) and respiratory oxygen consumption (e) during akinete 

germin~tion. Th~ me4him, ~n4 the inoc1.1l1.1m ~t the st~ of germin~tion, were s.ame 

as in (a). 
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T~.bl~ ~.8: Phptp~ynth~ti~ pxyg~n ~vpl].ltion d].lring g~rmin~tion of Nostoc 

ANTH akinetes in Nz- and N03 ·-media. 

The inoculum at the start of germination was 2 x 106 akinetes ml"1
. The values 

presented are mean ± SE of two independent experiments. 

Photosynthetic 02 Evolution 

(nmol 01 evolved.min-1.mg"1 protein) 

Time (hours) BG-llo BG-llo+ 5mM KNOJ 

0 0.0 0.0 

24 0.0 203.5 ± 10.6 

48 252.5 ±4.9 280.5 ± 3.5 

72 291.0 ± 4.1 268.0 ± 4.2 

96 333.0 ±4.2 300.0 ± 2.8 
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_3_._.?.4_. _-A!=!iyJjj.~Ji !>.f J!i.tt~J~ _r~_dy~l~li~ _@_d _gJyl~WJ.J~ JiypJ:b~f~Ji~ dJ11."i.Dg 

germination of Nostoc ANTH akinetes: 

The activity of nitrate reductase during akinete germination is presented in 

Table 3.9. The nitrate reductase activity appeared 48 h after initiation of 

g~_rmin~tiPn in mlrPg~n fr~~ m~di:m11 ~nd i~ _(Jpp~_(_lJ)lJJ~~ ~pj_n~jggd with 14~ 

appearance of photosynthesis (Figure 3.11b). However, in nitrate containing 

medium (BG-11o + 5 mM KN03), the activity appeared earlier (24 h after the 

it!iti!ltJPn Pi g~_rmin!ltJPn), !lg~Jn ~Pin~idmg wifu fu~ _(_lpp~_(_l]'_(_l_n~~ p_f 

photosynthetic pigments and _photosynthetic- ~ evolution. The nitrate 

activity reached a maximum of 4.2 and 9.2 nmol NOi formed.min-1.mg-1 

p_rpt~jn in ]JjJ;rpg~n-fr~~ !)J1d mlr!Jre-~pnj;(_l.Jning m~di!J, J"~Jip~~jjv~Jy. 

Subsequently, it declined to the level of whole filaments (2 and 2.61 nmol 

NOi formed.min-1.mg-1 protein), respectively. 

Th~ ~ctivity Pi glPmmil}~ ~fu~m$~ dW'ing g~11Ilin~JiPn !Jnd 

germling growth is presented in Figure 3.12. Glutamine synthetase activity 

appeared within 24 h of the initiation of germination, remained steady upto 

48 h, ~nd then de~Jined tP !J ~re_(Jdy J~y~J nPJ'ID!JJly iP!.!Dd in N2-grpwn whPJ~ 

filaments. The peak activity (at 24-48 h) was nearly 4 fold higher than that 

found in whole filaments. The appearance of glutamine synthetase before the 

h~teJ'Pcy_sts ~nd IDtt:'PgeJJ!J~~ j~ $Jgnifj~_(JJ}1. .E!JrJy ~ppe!JJ"!)J1Ce p.f glptg_mjne 

synthetase was probably needed for reassimilation of ammonia generated 
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frp_m _mp}Jili-.S_(ljjpJJ. _pJ _r~_S~JY~_S i91' ih~ _Syntb~_S_i_s Pi n~w _m_(l~_rp_mpl~ryJ~_s 

including various pigments, enzymes and proteins preparatory to akinete 

germination. It is interesting to note that a similar peak of glutamine 

_SYJJ..tb~.@_s~ _(l~fiyjty _(lj_sp _(_l_pp~_(l_r~d p_r~p~_r~tmy t9 JlN_l}~tg diff~r~ntiJJJi9n 

(Table 3.6). 
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T~bl~ 3_.9: A~tivity pf nitr~t~ red11~t~~~ d11ring g~nnin~tipn pf Nostoc ANTH 

akinetes in BG-110 (N2-medium) and in N03--medium (BG-llo + 5 mM 

KN03). 

The values presented are mean ± SE from two independent experiments. The 

inoculum at the start of germination was 2 x 106 akinetes ml-1 

Nitrate Reductase Activity 

(nmol NO_i formed.min-1.mg·1 protein) 

Time (hours) In BG-llo In BG-llo + 5 mM KN03 

0 0.0 0.0 

24 0.0 9.24 ±0.37 

48 4.20 ±0.02 4.22 ±0.05 

72 1.79 ± 0.04 2.09 ± 0.14 

96 1.30 ± 0.06 1.88 ± 0.10 

120 2.03 ± 0.09 2.61 ± 0.10 
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FigJ.Ir~ 3_.12: /Activity of gl!.ltamin~ ~ynth~ta~~ ( tr_an~fer_c;t~e ~ctivity) d!.!ring 

germination of Nostoc ANTH akinetes. Akinetes of Nostoc ANTH were 

suspended in BG-110 medium to a concentration of 2 x 106 ak:inetes mr1 at 

time zero. GS activity was measured in samples withdrawn at different time 

int~rval~. 
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_3_.2, • .5_. Ch~l!g~~ j~ £~P!l.!Jf mlr!lg~JJ~ _c_t.}J_d PY!ll~in ~91JJ~~~ ~d. in C:N 

ratios during germination of Nostoc ANTH akinetes: 

Changes in C:N ratio during akinete germination are shown in Table 3.10. 

The C:N ratio decreased during the akinete germination and germling 

growth, t!Vt!J.liD.rdly ~~~Nng ~ J~y~J 1'iroil_CJJ' tPlhCJtfp_p_ng _\_Q. Nz-grpw_Q. whpJ~ 

filaments of Nostoc ANTH. This decrease in C:N ratio was mainly because of 

an increase in nitrogen content Indeed, the start of akinete germination is 

fpJJpw~d by d~y~Jppm~nt vi h~t~rPcy1't1' ~nd m~~-C11'~ in mtrvg~n_C11i~ _Cl._Q.d 

other enzymes of nitrogen metabolism. The total nitrogen content remained 

constant during the initial 24 h of germination period but increased 

therel!freJ'_. AltlwJJgb, fu~ tp~J mtrpg~n ~~mtgnJ did _npt ~h_Cl.ng~ dyr_i_Q.g th~ 

first 24 h, the protein content started to increase right from the start of 

akinetes germination (Figure 3.13). Since akinetes germinated in nitrogen­

free mediJ.IID ~md Nz-fi~~ijp_n ~nd mtrpg~n-~1'1'imil~tilJ.g ~.nzym~1' h~d JWt 

appeared as yet, this initial increase in protein content was probably due to 

synthesis of new proteins by mobilising nitrogen and carbon from reserve 

polymgrs_. Th~ 1'YP1'~qu~nt in~r~~1'~ in prvt~in ~Pnwnt w_C11' hig_h~r ~nd ~ould 

of course be explained by the fact that photosynthesis and Nz-fixation 

became operational and served as sources of fixed carbon and nitrogen, 

r~_sp~ctively_. 'Ih~ c~rbPn ~vnt~nt P» J:bg Pth~r h~nd r~m.Cl.i.m~d mPr~ PJ' 1~1'1' 

same during the akinete germination except that there was a small transient 
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d~q~-~-s~ ~:w:_ipg z~-~B _h. Ibis j_s lJJ>t s~_rp_ri~ipg _Sit}(:~ C)J th~ shJrt pf 

germinationJ respiration of stored carbon must have been the source of 

energy for akinete germination till the time photosynthesis appeared. Similar 

!=_O_:Q!:_lp_sjp_l}_s w~_r~ Q._r_~wn by _E.~j _et {ll_(l9BB) iiJ U:t~ ~~s~ pf_AJJ-abae_na doliolurn. 

3.3. Long-term viability of the akinetes of Nostoc ANTH: 

Aft~_r _d_ry _stprag~ p_f NQsJoLANJ'Ji -~_ls_i_IJ~t~_s at ~° C jlJ the ~ark for 1 month, 95 

% of the akinete germinated when transferred into fresh medium. In 

contrast 95% of vegetative cells become inviable within 10 days of storage 

l!J}Q~_r _s_jJn_jJa_r !=QndJtiO_l}_s_. Wh~JJ _st9r~~ at _hjgher t~mp~ratures (upto 3_,5° C) 

there was no loss in viability of the akinetes and 95% of akinetes still 

germinated. HoweverJ the viability of akinete was reduced to less than 40% 

w_h~n _stor~d -~t ;;_oo C Jvr ~8 _h. Stp_rag~ vJ -~N_IJ~t~_s jn. dzy smt~ fo_r p_rolonge~ 

periods at room temperature did not lead to a significant loss of viability. 

Nearly 90% of the akinetes germinated even after 4-5 years of storage. 

Ov~__r(},lt 11J~ __r~s:Qlt _pr~s~IJt~Q. jiJ Ws _s_tudy cl~arly _show that s~lph~J~ 

limitation can be used as a trigger to induce quick and profuse akinete 

formation in Nostoc ANTH. The excellent germination rateJ even after long­

t~rw_sto_r_~g~ at_rpp_llJ t~mp~r-~_tu_reJ m.a_lq~_s fue_s~ _alsinet~_s ~ good c_andid_ate Jor 

inoculum if Nostoc ANTH is used as biofertiliser in rice paddies. Nostoc 

ANTH is symbiotically competentJ colonises rice roots and submerged parts 
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p_f fu~ _s:t~m, !:-~-~tj~_s P.YJ -~1i1iP~t~tiv~ N2-ii~-~ti9n ~nd JJ1~Y PJ9Yide fi~ed 

nitrogen to the rice plants (Bhattacharya, 2002; Nilsson et al., 2002). 
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T~I;JI~ 3.10: Ch~ng~~ m C:N r~tip during germin~tion pf Nostoc ANTH 

akinetes. 

Akin~tes of Nostoc ANTH were su~p~ncied in BG-110 medium t9 a 

concentration of 2 x 106 akinetes mr1 at time zero. C:N ratio was determined 

in ~~mpl~~ withdrawn ~t differ~nt time int~rvclis. 

Time (hours) %Carbon %Nitrogen C:NRatio 

0 42.13 5.16 8.16 

24 41.00 5.20 7.88 

72 40.48 _5_.86 6.90 

96 41.79 6.86 6.09 

120 43.97 8.19 5.36 

144 43.78 8.58 5.10 
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during germination of Nostoc ANTH akinetes. Inoculum and germination 

m~dium W~$ ~$ giv~n in l~g~nd$ to Figur~ 3 .12. 
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CHAPTERS 

SUMMARY 

Nz-fixing cyanobacteria ar~ fJ.PUndfJ..nJ in !J.nd imp!>mnt fg_r i:b~ IJiir!>g~n 

economy of the rice paddies. The potential benefits of cyanobacteria as 

biofertilisers in rice fields is limited due to the use of herbicides and chemical 

nitr~gen fertili_se_r_s i:b!J.t Jimit i:be grgwfu !J.nd Nz-J1xing ~!J.P!J.t:it.Y g_f 

cyanobacteria, respectively, and the lack of high viability inocula. The latter 

problem can be remedied if inocula can be prepared in the form of akinetes. 

A NofiJ!X: _str()in wfJ._s isoJ!J.ted frmn _soil _()nd identified _()_s _No.?JPf: ANII:J 

using STRR lA-PCR-based DNA fingerprints and tRNA Leu intron analysis. 

This is a particuhirly useful strain as potential biofertiliser since it is known 

to ~oloJJise rip~ pl!J.nPi _()JJ-d ~-()J"_ry out _()_s_sp~ifJ.tiY~ Nz-fi~_()t_ion. Il!i.s _str_C)jn j_s _C)l_sp 

amenable to creation of herbicide resistance and a chlorate-resistant mutant 

of this strain has been reported that fixes Nz even in the presence of nitrate. 

Dpritlg the p_re_sent _stucJ.y_, -~kinete ior_m_()t_io_n, _()_kj__n~te g~nAlQC)tiPn _and 

akinete viability were investigated in Nostoc ANTH with a view to use these 

akinetes as inocula in rice paddies. The results are summarised below: 

l. F4~t<>rs _sq~l:t fJ._s Jigl:tt Jj_mjtfl_fj_p_n, JimJt!J.tion of _fj__~ed _mtrPge_Q 9! ir(J_n, 

provision of amino acids, increased concentration of NaCl or altering pH and 
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t~mp~_r_@.tw~ p.rpv~g j;qgff~!:tiY~ in mgg~!ing _@._kjJJ.~t~ diff~.r~n.ti~ticm in _Np_s_toc 

ANTH. Profuse akinete differentiation occurred when the Nz-grown cultures· 

of Nostoc ANTH were transferred to fresh medium from which phosphate or 

lJJJJp_hP.re w_@..S p_mjtt~g_. :r_b~ _@.Nn.~t~ difJ~rM.ti_@.tiPn in .tb~ }@.tter ca_s~ w~.s 

quicker. In both cases, the differentiation of akinetes was associated with 

cessation of growth. This is the first report of akinete differentiation being 

trigger~d by .sJJJp_hare ll:mitati9.n., 

z_. .Additi9.n. of .nitr~:re m th~ _sJJlpb~re-li.mi.ting .m~4iY--m d~l@.y~ th~ 

akinete differentiation in Nostoc ANTH by 2-3 days. Such a delay did not 

occur in the case of the chlorate-resistant mutant of Nostoc ANTH that was 

def~J:iv~m.ni.tr~J~ JJ-p@l\~ ~nd P.tili$P.:t;ion_ . 

.3_. No ~Pll'~l~tipn w~_s iPWJ.d between the p~:J:W.rn pf @.l<inet~ 

differentiation and the position of a heterocyst in the filaments of Nostoc 

ANTH. Furthermore, the presence of heterocysts was not essential for 

_C)._lQn.~t~ differenti.~:tipn. 

4. The chlorophyll a, phycocyanin and photosynthetic oxygen evolution 

declined during akinete differentiation and were absent altogether in mature 

akinetes. Respiratory Oz consumption also declined during akinete 

diff~rentiJ!tiPn bPt did nPt di$_@.ppe_~r 9ltogefuer_. I.be IDi!illre 9kinete~ .h~Q. 9 

respiratory Ozconsumption rate 17.6% of that in Nz-grown filaments. 
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.5_. J'h~ h~.W_rp~yl't _fr.equ.e_IJ.cy.~ _(_lnd _(_l~tiYiti~J' Pi nitrPg~J.}_(_l.Ji~, gl:utJ,mJne 

synthetase and nitrate reductase increased preparatory to akinete 

differentiation but then declined subsequently and disappeared. Mature 

_(_l_JsiiJ.~t.el' pj _N_op_t_p~ _A_NJ'J:J J(_l~_k~d JJi:tr.Pg~_IJ._(_l.J)_e, nitr_(_lt_e _r~d:ucta.sf! _(_lnd 

glutamine synthetase activities. 

6. Light was essential for germination of Nostoc ANTH akinetes. About 

25% of the akinetes germinated within 24 h of akinetes being suspended in 

Nz-medJum :under light, gJJd g ger.mj_ngljp_nfreqp~ncy Pi> 95% w~Ji ~~bi~vffi 

after 96 h. At the onset of germination the brownish cellular contents of the 

akinete started to change colour to blue-green. Thereafter, the akinete wall 

rupwr~d .c!nd ~ $ingl~ ~eJJ g~rmJing ~.m~rg~d Put _(_l_nd ~~Jl diYi$iPn ~JJ1'Y~d l:>y 

24 h of start of germination. The photosynthetic pigments and 

photosynthetic Oz evolution reappeared simultaneously within 48 h. 

Re_spJr_atp_ry Oz ~pn.sumptipn J"gte $m!ted w in~_r_e_(_l$~ ng_bJ frp.m tb~ P111'et pJ 

germination and continued to increase till the end of germination. Addition 

of exogenous nitrogen sources (ammonium or nitrate) accelerated the 

gerrnm~tion prP~~Ji$ PYJ Wil$ nPt ~1'1'~nli_(_l.J iP! _(_l}g_net~ g_e_r.mj_n_(_lpp_q. 

7. J'be _(_l_ppe_?_r_c;tiJ.~~ pJ _I!iirP~n_?l'e _?~jjyjty ~Pindded wjfu the _appeanmce 

of the first heterocyst at 48 h. The nitrate reductase activity also appeared at 

48 h after initiation of germinatiort in nitrogen-free medium and its 

_?ppe_(_l_r_(_l.J}~!:? ~PJm:Jded wjt}:l fue iip_pe_?_r_(_l_IJ.~e pJ pJ:J9tP1'YPfuesJs_. The _(_lcPYity pj 
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gl:ui!iJJJiiJ~ ~y_IJjJwm.~~ .d:u.riiJg ~r_mj_J}_C)_tipn _C)n.d germJing grvwtb appeared 

within 24 h of initiation of germination. This early appearance of glutamine 

synthetase was probably needed for reassimilation of ammonia generated 

_frp_m _mp]Jili~~Jjpn vi .re~~_rv~~ fp_r :the ~yntbesj~- pf new _:fJJ_C)~rQmol~~uJe.s 

including pigments, enzymes and proteins. Thus, photosynthetic Oz 

evolution, nitrogenase, nitrate reductase and glutamine synthetase all 

.P.e!:_C)_m._e pp_e_r_C)tiY~ wjfuj_IJ 4.B .b Pi ib.e ~m..rt vi germiiJJlti.Pn Pi Nos.toc ANJ'.B 

akinetes. Both akinete differentiation and the germination were 

asynchronous . 

.B.. J'.h.e _C)_Ignete~ Pi _Nf.!.s.t..os; ANJB ~_bpwed _p_rpJpnged yj_ahility_. Storage 9f 

akinetes in dry state for upto 5 years at room temperature did not lead to a 

significant loss of viability(> 90% akinetes _still germinated). 

Ov~ra.Jl, w~ ~mdy _b._(_l~ ~Jwwn :J;b_(_lt _smpba.te-li.mj@t_ipn. !2_(_1.1). trigger 

profuse sporulation in Nostoc ANTH, a symbiotically compatible 

cyanobacterium that is known to associate with rice roots and carry out 

P.~~P!:JC)jjve .N2-1.i'.<_(_ljjp_l}_. J'_h~ _(_l_ki.Jle:t.e~ ~_bpw )p_JJg-t~_r.m via-bility a.n.d ~:X:Celle.Dt 

germination frequency. This study would be of use for preparation of Nostoc 

ANTH inocula, in the form of akinetes, for application as biofertiliser in rice 

p_(_lddie.s .. 
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