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Chapter 1
Infroduction

1.1 Cyanobacteria

Cyanobacteria are an ancient group of photosynthetic, Gram negative,
photoautotrophic prokaryotes, which are cosmopolitan in nature. They inhabit every
conceivable habitat on earth ranging from terrestrial to aquatic, from frigid regions to
tropical areas (Carr and Whitton 1982; Stal 1995; Bergman 1996; Capone et al 1997).
Cyanobacteria are also known to exist in deserts where they remain dormant for most of the
time (Hu et al 2003). They occur in soil, on rocks, in fresh as well as in salt water
-(Hof'fmann 1989; Kulasooriya 1998; Nayak and Prasanna 2007). They exist as free-living
and are also capable of symbiotic associations with a wide variety of organisms, ranging
from protists, plants, animals and fungi (Rai 1990; Bergman et al 1996; Adams 2000;
Whitton and Potts 2000; Raiet al2000; 2002).

Cyanobacteria are remarkably capable of efﬁciently combining two seemingly
mutually exclusive processes—oxygen-evolving oxygenic photosynthesis and oxygen-
sensitive nitrogenase dependent nitrogen fixation. In aquatic environments, cyanobacteria |
usually form thick microbial mats, serving as crucial components in such ecosystems. They
are knowﬁ to increase oxygen concentration and also improve the other physio-chemical
parameters of the environment in which they grow and flourish (Mandal et al 1998). One of
their most significant contribution to a}l ecosystems in which they occur is to supply
combined nitrogen owing to their ability to fix atmospheric nitrogen. Their role in the soil
ecosystem and in paddy fields is manifold, they being the most important contributors of

fixed nitrogen and carbon, besides promoting release of nutrients and reducing the rate of
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loss of water and soil through erosion. In paddy fields, their relative occurrence varies
within large limits, ranging from 0 to 76-85%. They secrete polysaccharides that bind soil,
and thus, help in maintaining stability and also control erosion and runoff. In nature,
cyanobacteria are generally abundant in areas' where there is nitrogen deficiency.

Cyanobacteria’s trophic independence from carbon and nitrogen, together with a
tremendous adaptability to environmental variations, enables these organisms to be
ubiquitous. Their successful existence in a wide range of environménts including the most
extreme ones such as high temperatures, high levels of UV light, and high salinity may be
attributed to their structural- functional flexibility which provides them with great versatility
(Nayak and Prassana 2007). However, environmental conditions prevailing in diverse
terrestrial and aquatic ecosystems are known to affect cyanobacterial diversity .and
abundance. Soil pH in particular is known to have a selective effect on cyanobacteria and
their succession and abundance in soil. (Kaushik 1991; 1994; Prasanna and Nayak 2007).

Cyanobacterial species include unicellular, filamentous, branched-filamentous and
non- filamentous colonial forms (Rippka 1979). They form the only representative of true
multicellular organisms, among prokaryotes (Adams 1992; Tandeau de Marsac and
Houmard 1993). Many of the members are capable of multiple cellular differentiations and
may exist as vegetative cells (sites for photosynthesis), heterocysts (sites for nitrogen-
fixation), akinetes/spores (perennating bodies) and hormogonia (motile trichomes) (Tandeau
de Houmard 1993; Adgms and Duggan 1999).

12 Vegetative cells

Vegetative cells are the sites that house the entire photosynthetic machinery in

cyanobacteria. The chlorophyll a protein complexes, photosynthetic reaction centres,
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carotenoids and the electron transport system are all contained within the thylakoids present
in the vegetative cells. Light .harvesting pigmer}ts called the phycobilliproteins located ﬁ] the
phycobilisomes, which are attached to the surface of thylakoids serve as sites of stored N
sources under conditions of N-deficiency (Tandeaﬁ de Marsac and Houmard 1993; Byrant
1994). The vegetative cells are also known to contain a number of inclusion bodies namely
the cyanophycean starch (glycogen) as C reserve, carboxysomes containing Rubisco
(ribulose 1, 5 bisphos/phate carboxylase /oxygenese), cyanophycin (a polymer of aspertate
and arginine) as N-reserve, and polyphosphate bodies as P-reserve. ATP is produced in the
vegetative cells by oxidative phosphorylation as well as by photophosphorylation coupled to
cyclic and non-cyclic photosynthetic electron tranéport chain. Carbon dioxide fixation
occurs through the Calvin cycle (Carr and Whitton 1982).

In nitrogen fixing non-heterocystous cyanobacteria, the enzyme nitrogenase whic.h
plays the crucial role in nitrogevn fixation is expressed in vegetative cells undef unique
conditions. The enzyme is extremely sensitiye to -oxygen (Fay 1992), and this is manifested
both at the level of synthesis and activity (Gallon and Chaplin 198?; Gallon 1992 ; Rai et al
1992; Durner et al 1996). In these organisms nitrogenase is protected from inactivation by
~ the oxygen produced during photosynthesis by a temporal separation of nitrogen fixation
and photosynthesis (Gallon 1992; Bergman et al 1997). Some of them, e.g., Gleothece
(Mullineaux et al 1981), Cyanothece (Schneegurt et al 1994) and Oscillatoria (Stal and
Heyer 1987) fix nitrogen mainly during the dark period of a light/dark photosynthetic cycle.
Plectonema boryanum and Phormidium fix nitrogen under anaerobic or microaerobic

conditions (Stewart and Lex 1970; Weisshar and Boger 1983; Rai et al 1992).
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In heterocystous cyanobacteria in response to low nitrogen availability several
structural, biochemical and genetic changes take place in some vegetative cells in order to
convert them into specialized nitrogen fixing cells called heterocyst. Such changes include
synthesis of multilayered cell envelope, loss of PS II activity (Petterson et al 1981), presence
of uptake hydrogenase, and high rates of respiration (Wolk et al 1994) to facilitate

maintaining a microaerobic interior conducive for nitrogen fixation.
1.3 Heterocysts

Heterocysts are morphologically distinct cells present in filamentous heterocystous
cyanobacteria, and are responsible for the vital procéss of nitrogen fixation. Absence of
nitrogen sources triggers 5-10% of the vegetat'ive cells to differentiate into heterocyst. The
differentiation of a heterocyst from a vegetative cell is a nitrogen-regulated process. In the
presence of exogenous N sources such as nitrate, hitrite, ammonia and some amino acids the.
differentiat’ion of heterocyst is repressed in all heterocyst forming cyanobacteria (Wolkk et al
1996). Heterocysts are regularly spaced in a filament and contain the enzyme nitrogenase
(Flores and Herrero 1994; Wolk et al 1994; Adams and Duggan 1999).

The nitrogenase enzyme complex is made up of two different proteins: Mo-Fe
protein (dinitrogenase) and Fe-protein (dinitrogenase reductase). The dinitrogenase is a ayp;
tetramer (M; 226.8 kDa) and its o and § units are encoded by the nif D (Laﬁmers and
Hasselkorn 1983; Golden et al 1985) and »if K (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 #if H gene. In heterocyst, the nif HDK is
contiguous but in vegetative cells an 11kb DNA fragment interrupts nijf D gene (Golden et al

1985). A second rearrangement involving deletion ofa 55 kb fragment located in fdx N gene
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(Golden et al 1987) has also been seen to occur during heterocyst differentiation. These
rearrangements events involve site-specific excisases encoded by xis A (Lammers et al
1986) and xis F (Carrasco et al 1994) respe'ctively. The only exception to this is a
characteristic »if gene rearrangement found in Mastigocladus laminosus, where the
structural nif genes are contiguous both in vegetative cells and heterocysts (Singh and
Stevens 1992).

Conventionally nitrogenase is a Mo-dependent enzyme (Nif 1) and functions
exclusively in heterocysts under aerobic conditions (Elhai and Wolk 1990; Thiel et al 1995).
Thiel and Pratte in 2001 showed that Anabaena variabilis ATCC 29413 also possesses
another Mo-dependent nitrogenase (Nif 2) which functions in vegetative cells under
anaerobic conditions. A vanadium-dependent nitrogenase encoded by vif DGK genes and a
Fe-only nitrogenase has also been reported in Anabaena variabilis (Kentemich et al 1991;
Thiel 1993).

The process of nitrogen —fixation is a highly energy intensive process and requires
ATP, reductants and low oxygen concentration. The requirements of ATP are fulfilled by
photophosphorylation, oxidative phosphorylation, substrate level phosphorylation and/or
uptake hydrogenase activity (Bottomley and Stewart 1976; Maryan et al 1986; Daday and
Smith 198.7). Oxidative pentose phosphate pathway is a major contributor of reductants
(Smith 1982; Wolk et al 1994). The immediate electron donor to nitrogenase ’is ferredoxin, a
product of fdx H gene, (Bohme and Haselkorn 1988), whereas flavodoxin can take up this
role under conditions of iron deficiency (Fillat et al 1991).

Genes responsible for regulation of heterocyst formation had been characterized

(Wolk etal 1994; Wolk 1996; Adams and Duggan 1999). Inresponse to nitrogen step down,




an autoregulatory gene zer R is induced in regularly spaced cells (pro h.eterocysts) within 2-
3.5 h. The Het R protein is an unusual serine type protease, which may be degrading the
repressor of genes to be switched on and activators of genes to be switched off during
heterocyst dAifferentiation (Zhou et al 1998a; b). Transcription of ket R is indirectly
. controlled by the product of ntc A gene, which is found to be wide spread in cyanobacteria
(Frias et al 1993; Herrero et al 2001). The nfc A gene encodes a global nitrogen regulatory
protein named Ntc A (a cyclic AMP-binding protein) required for utilization of nitrate and
for heterocyst differentiation. ntc A from Anabaena PCC 7120 interacts with the promoter
regioné of xis A (an exciases gene necessary for the formation of heterocysts), gin A (gene
encoding glutamine synthetase), rbcl S (encoding Rubisco), nif H (encoding dinitrogenase
reductase) and ntc A (encoding Ntc A itself) (Frias et al 1994; Wei et al 1994). ntc A also
binds to the genes encoding glutathione reductase (gor gene). Thus, in addition to the global
response to N-deprivation (Frias et al 1994) ntc A also responds to redox status (Jiang et al
1997). Many genes essential for heterocyst differentiation and development have been
identified and characterized on the basis of various phenotypes exhibited by heterocyst
formation defective mutants. Two other important genes for heterocyst development are 4ep
P (Fernandez- Pifias et al 1994) and Aer C (Khudyakov and Wolk 1997). Insertional
inactivation of her P prevents the formation of pro heterocysts and‘ strains with multiple
copies 6f het P form multiple contiguous heterocysts in absence of combined nitrogen
sources. The synthesis of innermost glycolipid layer that is important in protection of
nitrogenase from oxygen requires ket M (also known as kg/ B) and hgl K. kgl K gene
encodes a protein for transport of heterocyst glycolipids in Anabaena PCC 7120 (Black et al

1995; Bauer et al 1997). Three genes named hep A, hep B and hep C, are required for the
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synthesis and stabilization of heterocyst envelop (Wolk 1996). Genes involved in heterocyst
spacing has also been identified. Pat S gene product (Pat S-5; a pentapeptide) diffuses along
the filaments and creates a gradient of mﬁib itory signal for maintaining the pattern of spaced
heterocyst (Yoon and Golden 1998).

1.4 Akinetes

Some members of Nostocaceae, Rivulariaceae and Stigonemataceée are known to
form akinetes, which serve as a means of perrenation in these organisms (Wolk 1965; 1973;
Nichols and Carr 1978; Adams and Carr 1981; Nichols and Adams 1982; Herdman 1987,
1988; Adams 1992) and provide the capacity for growth into new filaments by germination
under favourable conditions even after long-term exposure to extreme environmental
conditions (Livingstone and Jaworski 1980; Sili et al 1994). Akinetes are larger than
vegetative cells, with a thickened cell wall and a multilayered extracellular envelop (Nichols
and Adams 1982) and their shape varies considerably (e.g, spherical in Anabaena CA but
elongated in 4. cylindrica). A variety of factors trigger the differentiation ofa vegetative cell
into an akinete. The environmental factors which have been implicated as trigger for akinete
formation includes limitation of nitrogen, carbon, iron, trace elements, light, phosphate
(Wolk 1965; Sinclair and Whitton 1977; Suthetland et al 1979; Nichols and Adams 1982;
Fay et al 1984; Wyman and Fay 1986; Herdman 1987; 1988) and sulfate (Kyndiah and Rat
2007). Akinetes do not structurally resemble bacterial endospore and are not heat resistant
but are resistant to cold and desiccation. They are suggested to be the evolutionary
precursors of heterocysts (Wolk et al 1994). In recent years, akinetes have been projected as

inoculum for cyanobacterial biofertilizer in rice paddy cultivation (Kyndiah and Rai 2007).
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1.5 Hormogonia

Hormogonium represénts a transient morphological stage in devebhpmental cell cycle
of some filamentous cyénobactéria and is observed upon the transfer of stationary phase
cultures to fresh medium. Hormogonia differéntiation occurs from vegetative cells in
filamentous cyanobacteria (both heterocystous and non-hetefocy:;tous). They are
distinguishable from vegetative cells by cell shape and in some species by cell motility and
presence of gas vesicles. Various environmental factors such as change i].l temperature, light
spectral quality and altered N-metabolism are involved in hormogonia differentiation.
Removal of NaNOs; from the medium has been shown to trigger the formation of
hormogonia in Nostoc muscurom (Armstrong et al 1983), and in Calothrix PCC 7601 and
PCC 7504 (Herdman and Rippka 1988). The ability to form hormogonia i; of importance to
those cyanobacterial strains that enter into symbiosis with plants. Hormogonia are the
infecting units in many cyanobacteria-plant symbioses (Bergman et al 1990, Rai et al 2000).

1.6 Importance of cyanobacteria

Cyanobacteria are now regarded to have enormous potential in serving humanity in
more ways than one. Their diazotrophic nature, wide distribution pattern and capability to
enter into N—fixing symbiosis make them attractive research interest. 1he importance of
cyanobacteria in rice fields have been known for a long time and their abundance in rice
fields was first reported by Fritsch in 1907. Cyanobacteria have a long history of usage in
agriculture as biofertilizer (De 1939; Watanabe et al 1951; Singh 1961). The popularity of
cyanobacteria as potential biofertilizer lies in the fact that the <yanobacteria are
photoautotrophic biological nitrogen ﬁ*ers that naturally populate rice fields. It has been

estimated that cyanobacteria contribute 20-80 KgN/ha/crop on turnover of their biomass in
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the rice fields (Venkataréman 1981; Albrecht et al 1991; Roger and Ladlin 1992; Ladha and
Reddy 1995). Recent research on biofertilizer has also shown that'rice fi:lds populated with
- free- living cyanobacteria haveAi'ncreased rice yield (Watanabe et al 1951; Venkataraman
1972; Roger and Kulasooriya 1980; Metting 1§88; Whitton 2000). The growing realization
about the harmful effects of the long-term use of chemical fertilizers, herbicides and
pesticides on human health has iﬁtensified research on biofertilizer; in recent times,
especially in areas where rice is a prime cash crop. This is especially true in tropical Asia
and India where there are water-logged, low lying rice fields that are favourable for both
free-living and symbiotic cyanobacteria. Species of MNostoc, Ancbaena, Aulosira,
Tolypothrix, Cﬂindrospermum, Gloeotrichia, Gloeocapsa, Anabaenopsis, Camptylonema,
Scytonema and Westiellopsis are widespread in Indian‘soils and rice ficlds and contribute
greatly to' soil fertility (Nayak and Prasanna 2007). CyanobAacteria have also been tried as
biofertilizer in cultivation of other crops, including wheat, tomato, pulses and other
vegetables (Gupta and Gupta 1972; Kaushik and Venkataraman 1979; Karthikevyan et al
2007).

Other potential applications of cyanobacteria in diverse fields of human welfare have
also gained a lot of attention in recent years. This includes their use as foud and animal feed,
in bioremediation of toxic compounds, in biocontrol of pests, production of commercial and
laboratory chemicals, restriction enzymes, pharmacological tools (Chapmean and Gellenbeck
1989; Lem and Glick 1985; Becker 1994; Maquieira et al 1994; Wilde and Benemann 1993,
Moore et al 1988; Houmard and Tandeau de Marsac 1988; Gorcham and Carmichael 1988;
Patterson 1996) and potential therapeutic drugs for the management ofdeases like cancer,

asthma, diabetes (Skulberg 2000), and in waste and effluent water treatmient including the
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removal of harmful dyes from textile effluents (Fatma 1999;- Prassana et al 2000; Shah et al
2.001; Sadettin and Domez 2006) etc. In the last few yeérs, these organisms have been
identified as a rich source of different biologically active compounds with anticancer
(Gerwick et al 1994), antifungal (Kajiyama et al 1998), antibacterial (Jaki et al 2000),
antiviral (Patterson et al 1994), and antiplasmodial activities (Papendorf et al 1998, Bhadury
etal2004; Singh et al 2005; Dahms et al 2006). Further, several strains of'cyanobacteria are
known to accumulate poly-hydroxyalkanoates which can be used as a substitute for non-
biodegradable petrochemical-based plastics (Doi 1990). Recent studies have shown that oil-

" polluted sites are rich in cyanobacterial consortia capable of degrading ¢il components and
other complex organic compounds such as surfactants and herbicides (Yan et al 1998;
Radwan~and Al-Hasan 2000; Raghukumar et al 2001; Mansy and El-Bastway 2002). In
addition, hydrogen. produced by cyanobacteria is being considered as a very promising
source of alternative energy (Dutta et al 2005). The advantages of using bivlogical hydrogen
as a fuel are its eco-friendly nat&e, efficiency, renewability and the absence of carbon
dioxide emission durihg its production and utilization (Lindbald 1999). Thus, cyanobacteria
are emerging as potential organisms having many fold applications for human and
environmental benefits.

Many microbes including cyanobacteria act as natural bioremediating agents and
hence are being employed in clean up operations of contaminated sites. Contamination of
the natural environment by toxic metals is a serious problem worldwide due to their
continued persistence in the ecosystem and also because of their incremental accumulation
in the food chain (Chen and Pan 2005). Bioremediation js defined as the process wheréby

organic wastes are biologically degraded under controlled conditions to an innocuous state,

&
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or to levels below concentration limits established by regulatory authorities (Mueller et al
1996). As such, it uses relatively low-cost, low-technology techniques, which generally have
a high public acceptance and can often be carried out on site. Bioremediation has be'come
one of the devéloping fields of environmental restoration programmes, which utilizes
microorganisms to reduce concentration and toxicity of heavy metals, dyes, pesticides,
various chemical pollutants etc. It is an option that offers the possbility to destroy or render
harmless various contaminants using biological activity. The use of natural biological
resources in reducing the pollution load in our environment is widely accepted idea and
alternative, innovative treatment techniques have focused attention on use of biological
materials such as algae, fungi, yeast,-and bacteria for the removaland recovery technologies.
This has gained significance in recent years owing to their better performance and low cost
(Veglio and Beolchini 1997; Volesky 2001). Also, they can be integrated with other
processes e.g. aquaculture/ pisciculture, feed production, soil condttioner production, fine
chemical production and recovery of metals (Prasanna et al 2008). Major metal péllutants
which are commonly found in industrial wastes are Cu, Zn, Ni, Co, Pb, Crand Cd. Among
the photoautotrophs, cyanobacteria are relatively more tolerant to heavy metals (Fiore and
Trevors 1994). Recent studies also suggest the efficiency of cyanobacterial strains in
bioremediation (Gupta et al 2000; Vidali 2001; Mallick 2002; De Philippis et al 2003;
Rangsayatorn et al2004; Awasthiand Rai 2004 Awasthiand Rai 2006; Prasanna et al 2008;
Kiran et al 2008 ). Effluents from industries producing textile dyes are a cause of great
concern because of their toxic nature, mutagenicity and carcinogenicity, in addition to their
low biodegradability leading to environmental pollution. Several reports exist indicating the

potential application of diverse cyanobacterial strains in remediating such pollution (Arnon
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1977; Zhuet al 1979; Jingi and Houtian 1992; Shahetal 2001; Sadettin and Donmez 2006).
Thus, cyanobacteria have emerged as potential organisms. serving various' beneficial
purposes in diverse areas of human and environmental welfare. However, all strains of
cyanobacteria may vary in their ability to contribute towards these dwiverse fields of
applications. Hence different cyanobacterial strains need to be characterized for their
specific potential application(s) and once evaluated they have to be preserved for future
research and use.

1.7 Maintenance and preservation of cyanobacteria

To categorically place various cyanobacterial strains according to their potential
applications, naturally existing cyanobacteria needs to be systematically isolated, purified
and characterized. Isolation and purification procedures are time consuming and tedious in
nature. Possible threats of contaminations in such purified cultures have led researchers to
pay serious attention to methods of preservation of microorgénisms, in order to enable
successful and effective maiptenance ofthese organisms in the laboratory conditions.

The most common procedure for maintaining cyanobacteria is by serial transfer of
écﬁyely growing cultures to a fresh media on a regular schedule under suboptimal
cond.itions (Lorenz et al 2005). Some of the disadvantages associated with this method are
the high risk of contamination and loss of characters, as well as, possible mis-labeling or
loss of cultures (Acreman 1994). Also there are reports of loss of phenotypic characters in
several micro algal cultures during serial sub culturing (Day et al 2005). Moreover, the
genetic and phenotypic stability of the strains cannot be guaranteed over years of routine
maintenance (Day and Brand 2005). When maintained at optimal conditions strains do not

need to express many of their characters as stresses of any form is not presented to them
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during routine maintenance in the laboratory (Smith 2004). Other drawbacks of this method
of serial sub culturing is that it is labour intensive and requires consumables that are
expensive and thus, limits the capacity of researchers to maintain large number of strains.

Another widely used method for laboratory maintenance of cultures is by storing
them in agar slants. This is done by inoculating pure cultures mto a nutrient agar media
which are solidified in sterile vials. Agar was first suggested for microbiological purposes in
1881 by Fannie Hesse. It is a phycocolloid extractéd from a group of red-purple algae,
usually Gelidium sp. By the early 1900s, agar became the gelling agent of choice over
gelatin because agar remains firm at growth temperatﬁre for many pathogens and agar is
generally r‘ésistant to breakdown by bacterial enzymes. The use of agar in microbiological
media significantly contributed to the advance of microbiology, paving thé way to study
pure cultures. Agar is a gel at room temperature, remaining firm at temperatures as high as
65°C. Agar melts at approximatély 85 - 91°C, a different temperature from solidification at
34 - 36°C. This property is known as hysteresis. It is generally resistant to shear forces;
however, different agar may have different gel strengths or degrees of stiffness.

However, this method of culture maintenance also suffers from the limitation of
having a relatively short shelftlife and the jelly-like consistency of agar changes over a
period of time thus, s.ubjecting the entrapped cultures to ample chances of contamination(s).
In addition, such agar slants need to be stored in culture room or in refrigerators where they
occupy valuable space.

Lyophilization has also been attempted as a method of preservation of cyanobacteria.
However, successful results were obtained under stringent conditions only using specific

suspending substances viz, lamb serum, beef serum etc (Corbett and Parker 1976). Freeze
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_drying has not been found to be a successful biostorage method for microalgae resulting in
very low viabilities (< 1% of original bopulation) (Day 2006).

Cryopreservation of cultures is another dependable method of preservation.
Cryopreservation is employed for a wide range of algél species with optimum results. High
success rates are obtained with cyanobacterial cultures. These procedures can be cateéorized
in two step freezing protocols. The first step consists of addition ofa cryoprotectant and then
cooling to a specified subzero temperature to facilitate dehydration or cryodehydration of
the sample. Next it is cooled rapidly to storage temperature (Day 2006). These can then be
stored for indefinite periods.

Entrapment is by far the most frequently used method in laboratory culture
maintenance and there are some examples of industrial process based on entrapped cells.
Entrapment methods are based on the confinement of the cells in a three-dimensional gel
lattice. The cells are free within their compartments and the pores in the material allow
substrates and products to diffuse to and from the cells. Several synthetic (acrylamide,
polyurethane, polyvinyl, etc.) and natural polymers (collagen, agar, agarose, cellulose,
alginate, carrageenan, etc.) are used for this purpose. However, for algal immobilization the
most frequently used natural gels are alginate and carrageenan. The gel is generally formed
into useful biocatalyst beads by first adding the cells as a suspension to an aqueous solution
of the gelling material. This material is then formed into droplets by forcing it drop wise
through a nozzle or orifice to an interacting salt solution. The droplets are subsequently
stabilized into biocatalyst beads with entrapped organisms via polymerization or other types
of cross-linking. For example, alginate droplets can be stabilized with divalent ions such as

Ca®* and carrageenan droplets are typically cross-linked with K (Mallick 2002).
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Entrapment of cells (prokaryotic and eukaryotic) in hydrogel supports is a simple
and nondestructive method that preserves the metabolic and physiological properties of the
cells Jeanfils 1986, Garbisu et al 1990, Willaert and Baron 1993). Tamponnet et al. (1985)
and Hertzberg and Jensen (1989) showed that immobilized microalgae maintained ultra
structural integrity and physiological activities for several months, suggesting its application .
in algal storage.

Dorman‘F resting celis of some microbes can be maintained at ambient temperatures
for many years (Day 2006 ; Kyndiah and Rai, 2007). Hence spores may be considered to be a
method of preservation in species capable of undergoing sporulation.

1.8 Presentstudy

A laboratory working with microbes accumulates a Iarge number of strains that
needs to be maintained for considerable period of time, even when not under active research.
Isolation, purificatiqn and maintenance of strains in their axenic forms are a tedious and time
consuming process. Routine batch culturing popularly engaged in maintaining microbial
cultures is cumbersome with disadvantages such as the chances of contamination, mis-
nomenclature and space limitation within the culture rooms as well as increased chances of
loss of characters that are not under selective pressure (Smith 2004). Keeping in mind the
different applications of cyanobacteria, it becomes essential to carry out in depth
investigation on these organisms which holds promise to alleviate many of our present day
problems in environment, health and agriculture. And such explorations also opens new
avenues towards eco-friendly and sustainable development, at a time when natural resources

are depleting and alternative sources of food and energy are being sought. Considering this

25



objective, it becomes crucial to develop techniques that enable preservatidn of strains
without affecting their viability or characters.

This work is dedicated to studying various existing methods of preservation of
cyanobacteria. Detailed study was carried out on techniques of conventional maintenance
and preservation of cyanobacteria such as batch cultufing, maintaining on agar slants as well
as preservation in calcium alginate beads, and preservation using cryoprotectants. All
methods were evaluated on the basis of their suitability in retaining desired characters of the
cyanobacterial strains for long and short term storage in the laboratory. Each of the
techniques were individually evaluated exhaustively and then compared with each other.
Introduction of modifications for improvements in few of the existing techniques 'were
possible due to in depth information collected during the study period. Extending the
knowledge of preservation to its putative application in the field of biotechnology, high
nitrogen fixing strains were immobilized on locally available, biodegradable matrices such
as betel nut co-ver, in order to offer them as affordable and convenient biofertilizer inoculum
in rice cultivation. All such preserved cyanobacteria were regenerated periodically to assess
their viability and retention of characters on such matrices. Time period up to which such
czllrrier material can be used indisputably without compromising cyanobacterial attributes

and viability was also determined.
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Chapter 2
Materials and Methods

2.1 Collection of cyanobacterial strains

Cyanobacterial samples were collected from different terrestrial and aquatic
environments including rice fields, tree barks, stagnant water holes, river banks, irrigation
canals as well as, water bodies adjacent to rice ficlds. Water samples were also collected
from roadsides. Some samples were collected from extreme ecosystems, viz. Jakrem hot
spring in West Khasi Hills, Meghalaya and Garampani hot spring in Karbi Anglong district

of Assam.

Fig 2.1: Collection of cyanobacterial samples.
2.2 Isolation and purification of the collected samples

The samples were inoculated in BG-11p media (Table 1a) and allowed to grow under
culture room conditions at 25+2°C and at a photon fluence rate of 50 umol m™>s™. After 8-
10 days, the visible cyanobacterial filaments were purified using repeated pour plate and
scrial dilution method on 1.2% nutrient agar until single colonies of axenic cultures were
obtained. The cyanobacterial colonies were identified by light microscopic obscrvation
using Olympus BX 51 light microscope. The purified cyanobacteria were grown in BGl 1,
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BGllg + 5mM nitrate media (for heterocystous and non-heterocystous cyanobacteria
respectively) and maintained under culture room conditions (Rippka et al 1979).
Mastigocladus laminosus which was isolated from the hot spring of Jakrem, Meghalaya,
India was found to be thermophilic in nature and hence, this was maintained inside a BOD
incubator (BOD incubator super deluxe automatic. NSW. India) at 45°C in D- medium
(Table 1b) in batch cultures and with a photon fluence rate of 50 pumol m? st (Castenholz
1981). The pH of the medium was adjusted to 7.5 before autoclaving.

Table 1 a: Composition of BG 11¢-medium

Macronutrients Grams/ L

K>HPO4.3 H,O 40.0
MgSO4.7TH,O 75.0
CaClk. 2H,0 36.0
Citric acid 6.0
Ferric ammonium citrate 6.0
N32CO3 20
EDTA (disodium salt) 1.0
Micronutrients Grams/ L
H3;BO3 2.86
MnCL.4H,0O 1.81
ZnS04.7TH,0 0.22
Nay;Mo04.2 H;0 0.39
CuS0O4. SH,O . . 0.079
Co(NO3),. 6 H,O 0.0494

For NOj medium. S mM NaNOj and for NH;" medium, 2mM NH,Cl was used.

Table 1 b: Composition of D-medium

Macronutrients Grams/L

Nitrilotriacetic acid (NTA) 10

NaNO; 70

KNO; 10

Na,HPO, 11
MgSO4.7H20 10

CaS04.2 H,O 6

NaCl 0.8

FeCk 0.03
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Micronutrients Grams/ L
H3B0é 2.86
MnCh.4H,O 1.81
ZnSO4.7H20 0.22
Na2M004.2 Hzo 0.39
CuSO4. SH;O 0.079
Co(NO3);. 6 H,O 0.0494

For No medium, NaCl and KCI were used in place of NaNO3 and KNO3,

2.3 Sterilization

All glassware were washed thoroughly using laboratory detergent and rinsed with
double distilled water before drying in the hot air oven. Sterilization of glassware and
culture media was done by autoclaving at 121°C (15 psi) for 15 minutes.

24 Growth parameters
2.4.1 Chlorophyll @ measurement

Growth of the cyanobacterial cultures was measured as increase in chlorophyll a
(MacKinney 1941). 5 ml of each sample was centrifuged and equél volume of 100%
methanol was added to the pellet. Chlorophyll @ was extracted in these tubes by incubation
at 4°C overnight. The solution in the tubes were mixed thoroughly using a vortex mixer and
then centrifuged. The resultant supernatant was used for determination of chlorophyll a
content. Chlorophyll a concentration was measured spectrophotometrically at 663 nm by
using the formula: Chlorophyll a (ug/ml) = Absorbance at 663 nm x 12.63.

2.4.2 Protein estimation

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

given below.
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2.4.2.1 Extraction of protein

5ml of cyanobacterial culture was centrifuged and the pellet resuspended in 1 mi .
distilled water. Cells were disrupted by ultrasonication using Sonics Vibra cell sonicator
fitted with a microprobe. Supernatant was collected for protein determination after

centrifugation at 3000 rpm for 5 minutes.

2.4.2.2 Estimation of protein
Reagents

A. 2% Na,CO3; in 0.1 N NaOH.

B. 1% sodium potassium tartarate solution.

C. 0.5% CuSOy4 solution.

D. 100ml of reagent A mixed with 1 ml each ofreagent B and C (freshly prepared).

E. 1IN Folin- Ciocalteu’s phenol reagent.

F. Standard protein solution: Bovine Serum Albumin (BSA) solution was prepared in
the range of 10~ 100 pg mf'. |

Procedure

Sml of reagent D is mixed with 1ml of cyanobacterial brotein extract and mixed
gently. This was incubated for 10 minutes at room temperature and then 0.5 ml of reagent E
was added and mixed rapidly. After 30 minutes of incubation, the mixture was centrifuged
and the absorbance of the supernatant read at 750 nm. A calibration curve was prepared by
using BS A solution as standard for determination ofcyanobacterial protein content.

2.5 Oxygen exchange

Oxygen evolution and consumption was measured by using a Clark-type oxygen

electrode installed in a 3ml Plexiglass container with magnetic stirring ( Rank Brothers, -
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England). Measurements involved: adding 3ml cyanobacterial culture to the sample chamber
.of the non-polarized electrode and allowing each sample to equilibrate for S minutes with
stirring. The electrode was then polarized and a linear rate of oxygen evolution was obtained
in light supplied by a 100W tungsten filament bulb, which was shielded from the sample by
water bath acting as heat filter. Oxygen consumption was measured in dark with the
chamber wrapped in aluminum foil. The rate of oxygen evolution and consumption were

expressed as nmol O, evolved/consumed.min . pg!' chlorophyll a.
2.6 Heterocyst and akinete frequency

Heterocyst and akinete frequency was calculated as percentage of total cell
populations by light microscopic observations. At least 1000 cells were counted for each
study.

2.7 Enzyme assays
2.7.1 Nitrogenase activity

Nitrogenase activity (EC 1.18.6.1) was measured in vivo using acetylene reduction
assay method (Stewart et al 1967). 5 ml of cyanobacterial culture was placed in a 10 ml
serum stoppered vials. Acetylene gas was injected to a final concentration of 10% (v/v) of
air phase in the vials. The vials were incubated for 1 hour in light at a photon fluence rate of
50 pmol m?s™!, at 25°C with constant shaking. 1 ml gas sample from the vial was analyzed
for ethylene produced by using a Tracor 540 gas chromatograph fitted with a Porapak T
column (stainless steel column 6° X 1/8” packed with a Porapak T of mesh size 80/v1 00)
and a flame ionization detector. Nitrogenase activity was expressed as nmol CoHy produced

pg ' chlorophyll a.h!.
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2.7.2 Glutamine Synthetase (transferase) activity

27241 Extraction of enzyme

Cyanobacterial cultures were harvested in their exponential phase by centrifugation.
These were then washed twice in 50 mM Tris-HCL buffer, pH 7.5 and resuspended in the
same buffer. Enzyme extraction was done by ultrasonication using Sonics vibra cell
sonicator. Glutamine synthetase transferase activity was then analyzed in situ using the
sonicated cells.

2.7.2.2 Assay of glutamine synthetase (transferase) activity

This was essentially done using the method described by Stewart et al 1967. The
reaction mixture contained ina final volume of3ml, 1 ml enzyme extract, 40 mM Tris-HCL
buffer (pH 7.5), 3 pmol MnCh, 20 pmol potassium arsenate, 0.4 pmol ADP (Sodium salf),
60 pumol hydroxylamine and 30 pmol glutamine. This reaction mixture was incubated in the
dark for 10 minutes at 30 °C. The reaction was temllinated by the addition of 2ml of stop
mixture (4ml FeCl, 1 ml of 24% TCA, 0.5 ml 6 N HCL and 6.5 ml of water). The
absorbance of the supernatant was read at 540 nm after 10 minutes of centrifugation at 2000
rpm. The concentration of y-glutamyl hydroxymate formed was estimated from a standard
curve that was prepared in the range of 100- 1000 nmol y-glutamy! hydroxymate .ml".

2.7.3 Nitrate reductase activity

Nitrate reductase (NR) activity was measured in situ (Manzano et al 1976) using
sonicated cells. 5 ml of cyanobacterial culture was taken and centrifuged. The pellet was
thoroughly washed with and resuspended in NR buffer (50 mM Tris-HC1 buffer (pH 7.5),
0.1 M NaCl, 0.3 M sucrose, | mM KNO3, ImM EDTA and 5SmM MgCh). The cells were

then lysed by sonication. The reaction mixture contained in addition to permeabilized cells
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in a final volume of 1ml: 20 mM KNO3, 100mM Glycine-KOH (pH 10.5), 4 mM methyl
viologen, 10mM sodium dithionate freshly dissolved in 0.1 ml 0f0.23 M NaHCOs3. After 10
minutes of incubation in dark at 30 °C, the reaction was terminated by a(_iding 0.2 mlof IM
zinc acetate. Subsequently nitrite formed was determined by the method described by Snell
and Snell, 1949.

2.7.3.1 Nitrite Estimation

Nitrite was estimated co lorimetrically as described by Snell and Snell, 1949.

Reagents

A. 1% (w/v) sulphanilamide in3 M HCL

B. 0.02 % (w/v) N- (1- Napthyl ethylene diamine dihydrochloride) in distilled water.

C. Potassium nitrite solution in the range of 10-100 nmol/ml. This was used as
standard.

Procedure

To 1 ml of sample, 1 ml sulphanilamide and 1 ml of NED was added. The solution
was mixed thoroughly and absorbance read at 540 nm after 15 minutes. A calibration curve

was prepared with KNO; as standard.

2.7.4 Nitrite Reductase activity

Nitrite Reductase (NIR) activity was assayed using the method of Arizmendi and
Serra, 1990. 5 ml of cyanobacterial culture was centrifuged and thoroughly washed in 50
mM Tris-HCL buffer (pH 7.5). This was then subjected to sonication for disruption of cells
and. release of the enzymes in solution. The reaction mixture contained in addition to
permeabilized cells in a final volume of Imk 2.5 mM KNO,, 90 mM Tris-HC! buffer (pH

7.5), 3 mM methyl viologen, 20mM sodium dithionate freshly dissolved in 0.3M NaHCOs3.
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After 5 minutes of pre-incubation at room temperature, the reaction was carried out at 30 °C
for 10 minutes. The reaction is terminated by vigorous shaking to oxidize excess reductant.
Subsequently the remaining nitrite was estimated by the method described by Snell and

Snell, 1949.

2.9 Immobilization
2.9.1 In Agar cubes

2.5% agar solution was prepared in suitable media. 30 ml of exponentially growing
culture (chlorophyll a content of 10 pg mI'") was centrifuged to a final volume of 10 ml
The resultant 10 ml was then added into the lukewarm agar solution, mixed thoroughly and
left to solidify at room temperature. Uniform sized cubes (0.5 cm cubes) were cut using a
sterile scalpel and left to air dry inside the culture room.

2.9.2 In foam cubes

Ordinary packing foam was cut into uniform sized cubes (lcm®) and washed a
number of times with sterile distilled water, dried and then soaked in media and autoclaved.
Excess media was drained in the laminar flow. 30 ml exponentially growing culture
(chlorophyll a content of 10 pg mI™) Wz.is concentrated to 10 ml by centrifugation. 0.5 ml of

the concentrated cyanobacterial culture was injected into each of the twenty foam cubes.

These were then left to air dry in sterile condition inside the culture room.

2.9.3 In calcium alginate beads

Immobilization was carried out as described by Musgrave et al (1982). 40 ml of
1.5% (w/v) sodium alginate solution was prepared in suitable medium by warming the
solution. 30 ml exponentially growing culture (chlorophyil a content of 10 ug ml') was

concentrated to 10 ml by centrifugation and added to the sodium alginate solution at room
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temperature. After mixing thoroughly the solution was added drop wise using a syringe
canula, into 100 ml of 0.1M calcium chloride solution in a laminar flow cabinet. Calcium
alginate beads thus formed were left in the same solution for hardening at 4°C for 1hour.
The beads were then harvested and washed with sterile water followed by media. These

were then left to.air dry on a petriplates inside the laminar flow cabinet.

2.10 Preservation using cryoprotectants
2.10.1Preservation in 15% glycerol

15% v/v (final concentration) glycerol solution was made in 40 ml of suitable media
(depending on the cyanobacterium being preserved). 10 ml (chlorophyll a content of 30 pg
ml') of concentrated cyanobacterial culture was added to the glycerol solution and mixed

gently. The flasks were kept at -80 °C in Heto ultrafreeze as- well as inside the freezer of a

domestic refrigerator.

2.10.2Preservation in 5% DMSO

30 ml of exponentially growing culture (chlorophyll a content of 10 pg ml') was
concentrated to 10 ml. Whole 10 ml culture was added to 5% DMSO solution in suitable
medium (final volume = 50 ml). The solution was mixed and then stored refrigerated as in
the case of preservation in 15% glycerol.

2.11 Testing for viability of the immobilized cyanobacteria

At every three months interval immobilized samples were reintroduced in the growth
media. Media were closely monitored for growth of cyanobacterial filaments. These
filaments were used for growth, heterocyst frequency counting and nitrogenase activity
studies to ascertain suitability of the preservation techniques in keeping the cyanobacterial
cells viable for a period of time.
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2.12 Culture condition for akinete differentiation

Conditions such as nutrient variation, temperature alterations, duration of light/dark
exposure were used to study initiation of sporulation in cyanobacterial cultures. Sporulating
media deficient m sulfate were supplemented with equimolar concentration of MgCh to
counter balance the reducing concentration of MgSO4 (Wolk 1965; Kyndiah and Rai 2007).

2.13 Culture condition for akinete germination

The spores (2 X 10° mI'') were plated on 1.2% nutrient agar to induce germination.

2.14 Germination of rice seeds

Rice seeds (varictes RCPL-1-87-8, DR-92, VL Dhan-81 and Synteng) were surface
sterilized by washing with distilled water, followed by 1% (v/v) sodium hypochlorite
sohtion for 5 munutes. Sterilized seeds were thoroughly rinsed in sterile distilled water. Seed
germmnaton was carried out on autoclhved perlite n glss beakers. The perlite was wrigated
wih a 10-fold dilution of autoclaved BG-11; medmum containing 2mM NaNOs; (nitrate
medum) which was buffered with equimolar concentration of HEPES. Germination was
carried out in culture room under fluorescent light (photon fluence rate of 50 umol m™ s7') at

25°C, at saturating relative humidity (Syiem 2005).

Fig 2.2: Rice seedlings being grown inside culture room.
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2.15 Co-cultivation of rice and cyanobacteria

10 days old seedlings of rice were uprooted from perlite and the roots were care fully
. washed with distilled water. For colonization experiments, five rice seedlings were
mntroduced into each of the 30 ml capacity culture tubes containing 20 ml media. The
cyanobacterial cells used for moculation were grown in batch cultures, harvested by
centrifugation, washed several times, and finally inoculated in the tubes containing rice
seedlings at a concentration of 1ug mf'. Co-cultivation was carried out at 25°C with the

plant roots exposed to light.

Fig 2.3: Co-cultivation of rice and cyanobacteria.
2.15.1Screening for symbiotic competence with rice plantlets

After ten days of co-culturing, roots were excised from the experimental rice
seedlings and washed for 1 minute in an ultrasonic bath (Power sonics 450) to remove
loosely associated cyanobacteria. Roots were immersed in 3 ml of methanol and kept at 4°C
overnight to extract chlorophyll @ from the cyanobacteria that remained tightly associated
with the roots. The roots were then dried at 25°C in an oven and root dry weight was
determined. Chlorophyll a estimated in this experiment was expressed as pg chlorophyll a

.g" root dry weight.
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2.15.2 Associative nitrogen fixation study

Nitrogenase activity of the tightly associated cyanobacteria to rice roots was
measured using acetylene reduction technique as described by Stewart et al 1967. The roots
used in the above section were used for associative nitrogenase activity study before they
were subjected to chlorophyll extraction. Nitrogenase activity was expressed as nmol C;Hy

produced. pg!' chlorophyll a.h!.

2.16 DNA fingerprints

PCR-based DNA fingerprint profiles were generated using STRR 1A as primer (3'-
CCCCTRACCCCTRACC-5") for the strains to establish the genetic identity of the
organisms (Rasmussen U and Svenning M M 1998).

2.17 Metal sorption studies by cyanobacteria

For metal absorption studies, the cyanobacteria were grown in light in presence of
half lethal dose (LDsg) of the heavy metal in the growth medium. The experimental flasks
were shaken for 24 h in a shaker and then centrifuged at 10,000g. The residual heavy metal
in the medium was determined by Perkin Elmer 3110 Atomic Absorption
Spectrophotometer (Zakaria 2001).

2.18 Scanning electron microscopy

Scanning electron microscopic studies were conducted at the Sophisticated
Analytical Instrumentation Facility, NEHU, Shillong. Samples were prepared for SEM using
the standard protocol for biological samples. The samples were subjected to primary fixation
in 2.5- 3% glutaraldehyde. Thes¢ were then washed in 0.1 M sodium cacodylate buffer.

Samples were dehydrated at 4°C by the following steps

38



30% acetone
50% acetone
70% acetone
80% acetone

90% acetone

95% acetone .

100% acetone

15 minutes x 2 changes
15 minutes x 2 changes
15 minutes x 2 changes
15 minutes x 2 changes
15 minutes % 2 changes
15 minutes x 2 changes

15 minutes x 2 changes

The dried samples were mounted on brass stubs and coated using gold (Fine coat ion sputter

JFC 1100). Samples were viewed in JEOL-JSM- 6360 Scanning Electron Microscope.

39



Chapter 3
Collection, isolation and purification of cyanobacteria

3.1 Introduction

This thesis involved studying the impact of different preservation methods on the
various groups of cyanobacteria. The first part of the work started with the collection of
cyanobacterial samples. This short chapter details collection, isolation, purification and
identification of different cyanobacteria. Collection of cyanobacteria was undertaken to
obtain representative members of different groups of cyanobacteria viz. unicellular,
filamentous non-heterocystous, filamentous heterocystous and filamentous branched
heterocystous cyanobacteria. Extensive collection was done from different locations within
the state of Meghalaya. Some samples were also collected from other states in India. Owing
to different altitudes, distinctive rainfall pattern and varied climatic and other ecological
conditions, the pool of cyanobacterial isolates was expected to be diverse in nature.
Favorable growth conditions, such as the water logged rice fields are known to host a wide
variety of cyanobacteria and therefore many rice fields were included in the list of sites from
which samples were to be collected. As cyanobacteria are ubiquitous in almost every
terrestrial and aquatic environment, many of the samples were isolated from differentAwater
bodies, including stagnant water holes, river banks, irrigation canals as well as, water bod ies
adjacent to rice fields and roadsides. Since many cyanobacteria that are capable of entering
symbi(;tic associations are known to undergo extensive morpho logical, physiological and
biochemical modifications, two symbiotic forms of cyanobacteria were isolated from
colloroid roots of cycas plants as well as from the Anthoceros punctatus gametophytic thalli

to assess efficiency of preservation methods in preserving such changes. Jakrem hot springs
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in West Khasi Hills, Meghalaya and Garampani hot springs in Karbi Anglong of Assam
were also chosen for collection as they represent extreme environments.

3.2 Isolation and purification of cyanobacterial samples

Collection was done in autoclaved sample containers. These samples were inoculated
in media under culture room conditions. Samplkes collected from hot springs were inoculated
in BG 11y as well in D-media and were kept at 25+2°C and also at 40°C to isolate any
cyanobacteria that are thermophilic in nature. After 8-10 days, visble cyanobacterial

filaments were then picked from the medium and purified using repeated pour phte and

serml dilution method until axenic cultures were obtained (Fig3.1).

Fig 3.1: Purification of cyanobacterial samples by pour plate and serial dilution method
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3.3 Identification of cyanobacterial samples

The cyanobacterial colonies were identified by light microscopic observation using
Olympus BX 51 light microscope. Purified cultures were used for the purpose of

dentification.
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Fig 3.2: Light microscopic pictures of some cyanobacterial isolates that were purified from
the collection. (i, 1L, iv, vii, X -4nabaena sp.; o, v, vi, xii - Nostoc sp.; viir Anabaena
cvcadeae; x- Nostoc muscorum; x+ Nostoc ANTH; xiii, xiv- Cvlindrospermum sp.; xv-
Tolvpothrix sp.; xvPlectonema borvanum: xvii- Microcysis sp.; xvit+ Gloeocapsa sp.; Xix,
xx- Calothrix sp.; xx+ Mastigocladus laminosus; xxi, xxii- Fischerella sp.; xxiv-
Westieollopsis sp.; xxv- Stigonema sp., Xxv1, xxvi- Scytonema sp.).
34 Maintenance of cyanobacterial cultures

The purified cultures were maintained in BG 11y media as batch cultures at 25=2°C
and at a photon fluence rate of 50 umol m™ s (Rippka et al 1979) (Fig. 3.3). The medium
was supplemented with SmM sodium nitrate for the non-heterocystous cyanobacteria.
Thermophilic cyanobacteria Mastigocladus laminosus isolated from the hot spring of
Jakrem, was maintained at 45°C in D-medium in batch cultures and with a photon fluence

rate of 50 ymol m” s™' (Castenholz 1981). This temperature was chosen after growing the

organism at different temperatures to find its ideal growing temperature.
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Fig 3.3: Maintenance of cyanobacterial cultures inside the culture room

3.5 Results and discussion

Cyanobacterm were randomly collected from forty one locations of ten different
states (Tabk: 3.1}

Table: 3.1 Stte wise nunber of collecton s#es of cvanobacteria

SL Ne. States co;::i:zrs‘;{es pH Range
1 Meghalava 16 52-7.0
2 Assam 10 42-58
3 Manpur 2 54-68
- West Bengal 3 55-68
5 Uttar Pradesh 3 6.5-95
6 Uttarak hand 2 56-7.1
T Delhi ) 7.5-83
8 Rajasthan 1 7.0-8.5
9 Punjab 1 7.8—8.5

10 Haryana 2 7.0-8.5

Number of locations was kept large to accommodate different ecological regions to

ensure diversity in the collection. A total of ninety cight isolates were purified which



include members of all groups viz. unicellular, filamentous non-heterocystous, filamentous

heterocystous, filamentous branched heterocystous and thermophilic cyahobacteria. Table

3.2 gives details of cyanobacterial collection for the study.

Table 3.2: Cyanobacterial samples collected from different ecosystems during the course of

study
SL. No | Sample (s) Origin of sample (s) Sample identified as

Rice fields. Near NEHU Campus. Anabaena oryzae

1. RF 1
Meghalaya

5 REF 2 Rice fields. Near NEHU Campus. Plectonema boryanum
Meghalaya
Rice fields. Near NEHU Campus.

3. RF3 Meghalaya Nostoc sp.
Rice fields. Near NEHU Campus. Anabaena oryzae

4, RF4 .
Meghalaya
Rice fields. Near NEHU Campus.

5. RF5 Meghalaya Aphanothece sp.
Rice fields. Near NEHU Campus.

6. RF6 Meghalaya Nostoc sp.

‘ Rice fields. Near NEHU Campus. Anabaena sp.

7. RF7
Meghalaya

8. RFS Rice fields. Near NEHU Campus. Calothrix sp.
Meghalaya
Rice fields. Near NEHU Campus.

9. RF9 Meghalaya Nostoc sp.

10, RF10 Rice fields. Near NEHU Campus. Nostoc sp.
Meghalaya

11. RF11 Umkhen. Jaintia Hills. Meghalaya. Tolypothrix sp.

12. RF]2 Umium. Ri Bhoi. Meghalaya. Nostoc sp.

13. RF13 Nongstoin. West Khasi HilJs. Meghalaya. | Anabaena sp.

14. RF 14 Mawphlang East K hasi Hills. Meghalaya. | Nostoc sp.

15. RF15 Syntu Ksiar. Jaintia Hills. Meghalaya. Anabaena sp.

16. RFI16 Syntu Ksiar. Jaintia Hills. Meghalaya. Nostoc sp.

17. RF17 Syntu Ksiar. Jaintia Hills. Meghalaya. Anabaena sp.

18. RFI18 Syntu Ksiar. Jaintia Hills. Meghalaya. Nostoc sp.

19. RF19 Syntu Ksiar. Jaintia Hills. Meghalaya. Nostoc sp.

20. RF20 Syntu Ksiar. Jaintia Hills. Meghalaya. Gloeacapsa sp.

21. RF21 Syntu Ksiar. Jaintia Hills. Meghalaya. Anabaena variabilis

22. RF22 Rice fields. Guwahati, Assam Nostoc sp.

23. RF23 Rice fields. Guwahati, Assam Nostoc sp.

24. RE24 Rice fields. Sonapur, Assam Anabaena sp.

25. RF25 Rice fields. Sonapur, Assam Plectonema sp.

26. RF26 Rice fields. Sonapur, Assam Nostoc sp.
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Rice fields. Bagori Assam

27. RF27 Nostoc sp.
28. RE28 Rice fields. Bagori Assam Calothrix sp.
29. RE29 Rice fields. Dergaon, Assam Westiellopsis sp.
. Cylindrospermum
30. RF30 Rice fields. Dergaon, Assam fertilisma
31. RF31 Rice fields. Golaghat, Assam Anabaena sp.
32. RF32 Rice fields. Golaghat, Assam Plectonema sp.
33. RF33 Rice fields. Nambor, Assam Anabaena variabilis
34, RF34 Rice fields. Nambor, Assam Nostoc sp.
35. RF35 Rice fields. Nambor, Assam Nostoc sp.
36. RF36 Rice fields. Jorhat, Assam Fiscerella sp.
37. RF 37 Rice fields, Jowai, Meghalaya Anabaena variabilis
38. RF 38 Rice fields, Jowai, Meghalaya Nostoc sp.
39. RF39 Rice fields. Imphal. Manipur Tolypothrix sp.
40. RF40 Rice fields. Imphal. Manipur Fischerella sp.
4]. RF41 Rice fields. Imphal Manipur Fischerella sp.
42. RF42 Rice fields. Imphal. Manipur » | Anabaena oryzae
43. RF43 Rice fields. Imphal Manipur Tobypothrix sp.
44. RF44 Rice fields. Imphal. Manipur Nostoc sp.
45. RF45 Rice fields. Imphal Manipur Nostoc sp. -
46. RF39 Rice fields. Imphal Manipur Nostoc puntiformi
47. RF40 Rice fields. Manipur &y lmflrosp ermum
muscicola.
48. RF41 Rice fields. Manipur Cylindrospermum sp.
Coal mining site. Cherrapunjee. East
49. CM1 khasi hills. Meghalaya. Anabaena sp.
Coal mining site. Cherrapunjee. East
0.1 CMZ | 4hasi hills. Meghalaya, Nostoc sp.
Coal mining site. Jowai. Jaintia Hills.
51. CM3 Meghalaya. Nostoc sp.
Coal mining site. Ladrymbali Jaintia
52. CM4 Hills. Meghalaya. Nostoc sp.
Coal mining site Ladrymbai. Jaintia
53. CM5 Hills. Meghalaya. Nostoc sp.
54. CM6 Coal mining site Khliehriat. Jaintia Hills. Anabaena sp.
Meghalaya.
55 CM7 Coal mining site Khliehriat. Jaintia Hills. Anabaena sp.
Meghalaya.
56, CMS Coal mining site Khliehriat. Jaintia Hills. Anabaena sp.
Meghalaya.
57, CM9 Coal mining site Jowai Jaintia Hills. Nostoc sp.
Meghalaya.
58. 71 Tree bark. Shillong Nostoc sp.
59. 2 Tree bark. Shillong Nostoc sp.
60. 73 Tree bark. Assam. Scytonema hofmanai
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61. T4 - Tree bark. Assam. Scytonema sp.
Haphalosiphon
62. UPI Mustard field Meerut, (Uttar Pradesh) laminosus
63. UP2 Mustard field Meerut, (Uttar Pradesh) Nostoc sp.
64. UP3 Adjoining the highways, Roorkee, Uttar Nostoc sp.
Pradesh
65. UP4 Wheat fields on the Delhi-Agra highway Anabaena sporides
From waters close to the banks of the e
l
66. Ganga 1 river. Haridwar. Uttarakhand. Anabaena fertilissma
From waters close to the banks of the
67. Ganga 2 river. Haridwar. Uttarakhand. Nostoc sp.
From waters close to the banks of the
68. Ganga 3 river. Haridwar. Uttarakhand. Nostoc sp.
From waters close to the banks of the ‘
69. Ganga 4 river. Rishikesh. Uttarakhand. Nostoc sp.
Wet soils onriver bank. Rishikesh.
70. Ganga 5 Uttarakhand. Nostoc sp.
71. K1 Stagnant water, Road side, Kolata. Fischerella sp. -
Stagnant water, Residential location, .
72. K2 Kolkata. Fischerella sp.
73 K3 Water sample from ornamental water Tolypothrix tenuis
: body in a residential area, Kolkata.
Water sample from ornamental water .
74. K4 body in a residential area, Kolkata. Fischerella sp.
Water sample from ornamental water
7. ks body in a residential area, Kolkata. Nostoc sp.
Water sample from ornamental water
76. K6 body in a residential area, Kolkata. Nostoc sp.
Water sample from ornamental water
77 K7 body in a residential area, Kolkata. Nostoc sp.
78, Hi II\{Austard fields adjoining the highways. Anabaena sp.
aryana
79, 0 Mustard fields adjoining the highways. Nostoc sp.
Haryana 4
30. H3 Water holes adjoining highways. Nostoc commune
Haryana
81. I I\-)\I/ater holes adjoining highways. Nostoc sp.
aryana
82. Pl Mus.tard fields adjoining the highways. Anabaena sp.
Punjab
. Soil Sample. BITS Campus. Pilani, . .
83. Rajl Rajasthan. Microcystis sp.
. Water sample BITS Campus. Pilani, . .
84. Raj2 Rajasthan. Microcystis sp.
85. Raj3 Soil Sample BITS Campus. Pilani, Microcystis sp.
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Rajasthan.
. Water sample. Heritage park. Pilani . .
86. Raj4 Rajasthan. Microcystis sp.
g7 Rajs E/a?;esrt S::_lple Heritage park. Pilani, Microcystis sp.
. Soil Sample Heritage park. Pilani, - .
88. Rajo Rajasthan. Microcystis sp.
80, Raj7 I\{Vaj}:; l?erlr.lple Heritage park. Pilani Microcystis sp.
90. NAl From Anthoceros punctatus INEHU) Nostoc sp.
91. NA2 From Anthoceros punctatus (NEHU) Nostoc ANTH
9. ACI Frqm Roots of cycas tree (A. G Office, Anabaena cycadeae
Shillong)
.| From Anthoceros punctatus
93. NA3 (Mawphlang) Nostoc sp.
Jakrem hot spring. West Khasi Hills. Mastigicladus
94. HS1 _ .
Meghalaya. laminosus
Garampani hot spring. Garampani wild . .
9. Hs2 life sanctuary. Karbi Anglong. Assam. Oscillatoria sp.
Garampaniriver bank. Garampani wild
9. HS 3 life sanctuary. Karbi Anglong. Assam. Nostoc sp.
Garampani hot spring. Garampani wild g
o7 HS 4 life sanctuary. Karbi Anglong. Assam. Phormidium sp.
98. NM From Banaras Hindu University Nostoc muscorum

Sixteen different genera of cyanobacteria were present in the collection. Most genera
were limited in number except members of the genera Nostoc and Anabaena. The genus
Nostoc was found to be predominant in all locations. 43.87% of the total collection belonged
to this genus. Next most abundant genus was Anabaena. It was close to 22% in the
collection and thus a large difference in abundance was seen between these two genera even
though most of our collection sites were rice fields where both these genera have been
reported to be plentiful in all stages of crop growth and fertilizer treatments (Nayak et al
2001; 2004). However, in our case maximum sample collection was done from Meghalaya
and Assam where the soil and water pH was recorded in the acidic range (Table 3.1). Thus,

pH seems to be the factor determining the relative abundance and diversity of cyanobacteria

in any given location. That Nostocsp. and Anabaena sp. are highly .competitive and versatile - -
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diazotrophic cyanobacteria and inhabit all types of environments is a well established
observation. The overwhelming abundance of Nostoc sps. in all sites indicated their fierce
competitiveness and strength of adaptability to a range of environmental variations that may
surpass even that of Anabaena sp. Fimding Microcystis sp. as the next largest contributor in
our collection was misleading as we found all samples collected from Pilani (Rajasthan)
contained only Microcystis sp., and this genus was completely absent m all other samples.
Ths may represent a umque scenario where profuse AMicrocystis bloom completely wiped
out all other forms of cyanobacteria in the collection sites. The overall generic diversity and

percent abundance of various cyanobacteria 1s depicted m Fig. 3.4.

® Anabaenasp

¥ Aphanotheccae sp

o. ¥ Calodmrs sp

¥ Cvlndrospeamsm sp

5 Frshcherellasp

= Gloeocapsasp

& Hapalosiphon sp

~ E\ashgocladus p
Acrocy 1S sp

8 Nostoc sp

s Dszcillatoriasp

* Phommdrun sp

Fig.3.4: Overall generic diversity and percent abundance of various cyanobactera in the
collection

The mam objective behind 1solation of cyanobacteria from different regions was to
obtain a set of diverse cyanobacterial strams whose composition has been shaped by
different environmental conditions. Whether preservation techniques employed in the
following section could ensure retention of inherent and acquired characters was studied by
regenerating preserved cyanobacteria from time to time and selected attributes were
evaluated and compared with that of free-living control cultures. For this, representatives of

various cyanobacterial groups viz. unicellular (Gloeocapsa sp.), non-heterocystous
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(Plectonema boryanum), heterocystous (Nostoc muscorum; Anabaena variabilis), branched
heterocystous and thermophilic cyanobacteria (Mastigocladus laminosus) were selected
from the collection. That any giveri method of preservation holds good for one or all the
cyanobacterial groups was evaluated by preserving various representative members using
the method. Five established methods were tried to preserve the various members.
Following chapters describes in detail the results of experiments conducted to study the
efficiency of preservation methods and compares their performance with respect to each
other.

3.6 Salient findings

e Samples were collected from forty one distinct environmental locations from ten

different states.
e A total of ninety eight cyanobacteria were isolated and purified.
® These include members ofboth aquatic and terrestrial habtats.

¢ Three members of thermophilic cyanobacteria were isolated from hot springs in
Meghalaya and Assam.

® All groups of cyanobacteria were represented in the collection.

® Gloeocapsa sp., Plectonema boryanum, Nostoc muscorum; Anabaena variabilis and
Mastigocladus laminosus were selected as members representing unicellular,
filamentous non-heterocystous, filamentous heterocystous, filamentous branched

heterocystous thermophilic cyanobacteria respectively for further study involving

preservation.
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Chapter 4

Preservation of cyanobacteria using different laboratory

methods

4.1 Introduction
Microalgae, including cyanobacteria, are employed in a broad range of
biotechnological applications (Cohen 1999; Richmond 2004). Diverse areas in which
cyanobacteria find putative applications include agriculture, health, in production of various
bioactive compounds with anti-plasmodic (Papendorf et al 1998), anti microbial (Patterson
et al 1994; Kajiyama et al 1998; Jaki et al 2000), antioxidant and antica_ncer (Gerwick et al
1994) activities. In the field of agriculture, cyanobacteria are currently being used as a
biofertilizer in rice crops in many Asian countries (Mishra and Pabbi2004; Chuﬁleuchanon
et al 2003), with potential applicatioﬂs in Spain (Fernandez-Valiente et al 2000) and more
recently in South America (Irisarri et al 2001). They are involved in the production of many
commercial and laboratlory chemicals, in waste and effluent water treatment (Fatma 1999;
Shah et al 2001; Sadettin and Domez 2006; Prassana et al 2000) and in bioremediation of
toxic compounds. Recent studies have shown that oil-polluted sites are rich in
cyanobacterial consortia capable of degrading oil components and other complex organic
compounds such as surfactants and herbicides (Yan et al 1998; Radwan and Al-Hasan 2000;
Raghukumar et al 2001; Mansy and 4E1-Bestway 2002). Hydrogen produced by
cyanobacteria has been considered as a very promising source of alternative energy (Dutta et
al 2005). The advantages of using biological hydrogen as fuel are its eco-friendly nature,
efficiency, renewability and the absence of carbon dioxide emission during its production

and utilization (Lindbald 1999). In addition, several strains of cyanobacteria are. known to
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accumulate poly-hydroxyalkanoates, which can be used as a substitute for non-
biodegradable petrochemical-based plastics (Doi 1990). In the last few yearé, cyanobacteria
have gained much attention as a rich source of many bioactive compounds and have been
considered as one of the most promising groups of organisms to produce them (Bhadury et
al2004; Dahms et al 2006; Singh et al 2005).

Consideriﬁg the immense application potential of cyanobacteria, large number of
laboratories across continents is involved in elucidating various applicable traits of
cyanobacteria. However, not all cyanobacterial strains are equally competent for a particular
application. Thus, a range of cyanobacterial strains must be evaluated for each application to
short list the best possible candidates. This requires elaborate collection, purif;cation and
maintenance of different cyanobacterial strains. The most common method for maintenance
is serial sub-culturing of actively growing cultures in batches (Lorenz et al 2005). However,
keeping large number of purified straﬁw as batch cultures requires sizeable space. And
keeping many cultures in close proximity in culture rooms leads to increased chances of
contamination as well as mislabeling (Acreman 1994). In addition, maintaining microbes for
a long time under optimal conditions may lead to loss of crucial characters that an organism
might have acquired under exposure to unique environmental conditions over a period of
time (Smith 2004; Day et al 2005). Thus, the phenotypic and genetic stability of any strain
cannot be guaranteed over years of routine maintenance under optimal conditions (Day and
Brand 2005). Serial sub culturing is also labor intensive requiring input of significant
number of working hours.

Another popular method of preservation of cyanobacteria is maintaining them on

agar slants whenever they are required to be stored for a considerable period of time. Yet
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other methods of preservation include lyophilization, cryopreservation and immobilization
of cyanobacterial cells on three-dimensional gel matrices.

The above mentioned methods of cyanobacterial preservation have been found to be
reliable under laboratory condition to a certain extent with their associated problems
mentioned earlier. However, time period up to which a strain can be maintained without loss
of any phenotypic and genetic c.;haracters using these preservation techniques has not beer.l
worked out in detail. Also, no systematic study has been published recording any
alteration(s) in and/or reduction of expression (if any) of any significant character of a strain
under preservation. This work was aimed at studying efficiency of five popular methods in
preservation of cyanobacteria. A thorough and extensive study was carried out on
representative members of five distinct groups of cyanobacteria. Each member was
preserved using all five methods. Preserved material was regenerated in defined interval of
time over a period three years and various vital characters were studied in the regenerated
samples and the results were compared with their free-living counterparts. To improve their
suitability, modifications were intfoduced in some of these techniques. At the end of the
study, the preservation fech'niques were also compared to each other to list them according
to their suitability, performance, time period upto which they can be employed, ease of
handling and storage of the material preserved.

This section of the thesis gives details of experiments carried out on preservation of
cyanobacteria. The methods that have been used for preservation are:

.1. Preservation on agar: improvisation of agar slant method into dehydrated
- agar cubes for longer and convenient storage.

2. Immobilization
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(a) Incalcium alginate beads
(b) In foam cubes
A3. Cryopreservation
(a) Preservation by maintaining in 15% glycerol
(b) Preservation by maintaining in 5% DMSO
Five cyanobacterial strains- viz. Nostoc muscorum and Anabaena variabilis

(filamentous heterocystous), Mastigocladus laminosus (filamentous branched heterocystous;
thermophilic), Plectonema boryanum (filamentous non-heterocystous) and Gloeocapsa sp.
(unicellular) were preserved in the above mentioned methods and selected characters of
these organisms were studied in the regenerated samples. The preservation methods were
systematically evaluated for their efficiency in preserving organisms under study.

42  Preservation in modified agar

Cyanobacterial cells were kept on slénts prepared in nutrient agar (1.5%). As slants
require substantial space for maintaining large number of cultures, a modification was
introduced in preparation of nutrient agar. The concentration of agar was increased (2.5%) to
achieve a denser agar solution. Agar cubes containing embedded cyanobacteria were
prepared as described in chapter 2. These cubes were left to air dry for 24 h inside laminar
flow cabinet. Agar flakes thus obtained after drying were stored in sterile glass vials at room
temperature. *

Samples were regenerated every three months up to a period of three years and
different parameters were studied to evaluate if any noticeable changes had occurred in the

preserved organism(s). -
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4.2.1 Results

Growth, heterocyst frequencies, nitrogenase activities, photosynthetic oxygen
evolution and consumption and activities of enzymes — glutamine synthetase (transferase),
nitrate reductase and nitrite reductase were studied and results are discussed below.
42.1.1 Growth

Growth was measured as increase in their chlorophyll a content. All regenerated
samples showed comparabk chlorophyll a content to their free-living batch cultures during

ther exoonential phase of growth

Ka) (b)

Freshly embedded\-.
| cyanobacterial fil

Fig 4.1: Cyanobacterial cultures immobilized in agar cubes and ther subsequent
regeneration. (a) Dried agar flakes (b) cyanobacterial cells growing out of agar cubes after
flakes were introduced into fresh medium (c) freshly embedded Nostoc filament in agar as
scen under scanning clectron microscope (d) Scanning electron micrograph showing
regencration of Nostoc filaments from agar flakes after one year of immobilization.
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Fig 4.2: Growth curves of (a) Nostoc muscorum (NM) (b) Anabaena variabilis (AV) (c)
Mastigocladus laminosus (ML) (d) Plectonema boryanum (PB) and (e) Gloeocapsa sp. (G
sp.) regenerated from immobilization in agar flakes as compared to their free-living
counterpart. [In the figures ‘c’ denotes control free-living culture; ‘a’ refers to agar flakes
and ‘1, 2, 3’ indicates samples regenerated after first, second and third years of
preservation. Mastigocladus laminosus was kept at 45°C for all studies. An initial inoculum
of 0.4ug/ml was used in all cases. ]
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Cyanobacterial filaments were seen emerging from agar flakes within 5-7 days of
inoculation to nutrient media (Fig 4.1 b). A comparative growth profile is given in the Fig
4.2. Growth of Nostoc muscorum and Anabaena variabilis regenerated after one year of
preservation quickly matched that of their controls maintained in batch cultures. A
compérison of chlorophyll a content on day ten among the cultures regenerated after 1, ond
and 3" years of preservation.showed that growth was decreased by ~15%, 27% and 6:’2%
respectively in Nostoc muscorum. For Anabaena variabilis these values were ~15%, 33%
and 50% respectively. However, upon subsequent sub-culturing all cultures showed growth
equal to their controls. The 1%t and 2°¢ year cultures needed only two stages of sub-culturing
to match the chlorophyll a value to their free-living counterparts. In case of Mastigocladus
laminosus an extended lag period was seen whenever these cultures were transferred to fresh
media. The same trend was followed by all its regenerating samples. Growth was reduced in
regenerated cultures of Mastigocladus laminosus as welll, however complete recovery was
seen upon subsequent transfers. A comparison of chlorophyll a among all groups of
cyanobacteria under study regenerated after one year of preservation showed best
regeneration capability in Plectonema boryanum, closely followed by Aﬂabaena variabilis.
In all cultures, regeneration took longer time as the period of preservation increased (2™ and
3™ years). These cultures showed a long lag phase of growth. This extended lag period was
seen only in cultures regenerated directly from preserved material. Free-living regenerates

however, matched the growth pattern oftheir control cultures upon successive sub culturing,
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42.12 Heterocyst frequency and nitrogenase activity
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Fig 4.3: Heterocyst frequency of samples regenerated from agar flakes (a) Nostoc muscorum
(b) Anabaena variabilis (¢) Mastigocladus laminosus [ In fig. column 1 represents the

control, column 2 ,3 and 4 represents samples regenerated at the end of one, two and three
years respectively.]

Fig 4.3 shows a comparison of the heterocyst frequency of the experimental samples
regenerated at the end of first, second and third years of immobilization in agar flakes. In
each case, the regenerated samples were compared to the free-living counterparts taken as
control It was seen that in case of Nostoc muscorum heterocyst frequency was comparable
to its control in cells regenerated after one year of preservation (Fig4.3 a). This was true for
Anabaena variabilis as well (Fig 4.3 b). Heterocyst frequency was completely maintained in

all Anabaena variabilis cells regenerated even after three years of preservation (Fig 4.3 b).
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But, occurrence of double and multiple heterocysts were common in many regenerated
filaments of Anabaena variabilis. In Nostoc muscorum and Mastigocladus laminosus
regenerates a successive drop in the heterocyst frequency was seen as the period of
preservation increased (Fig 4.3 a, c).

Fig 4.4 shows the nitrogenase activities of the regenerated cultures of the
experimental cyanobacterial samples under stuéy. A feature common to all the regenerated
samples was the gradual drop in the nitrogenase activity with increase in the duration of the
preservation time. While in Nosfoc muscorum decline in the nitrogenase activity was
between 30-65% (Fig 4.4 a), it was between 20-35% in Anabaena variabilis in the samples
regenerated during the three years of preservation (Fig 4.4 b). Best nitrogenase activity was
maintained in regenerated cells of Plectonema boryanum followed by Gioeocapsa sp. The
decline of nitrogenase activity was between 4-25% in Plectonema boryanum when
maintained in 12h light/dark cycle (Fig 4.4 d). This reduction was between 7-45% in
Gloeocapsa sp. (Fig 4.4 e). Thus, looking at values of chl a and nitrogenase activity in

regenerated cultures, Plecfonema boryanum among the cyanobacteria studied performed

best when preserved in agar flakes.
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42.1.3 Photosynthesis and respiratory activities

Table 4.1 a: Photosynthesis and respiration of Nostoc muscorum immobilized in agar cubes.

Control

Regenerated sample

Control

I Regenerated sample

(Photosynthetic oxygen evolution (nmol O_

Respiratory oxygen consumption (nmol O, .
consumed pg’ chia h')

evolved pg”’ chla h')
Istyear| 437+3.1 42742.9 41343.2 395 42.5
2 year| 439%28 403 42.6 425433 388 £2.5
3 year|  M6+2.6 39742.6 417 43.1 317£1.9

Table 4.1 b: Photosynthesis and respiration of Anabaena variabilis immobilized in agar

cubes.

Ceontrol Regenerated sample Control Regenerated sample
(Photosynthetic oxygen evolution (nmol O, | Respiratory oxygen consumption (nmol O2
evolved pg' chla h) consumed pg’' chla h")
Ist year 442 £3.3 421432 417 £2.5 402 +2.4
2 year| 4035 421432 41542.5 375+2.4
3" year 440 4.1 387 +3.4 41342.7 354 2.3

Table 4.1 c: Photosynthesis and respiration of Mastigocladus laminosus immobilized in

agar cubes.

Control

Regenerated sample

Control

TRege nerated sample

(Photosynthetic oxygen evolution (nmol 0O,

evolved pg' chla h)

Respiratory oxygen consumption (nmol 0O,
consumed pg”' chla h?)

Istyear | 281 4.1 247235 308 £2.3 346 2.5
2" year 278+4.3 239 3.3 304 £2.5 342425
3 year 281 +4.2 229 +3.3 39042.7 33242.7

Table 4.1 d: Photosynthesis and respiration of Plectonema boryanum immobilized in agar

cubes.
Control Regenerated sample Control I Regenerated sample
(Photosynthetic oxygen evolution (nmol O, | Respiratory oxygen consumption (nmol O,
evolved pg' chia h') consumed pg’' chla h)
1st year 402+2.8 387+ 3.1 378 £2.1 369 £2.6
2 year| 400238 385 43.0 373 42.1 354 +2.4
3° year 400 £2.5 379 42.8 374 42.5 323 42.2
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Table 4.1 e: Photosynthesis and respiration of Gloeocapsa sp. immobilized in agar cubes.

Control Regenerated sample Control Regenerated sample
(Photosynthetic oxygen evolution (nmol O_ | Respiratory oxygen consumption (nmol 02
evolved pg"' chla h') consumed pg” chla h')
Ist year 396 +2.1 393 £2.5 342 +£3.2 34533
2" year 39542.4 38542.5 340 43.5 351 +3.4

Table 4.1 a,b, c,d and e rep'resents the oxygen evolution and consumption activities
of the regenerated samples. As the duration of the storage period increased, a subtle drop in
these activities was noticed in all the regenerated cultures. A comparison of these activities
onday six in regenerated samples at the end of the third year of preservation revealed tﬁat in
Nostoc muscorum photosynthetic activity was compromised by a value of ~10% while a
~25% decrease in respiratory oxygen consumption was seen in the same organism. In
Anabaena variabilis both these activities were compromised by a ~12% decrease in oxygen
evolution and ~14% in oxygen consumption activities. Similar trend was followed by
regenerated cells of Mastigocladus laminosus (~18 % in oxygen evolution and ~15% in
oxygen consumption activities) and Gloeocapsa sp. (~11% and ~7% in oxygen evolution
and oxygen consumption activities respectively). Plectonema boryanum cells showed
greater difference in these two activities (~5 % and ~14% respectively) thus, following the
pattern a.s in Nostoc muscorum. Thus, in immediate regenerates of all samples,
photosynthetic activity recovered better than the respiratory activity. Respiratory oxygen
evolution in immediately regenerated cells was most affected in Nostoc muscorum when

preserved in agar cubes.
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42.14 Glutamine synthetase (fransferase) (GS), nitrate reductase (NR)

and nitrite reductase (NIR) activities

Table 4.2 a: Enzyme activities of Nostoc muscorum regenerated from agar cubes.

Controtl Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity. activity synthetase reductase reductase
actilv‘itty (n lmol (nmol N'Oz- (nmo! Noz- tratx}s_ierazse 1 activity ] activity )
-glutal - ctivity (nmol y- y
horosyuate | formed/min/ | consumed/min/ | gy ey )" | (moINO, ] (smOINO,
formed/min mg protein) | mg protein) hydroxy mate formed/min/m consumef:l/min/
/mg protein) formed/min /mg | & Protein) mg protein)
protein)
Ist
year 767 +£5.5 2.4 0.1 547+ 3.2 722 +5.3 1.9 +0.04 530 £3.2
ad
2 year 763 5.3 - 2.3+0.13 542 +3.1 715 5.1 1.2 +0.03 529 +£3.3
rd
3 year 763 £5.3 2.340.1 546 +3.3 635 £5.1 1.1+0.03 520 +£3.3

Table 4.2 b: Enzyme activities of Anabaena variabilis regenerated from agar cubes.

Control Control Control Regenerated Regenerated | Regenerated
Glutamine . Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
activity (nmol (nmol NO . (nmol NO : transferase activity activity
y-glutamy 1 2 2 activity (nmol INO INO
hydroxymate | formed/min/ | consumed/min/ | . _ojutamy1 (nmo 2 (nmol NO, .
formed/ min mg protein) | mg protein) hydroxy mate formed/min/m | consumed/min/
/mg protein) formed/ min /mg g protein) mg protein)
protein)
1
y:;r 765+ 5.6 2.5+0.11 554 £3.4 712 +£5.6 1.6 £0.07 532 42.5
nd
2 year 757 £5.7 2.3+0.12 547 £3.3 707 £5.8 1.4 +0.05 524 £2.7
rd
3 year 763 £5.5 2.3+0.11 545 £3.1 654 +5.8 1.4 £0.05 521 +£2.4
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Table 4.2 ¢: Enzyme activities of Mastigocladus laminosus regenerated from agar cubes.

Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite -
transferase activity activity synthetase reductase reductase
actilvity (n lmoI (nmol Noz- (amo'l Noz- trar.xs .ferase | activity ) activity )
-glut tivit
oy mate | formed/min/ | consumed/min/ | 2% T | @moINO, | (amoINO,
formed/ min mg protein) | mg protein) hydroxy mate formed/min/m | consumed/min/
/mg protein) formed/min /mg | & Protein) mg protein)
) protein) .
yleS;r 2346 + 123 8.79 +1.3 157.43+1.4 2113 £122 8.23 +1.1 151.16 1.2
—
2 2337+ 122 8.71 £1.2 152.42 1.2 2112 £126 8.12 1.1 143.78 £1.2
year
rd
3 year 2343 + 125 8.71 £1.5 151.21 1.2 1987 £125 7.11 £1.2 12341 +1.4

Table 4.2 d: Enzyme activities of Plectonema boryanum regenerated from agar cubes.

Control Control Control Regenerated Regenerated | Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actilv itty (n 1mol (nmol NOZ- (amo! Noz- trar‘ls ferase | activity ) activity )
-gluta: tIvit
zyg drox;?nate formed/min/ | consumed/min/ ifgll‘(lllt ;,ng: lmo (nmolNO, (nmoINO,
formed/min mg protein) | mg protein) hydroxy mate formed/min/m | consumed/min/
/mg protein) formed/min /mg g protein) mg protein)
protein)
ylesatr 729 3.2 2.1+1 521423 721 £3.1 2.1+0.7 518 £2.1
nd B
2 729 +£3.4 2.1+0.8 52042.2 720 £2.9 1.8+0.9 505 +£2.1
year
d
3r year 725 £3.4 2.1+0.8 517 £2.1 689 £2.8 1.0+0.9 478 £2.1




Table 4.2 e: Enzyme activities of Gleocapsa sp. regenerated from agar cubes.

Regenerated

Control Control Control Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actilv itty (n lmol (nmol NO’- (amol NOZ' trar.ls.ferazse 1 activity ) activity ]
y-glutamy 2 ) activity (nmo nmo | NO nmol NO
hydroxy mate formed/ rr}ln/ consumefi/mm/ y-glutamy | ( 2 ( 2
formed/min mg protein) | mg protein) hydroxy mate formed{ min/m consumefi/mm/
/mg protein) formed/min /mg g protein) mg protein)
protein)
Ist
year 32943.1 1.1 0.5 221 #1.1 32043.8 1.1+£0.4 220 +1.1
nd
2 32029 1.1+0.5 220 +1.1 320 +£2.7 1.2+0.3 217 £0.7
year

Table 4.2 a, b, c, d and e shows the enzyme activities of all the regenerated samples.
Like all other biochemical characters preservation did affect various enzyme activities. A
slight reduction in their activities was recorded in all samples directly regenerated from
preserved agar. However, this decline in activities was not permanent as subsequent

generations of cells showed comparable enzyme activities to their free- living controls.

4.3  Immobilization in calcium alginate beads

Exponentially growing cultures of cyanobacteria was used for immobilization in
calcium alginate beads (details given in chapter 2). The alginic acid solution was made in
BG-11; for entrapment of the heterocystous cyanobacteria, and supplemented BG-11 media
(with 5SmM NaNOsj for fhe non-heterocystous ones). For Mastigocladus laminosus, D-
medium was used). The dried beads were stored in sterile vials in room temperature and in
dark (Fig 4.5 a). As in the case of agar, cells were regenerated from alginate beads every
three months to study the performance of calcium alginate as preserving material for

cyanobacteria.
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a b
Fig 45: Immobilization of cyanobacteria m cakium algmate beads (a) large number of
dred beads comaming different cyanobacterial strains were stored in eppendorf tubes (b)
regenerstion of cyanobacteri from one year old dried beads. The picture was taken after
eigne d=ys of transferrmg the beads to fresh medmm.

43.1 Resuits

All cyanobacterm under study exhibzed almost complkte retention of characters
when regenerated from mmmobilization m calcwm algmate. Freshly regenerated samples
showed shghtly reduced actrvities which completely recovered upon transfer to new medn.
No significangly perceptibk changes were observed in the preserved cells. The results
preseted here are for cultures that were regenerated afier one, two and three years of
preservation
43.1.1 Growth

Filaments were seen emerging out of the alginate beads within 5-10 days after
preserved beads were mtroduced into fresh media (Fig 4.5 b). The length of time under

storage determined the time the cells took to regenerate into viable filaments. Beads

introduced into medium after one year of preservation took ~5- 6 days to regenerate while it



took 8-10 days for two years old sample. Almost 12-14 days was required in case of samples

that were kept for three years in the preserved state.

(f)

(g)

Fig 4.6: Scanning electron micrograph (JEOL JSM 6360, SAIF, NEHU) of cyanobacterial
cells immobilized in calcium alginate bead (1 year old sample): (a, b) SEM of dried calcium
alginate bead, (c, d) cyanobacterial filaments embedded within the matrix of a calcium
algmate bead, (¢) emerging cyanobacterial filament regenerating from a calcium alginate
bead reinoculated into fresh media, (f g, h) healthy regenerating cyanobacterial filaments
seen emerging from calcium alginate bead.
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Fig 4.7: Growth curves of (a) Nostoc muscorum (NM) (b) Anabaena variabilis (AV) (c)
Mastigocladus laminosus (ML) (d) Plectonema boryanum (PB) and (e) Gloeocapsa sp.

(Gsp.) regenerated from immobilization in calcium alginate beads as compared to their free-
living counterpart. [In fig, “b” refers to calcium alginate beads and “1, 2, 3” indicates

samples regenerated after first, second and third years of preservation. An initial inoculum

of 0.4ug/ml was used).
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Fig 4.6 shows scanning electron micrographs of the different stages of regeneration
of Nostoc from filaments immobilized in calcium alginate beads after one year of storage. A
closer look at the dried bead showed déhydrated cyanobacterial filaments embedded in the
inner matrix of the calcium alginate bead (Fig 4.6 ¢, d). When introd;xced in the suitable
liquid media the dried beads swelled up and green cyanobacterial filaments were seen
en;erging out of the beads into the media (Fig 4.6 e). Profus.e growth of healthy filaments
was noticed within a week to ten days after the beads were introduced in fresh media (Fig
4.6 f, gh).

Chlorophyll @ was considered as a parameter in measuring growth in cyanobacteria.
Fig 4.7 gives detailed growth pr.oﬁles of all the cyanobacteria used for the study. In
Anabaena variabilis and Plectonema boryanum, chlorophyll a values were identical in
samples regenerated after one, two and three years of preser\;ation to their control cultures.
In Nostoc muscorum, the lag period was slightly longer but the growth was similar to its
control culture by day 12. In Mastigocladus laminosus and in Gloeocapsa sp. growth of
regenerated samples after 1% and 2™ years of preservation was similar to their free-living
cultures. However, a minor decline was seen in the growth of cultures after three years of

preservation. All regenerated cultures showed complete recovery in the very next sub

culture.

4.3.1.2  Heterocyst frequency and nitrogenase activity

Fig 4.8 gives an idea about heterocyst frequency of the regenerated cultures. The
heterocyst frequency was maintained at the value of free-living cultures in Anabaena

variabilis and Nostoc muscorum. In Mastigocladus laminosus, a drop of ~10% was noticed
in the sample regenerated after three years.
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Fig 4.8: Heterocyst frequency of samples regenerated from calcium alginate beads (a)
Nostoc muscorum (b) Anabaena variabilis (c) Mastigocladus laminosus [ In fig. column 1
represents the control, column 2 ,3 and 4 represents samples regenerated at the end of one,
two and three years respectively.]

Nitrogenase activity was maintained at their control value in regenerates of Nostoc
muscorum and Mastigocladus laminosus. Decline in nitrogenase activities of Anabaena
variabilis, Plectonema boryanum and Gloeocapsa sp. were ~5%. It seems that
immobilization in calcium alginate beads has similar stabilizing effects on all the

cyanobacteria and calcium alginate as a preserving material present less stress on the

immobilized organisms (Fig 4.9).
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4.3.1.3 Photosynthetic and respiratory activities

When photosynthetic and respiratory activities of the immediately regenerated
samples were compared with their free-living counterparts, following observations were
noticed. In Nostoc muscorum respiration was more affected than its photosynthesis (Table
4.3 a). In Anabaena variabilis both phqtosynthetic oxygen evolution and respiratory oxygen
consumption values were maintained close to their control cultures in all three years (Table
4.3 b). In Plectonema boryanum the photosynthetic activity was more affected than its
respiratory activity (Table 4.3c). In Mastigocladus laminosus both respiration and
photosynthesis exhibited a drop close to ~15% (Table 4.3 d). In Gloeocapsa sp. a reduction
was observed only on the third year.of preservation (Table 4.3 e). Even though we observed
decline in these activities in the immediate cultures regenerated from de'hydrated state after
prolonged storage, we must mention that none of these activities were compromised in a
long term basis. All activities approached their oﬁginal values in succeeding sub cultures.

Table 4.3 a: Photosynthesis and respiration of Nostoc muscorum immobilized in calcium
alginate beads.

Control ] Regenerated sample Control | Regenerated sample
(Photosyntheti(]: oxygen evolution (nmol | Respiratory oxygen consumption (nmol O,
- .1
0, evolved pg” chla ) consumed pg”' chia h?)
ist
year 437 £3.1 432 4+3.1 413 £3.2 397 £2.3
nd
2 439 £3.0 427 42.7 415+3.2 388 +2.3
year
rd
3 4392.8 4202.8 41333 380 +2.1
year
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Table 4.3 b: Photosynthesis and respiration of Anabaena variabilis immobilized in calcium
alginate beads.

Control | Regenerated sample

Control | Regenerated sample

(Photosynthetic oxygen evolution (nmol
O, evolved yg" chla b

Respiratory oxygen consumption (nmol O,
consumed pg” chla h)

Ist 440 3.1 435432 403423 425 42.2
year
nd
2 435433 437 43.1 420 2.2 423 £2.2
year
d .
3 43543.4 432 +43.1 420 +2.1 424 2.1
year

Table 4.3 c: Photosynthesis and respiration of Plectonema boryanum immobilized in
calcium alginate beads.

Control | Regenerated sample

Control I Regenerated sample

(Photosynthetic oxygen evolution (nmol
0, evolved g chla h')

Respiratory oxygen consumption (nmol O,
consumed pg”' chla h')

Ist 402427 385 3.1 378 +2.1 377405
year
nd
2 400 £2.6 379 +3.1 373423 369 +2.4
year
rd
3 400 £2.6 377 +2.7 374423 370 £2.2
year

Table 4.3 d: Photosynthesis and respiration of Mastigocladus laminosus immobilized in
calcium alginate beads.

Control LRege nerated sample

Control | Regenerated sample

(Photosynthetic oxygen evolution (nmol
O, evalved pg” chla h™)

Respiratory oxygen consumption (nmol O,
consumed pg”’ chla h)

year 280.55 +4.1 242.11 £3.3 397.56 £2.5 346.17 £2.7
nd
2 277.56 4.2 231.12 3.1 394.154+2.6 333.37 2.7
year
rd
3 280.14 +4.3 218.16 £3.1 390.42 £2.5 324.14 £2.7
year
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Table 4.3 e: Photosynthesis and respiration of Gloeocapsa sp. immobilized in calcium
alginate beads. .

Control | Regenerated sample Control | Regenerated sample
(Photosynthetic oxygenlevolution (nmol | Respiratory oxygen consumption (nmol O2
0, evolved pg” chia b™) consumed pg” chla h')
ISU ) 396401 387423 342 43.2 340 43.3
year _
nd
2 395 2.0 385 £2.5 340 £3.3 354 43.5
year
d v
3 395 2.0 3792.6 340 +3.3 323 3.5
year

4.3.1.4 Glutamine synthetase (transferase) (GS), nitrate reductase (NR)

and nitrite reductase (NIR) activities

Table 4.4 illustrates the retention of enzymatic activities such as GS, NR and NIR in
regenerated samples from calcium alginate beads. The stress due to prolonged dehydration
asa rgsult of being immobilized manifested in partial reduction in these enzyme activities.
The values presented in the table are those of the cultures regenerated directly from one, two
and three years of immobilization. As the cells started to regenerate. into viable filaments
under optimum conditions, the enzyme activities recorded were yet to reach their makimum
value of free- living cultures. These activities were estimated on day eight. All activities were
lower (10-20%) at this point of time, however, they reached their original values in
subsequent sub cultures. Thus, the adverse effects of immobilization were not irre versible in
nature in these cyanobacteria under study. NR activity wés most stable and showed least
effect of immobilization in almost all the samples. Maintaining NR activity to its original
value may be important as a survival tactic as this enables the organism (s) to utilize
available nitrate in the surrounding as immediate source of nitrogen for growth and cell

division. This feature was not seen in Anabaena variabilis. There was 20-40% inhibition of
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NR activity in this organism. In Mastigocladus laminosus, NR activity was 3-4 fold higher

than rest ofthe organisms studied.

Table 4.4 a: Enzyme

activities of Nostoc muscorum regenerated

from calcium alginate

beads.

' Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate - Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actilvity (nlmol (nmol Noz- (nmol NOz- transferase | activity activity

-glutamy tivit i |
E;g dlrlo?;,nzme formed/min/mg | consumed/min/ 3;11&;15; ]m ° (nmolNO, (nmol NO,
formed/min protein) mg protein) hydroxy mate formed/min/mg | consumed/min/
/mg protein) formed/ min protein) mg protein)
/mg protein)
yles;r 767 +£5.3 2.4 0.1 547£3.2 73545.2 2.4 +0.04 540 £2.8
nd
2 763 +£5.2 2.3 0.1 542 £3.2 727 +5.3 2.1+0.07 532 43.1
year
d
3 763 £5.2 2.3+0.8 546 3.1 727 +£5.2 2.10.07 532 £3.1
year
Table 4.4 b: Enzyme activities of Anabaena variabilis regenerated from calcium alginate
beads. :
Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actilv ity (n lmol (nmol Noz- (nmol Noz- transferase activity activity
y-glutamy : . activity (nmol ) )
hydroxy mate formed/min/mg | consumed/min/ y-glutamy 1 (nmol N'O'z (nmoINO, )
formed/min protein) mg protein) hydroxymate | formed/min/mg | consumed/min/
/mg protein) formed/min protein) mg protein)
/mg protein)
yfatr' 765 5.5 2.540.11 554 43.2 726 +5.6 1.80.07 541 +2.3
nd
2 757 +5.3 2.3+0.12 54743.2 724 £5.5 1.5 +0.09 540 £2.5
car
y e .
3 763 £5.3 2.3x0.12 545 £3.3 720 £5.4 1.4 +£0.09 540 £2.5
year
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Table 4.4 c: Enzyme activities of Plectonema boryanum regenerated from calcium alginate

beads.
Control Control Control Regenerated Regenerated | Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
aCtiIVitty (n 1m°1 (nmo! NOJ (nmol Noz_ ;ratr:j iierzziem N activity ) activity )
- my 2 c
Doy wate | formed/min/mg | consumed/min/ | 15y (molNO, | (nmol NO,
formed/min protein) mg protein) hydroxy mate formed/min/mg | consumed/min/
/mg protein) formed/min protein) mg protein)
. /mg protein) |
ylesatr 729433 2.141.1 52142.6 720 £3.1 2.1+0.7 515+2.0
nd
2 729 4£3.5 2.1+0.8 520+2.5 720 £2.7 2.1+0.6 510+1.8
year
rd
> 725 £3.5 2.1+0.8 517 +£2.5 715£2.8 1.7£0.5 510 £1.7
year
Table 4.4 d: Enzyme activities of Mastigocladus laminosus regenerated from calcium
. zy g
alginate beads.
Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actilvitty n ;nol (hmo Noz_ (nmol Noz- tragsierasc | activity - ) activity )
-glutam
E}jgdroxy r)x,mte formed/min/mg | consumed/min/ ?fgll‘:lltgnf; ]mo (0moINO, (nmolNO,
formed/ min protein) mg protein) hydroxy mate forme'd/ min/mg consume(_i/min/
/mg protein) formed/min protein) mg protein)
/mg protein)
Ist
year 2346 +124 8.79 +1.1 157.43 £1.5 2326 £122 8.54 £1.1 150.14 1.2
nd
2 2337 £125 8.71+£1.3 152.42 +£1.3 2324 £125 8.52+1.3 150.12 £1.3
car
Y e .
3 2343 +122 8.71+1.3 151.21£1.3 2320122 - 8.52+1.1 143.54 +£1.3
year .
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Table 4.4 e: Enzyme activities of Gleocapsa sp. regenerated from calcium alginate beads.

Coutrol Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite | sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase red.llcftase
actilvity (n‘mol (nmol NOZ‘ (nmol Noz_ tra:sier;zse | activity ) activity )
- ' activity (nmo
zygdl:éi;n r)nate formed/min/mg | consumed/min/ y—glut;,myl (nmol NOz (nmol NOZ )
formed/ min protein) mg protein ) hydroxy mate forme.d/ min/mg consumcfi/mm/
/mg protein) formed/min protein) mg protein)
/mg protein)
Ist 329 +3.1 1.1£0.5 221 +1.1 32343.1 1.1+0.8 220 +2.1
year
nd i
2 329+2.8 1.120.5 220 x1.1 320 £2.8 1.1£0.5 215 2.1
year
d
3 325+2.5 1.1+0.3 217 +0.8 289 +2.8 1.0 0.5 216 £2.1
year
4.4 Immobilization in foam cubes

Immobilization of cyanobacteria in foam has been reported in 1989 by Brouers et al.

Kannaiyan and co workers have reported the use of polyurethane as a immobilizing base for

cyanobacteria with evidence of better performance by such immobilized cyanobacterialcells

(Kannaiyan et al 1992; Mahesh and Kannaiyan 1993; Kannaiyan et al 1994; Kannaiyan et al

1997). Therefore, we have included foam in our preservation study to see if immobilization

on foam is a better option for long time storage of cyanobacteria. Preparation for

preservation on foam was carried out as described in the chapter 2 (Fig 4.10a). After drying,

- the foam cubes along with cyanobacteria were stored in sterile containers. At every interval

of three months, some of the cubes were regenerated in the liquid medium (Fig 4.10b) and

various characters were assessed and compared to the control culture to establish the

performance of foam as preserving material for cyanobacteria.
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o)
Fig 4.10: Immobilization m foam cubes. (a) cubes moculated wih fresh cyanobacterial
culture (b) regencration of cyanobactera from one year old dried foam. The picture was
aken afier two days of transferring the cubes to fresh medium.

(d)
Fig 4.11: Scanning electron micrograph (JEOL JSM 6360, SAIF, NEHU) of cyanobacterial
filaments immobilized on foam cubes (a) matrix of a foam cube as seen under SEM (b,c)
adhered cyanobacterial filaments seen regenerating upon return of favorable growth
conditions (d) bealthy cyanobacterial filaments obtained filaments.

Fig 4.11 shows scanning clectron micrographs of the various stages of

cyanobacterial regeneration from foam cubes after one year of storage. The foam matrix has
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large pores (Fig 4.11a) and cyanobacteria can only adhere to the foam material in
concentrated amount (Fig 4.11b). When reintroduced into liquid media dried cells
immediately started to grow into viable filaments. Fig 4.11c shows both viable and dried

filaments on the foam matrix one day after the foam cubes were put in fresh medium.

Morphologically healthy filaments were found regenerating fiom foam after four days.

44.1 Results
44.1.1 Growth
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Fig 4.12: Growth curves of (a) Nostoc muscorum (NM) (b) Anabaena variabilis (AV) (c)
Mastigocladus laminosus (ML) (d) Plectonema boryanum (PB) and (e) Gloeocapsa sp.
(Gsp) regenerated from immobilization in foam cubes as compared to their free-living
counterpart. [In fig., “f” refers to foam cubes and “1, 2, 3” indicates samples regenerated
after first , second and third years of preservation. An initial inoculum of 0.4ug/ml was
used.]

Growth was measured as increase in chlorophyll a content in all regenerated
samples. When compared, cells growing out after one year of preservation showed a growth
comparable to control cultures in all cases except Mastigocladus laminosus. Growth was-
also very close to control culture after second year of preservation in these cyanobacteria.
Cells regenerated after third year showed reduced growth, however upon subsequent sub-
culturing they shoWed complete recovery. In growing Mastigocladus laminosus, the lag
period was always more extended than in other cyanobacteria. Foam did not do very well in
preserving Mastigocladus laminosus cells. There was definitive reduction in growth of
Mastigocladus laminosus even after first year of preservation. But it is worth mentioning
here that Mastigocladus laminosus was stored at room temperature as was the case with
other cyanobacterial samples, as well as at 45°C as it was a thermophile. Storing
Mastigocladus laminosus at different temperatures however did not have any effect on the

regeneration pattern of Mastigocladus laminosus. Gloeocapsa sp. showed comparable
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growth after one year of preservation and reduction in growth was similar to other
cyanobacteria after second year. However, in this cyanobacterium, cells did not grow out at
all after three years of storage. Thus, foam can be regarded as potentially good preserving
material for atleast a period of two years for the cyanobacteria that were studied except for

Mastigocladus laminosus.

44.1.2 Heterocyst frequency and nitrogenase activity

Heterocyst frequency (%)
Haterocystirequency (%)

Hesterocystirequency (%)

Samples

Fig 4.13: Heterocyst frequency of samples regenerated from foam cubes (a) Nostoc
muscorum (b) Anabaena variabilis (c) Mastigocladus laminosus [ In fig. column 1
represents the control, column 2 ,3 and 4 represents samples regenerated at the end of one,
two and three years respectively.]

Heterocyst fiequency in Nostoc muscorum and Anabaena variabilis were maintained

in the level of their control cultures in the regenerated samples both after first and second

’
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year of storage (Fig. 4.13). However, in case of Mastigocladus laminosus, heterocyst
frequency was reduced by ~31% after first year and by ~39% after second year. Nitrogenase
activity in immediate regenerates showed a gradual decrease in all cyanobacteria éxcept in
Nostoc muscorum where this activity was a complete match to that of control in the cells
regenerated after first year of storage. This drop in nitrogenase activity in these samples may
account for the reduction of growth seen in these cultures. Both heterocyst frequency and

nitrogenase activity fully recovered in subsequent cultures (Fig. 4.14).
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Fig 4.14: Nitrogenase activity of samples regenerated from foam cubes: (a) Nostoc
muscorum (b) Anabaena variabilis (¢) Mastigocladus laminosus (d) Plectonema boryanum
and (¢) Gloeocapsa sp. [ In fig. column 1 represents the control, column 2 ,3 and 4
represents samples regenerated at the end of one, two and three years respectively. |

44.1.3 Photosynthetic and respiratory activities

A comparison of photosynthetic oxygen evolution and respiratory oxygen
consumption between regenerated and control culture showed results similar to the ones
obtained in case of agar and calcium élginate preservation. There are very small fluctuations
in these activities between the two sets of samples. However in the case of Mastigocladus
laminosus, there was a reduction by ~13% to 23% in photosynthetic activity and ~13% to
17% in respiratory activity from first year through to third year in regenerated samples
(Table 4.5).

Table 4.5 a: Photosynthesis and respiration of Nostoc muscorum immobilized in foam
cubes.

Control | Regenerated sample Control | Regenerated sample
(Photosynthetic  oxygen evolution | Respiratory oxygen consumption (nmol
(nmol O, evolved pg" chla h™) O, consumed pg”' chla h')

Ist year 437433 444 +2.7 413 4£3.5 411 £2.2

2Wyear 439 +2.8 424423 415+3.3 397 +2.1

3 year 439 £2.8 420 £2.3 413 3.1 378 £2.1
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Table 4.5 b: Photosynthesis and respiration of Anabaena variabilis immobilized in foam

cubes.

Control [ Regenerated sample Control | Regenerated sample
(Photosynthetic oxygen evolution Respiratory oxygen consumptlon (nmol
(nmol O, evolved pg chlah) 0, consumed pg”' chia h™)
1st year 442 :i:3.2 437 +3.2 417423 410321
2" year 440 +3.1 425 £3.3 415 42.5 395 42.2
3" year 440 3.1 415433 413 +2.7 367 2.4

Table 4.5 c: Photosynthesis and respiration of Plectonema boryanum immobilized in foam

cubes.

Control lRege nerated sample Control L Regenerated sampie
(Photosynthetic ~ oxygen evolution | Respiratory oxygen consumption (nmol
(nmol O, evolved pg” chla h™) O, consumed g chla h™)
Ist year 402 £2.5 374 £2.7 378 £2.1 377+2.5
2"? year 400 £2.3 357423 373 £2.1 346 +2.3
3" year - | 40023 33222.1 374422 321423

Table 4.5 d: Phofosynthesis and respiration of Mastigocladus laminosus immobilized in

foam cubes.
Control | Regenerated sample Control ] Regenerated sample
(Photosynthetic ~ oxygen evolution | Respiratory oxygen consumptlon (nmol
(nmol O2 evolved pg’' chla h') O consumed pg' chla h') -
Ist year 280.55 £3.9 242.1143.5 397 56 +2.3 346.17 £2.1
2 year | 277.56433 231.12£3.2 394.15£2.5 333.37+2.2
3rd year 280.14 +3.4 218.16 +3.3 390.42 £2.1 324.14 £2.2

Table 4.5 e: Photosynthesis and respiration of Gloeocapsa sp. immobilized in foam cubes.

Control | Regenerated sample

Control J Regenerated sample

Respiratory oxygen consumption (nmol

(Photosynthetic  oxygen evolution

(nmol O evolved ug” chiah’) O, consumed pg” chla h”)
Ist year 396 £1.7 393 £2.3 342 £3.4 345+3.3
2" year 395 1.6 385+2.3 340 3.3 35143.2
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44.14
(NR) and nitrite reductase (NIR) activities

Glutamine synthetase (transferase) (GS), nitrate reductase

Table 4.6 a: Enzyme activities of Nostoc muscorum regenerated from foam.

Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample ' | sample sample
syunthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
activity (nmol (hmo1 NO ) “(nmo1 NO : transferase activity activity
-glutamy | 2 2 tivit J . ’
r&g dlrlo?;/n;;atc formed/min/mg | consumed/min/ *?-cglltlltzng;];n ° (nmol NO2 (nmol NO2
formed/min proteip) mg protein) hydroxy mate _forme.d/ min/mg consumefi/min/
/mg protein) formed/min protein) mg protein)
/mg protein)
ylesz:r 767 £5.3 2.4+0,1 54743.1 745 £5.1 2.4 +£0.07 531 +3.1
nd
2 763 £5.2 2.3+0.13 542+£3.1 635 £5.0 2.0 +0.07 520 +3.1
ear
y d
3 763 £5.2 2.3+0.9 546+2.8 600 £5.0 1.5 +0.08 500 £3.0
year
Table 4.6 b: Enzyme activitics of Anabaena variabilis regenerated from foam.
Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
activity (nmol (nmo 1 NO ' (nmo1 NO ) transferase activity activity
v-glutamy | 2 2 activity (nmol . . .
hydroxy mate formed/min/mg | consumed/min/ | \ o}y tamy] (nmol NO, (nmo I NO,
formed/min protein) mg protein) hydroxy mate formed/min/mg { consumed/min/
/mg protein) formed/min protein) | mgprotein)
/mg protein)
1st
year 765 £5.5 2.5+0.98 554 £3.3 762 £5.5 2.2+0.9 523 £3.1
[T
yze 757+5.4 2.3 0.11 547 £3.2 727 £5.6 1.6 +0.78 542 £3.1
ar
vd
yzear 763 £5.5 2.3+0.14 - 545 £3.2 654 +.5 1.1+£0.79 500 +3.0
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Table 4.6 ¢: Enzyme activities of Plectonema boryanum regenerated from foam.

Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase red.uc:tase
activity (nmol (nmo1 NO i (nmo! NO ) transferase activity activity
“y-glutamy 1 2 2 activity (nmol ; :
Eygd:o?;ngmte formed/min/mg | consumed/min/ y-glutznfyl (nmol NOZ (nmol N02
formed/min protein) mg protein) hydroxy mate forme.d/ min/mg consume('i/min/
/mg protein) formed/min protein) mg protein)
/mg protein)
ylesz:r 729 £3.1 2.1+0.7 521 +£2.5 720 £3.2 2.1 +£0.5° 517 £2.1
nd
2 729 £3.3 2.1 0.7 520 £2.4 703 £3.5 1.5+0.5 479 £2.0
year
rd
3 725 £3.5 2.1+0.5 517+£2.5 654 £3.5 1.0+0.3 432 +2.0
year
Table 4.6 d: Enzyme activities of Mastigocladus laminosus regenerated from foam.
Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
activity (nmol ) ) transferase activity activity
tutamy] (nmol NO2 (nmol NO2 tivity ( l i )
-glutam activity (nmo
Kygdroxy r};xate formed/min/mg | consumed/min/ y-gllut;’myl (nmol NO? (nmol NO,_ -
formed/min protein) mg protein ) hydroxy mate formed/min/mg | consumed/min/
/mg protein) formed/ min protein) mg protein )
/mg protein)
Ist”
year 2346 +£125 8.79+1.5 157.43 £1.5 2124 £122 8.12+1.2 142.16 £1.2
nd
2 2337 123 8.71+1.3 152.42 +£1.5 2017 125 8.12+1.1 137.78 1.1
car .
y d
3 2343 +123 8.71£1.3 151.21 £1.5 1794 £127 7.53 1.2 126.41 £1.5
year
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Table 4.6 e: Enzyme activities of Gloeocapsa sp. regenerated. from foam.

Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase redugtase
activity (nmol (nmol Noz“ (amol Noz- tratr‘ls.t;erazse | activity ] activity )
-glutamy [ activity (nmo
gygdlrloi;r?mte formed/min/mg | consumed/min/ y-glutzmvl (nmolNO, (nmo1NO,
formed/min protein) mg protein) hydroxy;nate formed/min/ mg consumefi/min/
/mg protein) formed/ min protein) mg protein)
/mg protein)
yleS;:r 329 +£3.3 1.1£0.3 221 £1.1 321 £3.1 1.1£0.5 220 +1.1
nd
2 329+2.9 1.1 £0.5 220 +1.3 319+3.5 1.1£0.5, 215+1.1
year

Table 4.6 illustrates the retention of GS, NR and NIR activities in cyanobacterial
samples regenerated from foam. There is partial reduction in these enzyme activities that
could be due to dehydration when immobilized cells were dried on foam and stored for a
prolonged period. Eighth day observations are given in the table 4.6. All activities were
lower (7-15%) but the downward plunge in these activities was not permanent and all these
activities reached their original values on subsequent sub culturing. NR activity in

Gloeocapsa sp. showed least effect of immobilization and prolonged storage.

4.5 Cryopreservation using 15% glycerol and 5% DMSO

A number of low molecular weight neutral solutes have been identified as potential
cryoprotectants since the early 1950°s.The most common among them being g:lycerol and
dimethylsulfoxide (DMSO).. Such compound lower the temperature at which freezing occurs
and can alter the crystal habit of ice when it separates. It is thought that the colligative
property of the cryoprotectants minimizes the deleterious action of excessive concentration
resulting from removal of water and conversion of water to ice (Nash 1966). The
. cryoprotectants generally used for freezing biological specimens fall into two catagories,
permeating and non- permeating. DMSO and glycerol are two most frequently used
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permeating additives. DMSO permc;ates into cells more rapidly than glycerol and thus
requires shorter treatment duration. However, in regards to toxicity, glycerol is less toxic
than DMSO at equimolar concentrations, while at the same time, DMSO is superior to
glycerol in cryoprotection of living tissues. Generally a concentration of 5-10% DMSO and
10-20% glycer‘ol is adequate for most materials (Kartha and Engelmann 1994).

For the present study, cyanobacterial isolates were pre'served in 15% glycerol and
5% DMSO. When kept inside Heto ultrafreeze below -80°C, all cyanobacteria under study
stayed preserved for three years. Initially, all regenerated samples showed the
characteristics reduction in activities in their various attributes that were investig:;ted. These
reached their optimum value in subsequent generations and became comparable to their
free-living cultures. These were maintained in freezer of domestic refrigerators. This was
done in an attempt to deduce whether ordinary refrigeration systems can be employed for
long term storage and preservation of cyanobacteria using cryoprotectants. This would make
preservation user friendly by reducing the cost required for maintaining samples in

expensive ultra cooling systems.

451 Results

45.1.1 Growth, heterocyst frequency and nitrogenase activity

Growth was measured as increase in chlorophyll a concentration. With the
temperature that was employed along with the use of cryoprotectants, the observations
showed that the lag period of growth increased with subsequent increase iq the years of
preservation (Fig. 4.15). Samples regenerated after three years of preservation had an
extended lag period of almost 15 days for all the cyanobacteria studied. Mastigocladus

recorded the worst performance. When preserved using glycerol as cryoprotectant, growth
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was reduced by ~64% on the 10" day in samples regenerated after one year of preservation.

This had increased to ~69% when preserved for yet another year. Almost similar effects

were seen when 5% DMSO was used as cryoprotectants (Fig 4.16).
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Fig 4.15: Growth curves of (a) Nostoc muscorum (NM) (b) Anabaena variabilis (AV) (c)
Mastigocladus laminosus (ML) and (d) Plectonema boryanum (PB) and (e) Gloeocapsa
sp.(Gsp) regenerated from preservation in 15% glycerol as compared to their free-living
counterpart. [In fig. “g” refers to 15% glycerol and “1, 2, 3" indicates samples regenerated
after first , second and third years of preservation. An initial inoculum of 0.4ug/ml was
used.]
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Fig 4.16: Growth curves of (a) Nostoc muscorum (NM) (b) Anabaena variabilis (AV) (c)
Mastigocladus laminosus (ML) (d) Plectonema boryanum (PB) and (e) Gloeocapsa sp.
(Gsp) regenerated from preservation in 5% DMSO as compared to their free-living
counterpart. [In fig, “d” refers to samples regenerated from 5% DMSO and “1, 2, 3”
indicates samples regenerated after first , second and third years of preservation. An initial
inoculum of 0.4ug/mlwas used.]

A study of heterocyst frequency of the regenerated samples of the heterocystous
cyanobacteria recorded a decline in the heterocyst frequency with increase in the duration of
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preservation. Here again it was noticeable that retention of the .ability of achieving a
heterocyst frequency comparable to the control was better in samples: preserved in. 5%
DMSO. In case of preservation using both cryoprotectants, Mastigocladus laminosus
showed a reduction of ~45 % in the samples regenerated after one year of preservation.
However, there was no further prominent drop in this in the subsequent years of preservation
(Fig 4.17 c). Anabaena variabilis appeared to better adapted to preservation in 5% DMSO
and the reduction noticed in its heterocyst frequency was less than that of Nostoc muscorum
and Mastigocladus laminosus. When compared to its control, Anabaena variabilis showed a
reduction 0f~20%, ~25% and ~40% in the heterocyst frequency of its samples regenerated
after one, two and three years of preservation in 15% glycerol (Fig 4.17 b). Nostoc
muscorum and Mastigocladus laminosus however recorded a more prominent drop of ~
27%, ~ 36%, 58% and ~ 45%, ~ 53%, ~55% respecfively after one, two and three years of
preservation in 15% glycerol

In 5% DMSO was used as cryoprotectant, Anabaena variabilis showed a reduction
in heterocyst frequency of ~16 %, ~15% and ~28% after one, two and three years of
preservation (Fig 4.18 b). This was ~8%, ~15% and ~22% for Nostoc muscorum.
Mastigocladus laminosus showed a higher reduction of ~42%, ~47% and ~48% in samples

regenerated after one, two and three years of preservation (Fig 4.18 a, c).

21



®
AN

Heterocystfrequency (%)

R

Heteratyitfrequency (%)
[~} - N w & 1% )] ~ - -] 3.1

VAN
NS
IANAY

A

VAN
R
R

Heterocystfrequency (%)

Samples

Fig 4.17: Heterocyst frequency of samples regenerated from 15% glycerol (a) Nostoc
muscorum, (b) Anabaena variabilis, (c) Mastigocladus laminosus{In fig, column 1

represents the control in each case; columns 2, 3 and 4 represent samples regenerated after
I*. 2™ and 3™ years of preservation respectively]
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Fig 4.18: Heterocyst frequency of samples regenerated from 5% DMSO (a) Nostoc
muscorum, (b) Anabaena variabilis, (c) Mastigocladus laminosus. [In fig, column 1
represents the control in each case; columns 2, 3 and 4 represent samples regenerated after
1%, 2 and 37 years of preservation respectively]

Fig 4.19 and 4.20 shows the nitrogenase activities of cyanobacterial samples
regenerated flom preservation in 15% glycerol and 5% DMSO respectively. A close look at
these figures reveals that this activity is also severely affected by preservation in this
method. In case of Nostoc muscorum, the nitrogenase activity declined by ~37-89 % during
the 1% to the 3™ years of preservation in 15% glycerol For Anabaena variabilis it was
between 47%-70%, for Mastigocladus laminosus, 30%-61% and for Plectonema boryanum

and Gloeocaosa sp. it was between 22%-31% and 37%-48% respectively. Thus it is evident

that a prominent drop of nitrogenase activity occurs during preservation and storage at ~0°C
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using 15% glycerol. However, a less severe but similar drop was also noticed when 5%
DMSO was used as cryoprotectant. For instance, in Nostoc muscorum, the nitrogenase
activity declined by ~37%-45%; in Anabaena variabilis between 38%-50%; for
Mastigocladus laminosus, 29%-58%, and for Plectonema boryanum and Gloeocaosa sp. it
was between 6%-20% and 14%-34% respective ly.when regenerated samples were compared

to their control cultures fiom first year to third year of preservation.
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Samples
Fig 4.20: Nitrogenase activity of samples rtagenerated from 5% DMSO (a) Nostoc
muscorum (b) Anabaena variabilis (c) Mastigocladus laminosus (d) Plectonema boryanum
and (e) Gloeocapsa sp. [In fig, column I represents the control in each case; columns 2, 3
and 4 represent samples regenerated after 1*, 2 and 3™ years of preservation respectively]
15% glycerol and 5% DMSO are well recognized cryoprotectants. They are among
.the most popular cryoprotectants that are currently being employed. Such cryoprotectants
are commonly used to store organisms for extended periods under ultra low temperature of
~80 ° C. However, it was evident that for all the cyanobacteria that were used for this study,
preservation using both 15% glycerol and 5% DMSO did not prove to be an efficient
method of considerable importance at ~zero degree temperature as the viability of the
preserved samples declined drastically over the period of preservation. Although this did not
result in death of all the organisms that Were preserved, this method certainly reduced the
viability and performance of the preserved organisms. Even after subsequent sub—cuituring
the biomass yield remained low. The preservation under these conditions may be dependable
only upto a period less than 12 months for Nostoc muscorum, Anabaena variablis and
Gloeocaosa sp. ‘Even during this period there was noticeable decrease in gro;vth. These

methods did not prove to be reliable at all for Mastigocladus laminosus (a thermophile) and

Plectonema boryanum (non-heterocystous cyanobacteria). 5% DMSO seemed only a
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fraction better that 15% glycerolas cryoprotectant in our case. However, we must emphasize
that all other earlier reports mention DMSO and glycerol as cryoprotectant a’.t ultra low
teﬁperature. And we have used temperature only close to zero. This was tried to find user
friendly methods of cyanobacterial preservation that could be put to use even by laboratories
that are not highly equipped. Even though these methods were not highly efficient, they
could still be safely used for preservation for at least six to twelve months. Mastigocladus
laminosus however, did not work Weil in either of these methods. Interestingly, Gloeocaosa
sp. which is a unicellular cyanobacterium gave encouraging results as growth was much
better in this cyanobacterium compared to the others used for this study.

4.5.1.2  Photosynthetic and respiratory activities

Table 4.7 a: Photosynthesis and respiration of Nostoc muscorum preservation in 15%
glycerol.

Control | Regenerated sample Control J Regene rated sample
(Photosynthetic oxygen evolution (nmol | Respiratory oxygen consumption (nmol
O, evolved pg"' chla hi') O, consumed pg" chla )
1st year 437 +£3.3 32142.8 413 £3.2 311 £2.5
2 year 439 43.1 317 2.7 415 +3.3 298 +2.5
3rd year 439 £3.1 293 £2.5 413 £3.3 217 +1.8

Table 4.7 b: Photosynthesis and respiration of Anabaena variabilis preservation in 15%
glycerol.

Control | Regenerated sample Control | Regenerated sample
(Photosynthetic oxygen evolution (nmol | Respiratory oxygen consumption (nmol
0, evolved ug" chla h') O, consumed pg’' chla ")
Ist year 442 £3.3 330 +3.2 417 £2.7 311 £2.4
2 year 440 3.5 323432 415427 300 2.4
3" year 440 +4.1 310+3.4 413 £2.5 231 +2.3
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‘Table 4.7 ¢: Photosynthesis and respiration of Plectonema boryanum preservation in 15%

glycerol.
Control | Regenerated sample Control | Regenerated sample
(Photosynthetic oxygen evolution (nmol | Respiratory oxygen consu¥nption (nmol
O, evolved g chla h) O, consumed g chiah™)
Ist year 402 £2.8 354 +2.8 378 £2.5 345 +£2.5
2" year 400 +2.8 351 +2.9 373 2.6 340 +2.4
3" year 400 £2.3 33943.2 37442.6 321422

Table 4.7 d : Photosynthesis and respiration of Mastigocladus laminosus preservation in

15% glycerol.

Control

, Regenerated sample

Control J Regenerated sample

(Photosynthetic oxygen evolution (nmol
O, evolved pg"' chla h)

Respiratory oxygen consumption (nmol
O, consumed pg"' chla h™)

Tstyear | 28055 %41 2713523 397.56£2.3 B1162.3
2 year | 277.56%42 220.12 43.5 394.15 2.5 329.37 +2.3
3" year | 28014442 220.16 £3.5 390.42 2.6 320.14 £2.7

Table 4.7 e: Photosynthesis and respiration of Gloeocapsa sp. preservation in 15% glycerol.

Control

Control T Regenerated sample

[ Regenerated sample

(Photosynthetic oxygen evolution (nmol
0, evolved pg” chia h')

Respiratory oxygen consumption (nmol
O, consumed pg” chia h”)

Ist year 02421 354523 37823 345 £2.9
2 year | 40018 351 +2.3 373 £2.3 340 +2.8
3" year 400 +1.7 33942.2 374 42.1 32142.8

Table 4.8 a: Photosynthesis and respiration of Nostoc muscorum preservation in 5%

DMSO.
Control | Regenerated sample Control | Regenerated sample
(Photosynthetic oxygen evolution (nmol | Respiratory oxygen consumption (nmol
O, evolved pg" chla h') O, consumed pg” chla h)
Ist year 437 £3.0 382+2.7 413 £3.1 327 +£2.4
nd
2 year 439 +3.1 377 £2.5 415+£3.2 320 £2.5
3 year 13932 354 2.5 413 3.1 270427
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Table 4.8 b: Photosynthesis and respiration of Anabaena variabilis preservation in 5%

DMSO.
Control | Regenerated sample Control | Regenerated sample
(Photosynthetlc oxygen evolution (nmol | Respiratory OXygen consumptxon (nmol
O, evolved pg’ "chlah') O, consumed pg’ "chiah')
Ist year 442 £3.5 397+£3.2 417 +2.5 35442.3
2" year 440 £3.6 381 +3.3 41542.3 331£2.2
3" year 440 £33 37243.4 413 £2.1 32542.1

Table 4.8 ¢: Photosynthesis and respiration of Plectonema boryanum preservation in 5%

DMSO.
Control ] Regenerated sample Control ] Regenerated sample
(Photosynthetic oxygen evolution (nmol | Respiratory oXygen consumptlon (nmol
0, evolved pg"' chia h) O, consumed g chla h™)
Ist year 402 +2.5 387 £3.1 378 +2.1 369 +2.4
2“ year 400 +2.7 385+3.0 373 £2:1 354423
3rd year 400 +2.5 379427 374 £2.4 32323

Table 4.8 d: Photosynthesis and respiration of Mastigocladus laminosus preservation in 5%

DMSO.
Control | Regenerated sample Control | Regenerated sample
(Photosynthetxc oxygen evolution (nmol { Respiratory oxygen consumptlon {nmol
0O, evolved pg” chla h') O, consumed g’ 'chlah™)
lst year 280.55 +3.9 236.13 3.7 397.56 +2.5 342.16°£2.3
2 _year 277.56 +4.1 232.1243.5 394.15 +£2.7. 339.37 £2.3
3 year 280.14 4.1 232.16 £3.5 390.42 £2.7 320.14 £2.1

Table 4.8 e: Photosynthesis and respiration of Gloeocapsa sp. preservation in 5% DMSO.

Control

| Regenerated sample

Control

Regenerated sample

(Photosynthetic oxygen evolution (nmol
O, evolved g’ chla h')

Respiratory oxygen consumption (nmol -
O, consumed g chla h™)

ISt year 396 42.1 387427 342 3.1 354433
nd

2" year 395 42.3 385 42.5 340433 354 43.2

3" year 39542.3 37942.5 340 43.3 33343.1

Effect of long term cryopreservation on photosynthetic and respﬁatory activities

using 15% glycerol and 5% DMSO manifested as a slight decrease in these activities, which



as in previous cases recovered almost toi the values obtained for control cultures. However,
this recovery needed at least three to four subsequent transfers to fresh medium under
optimum conditions. Samples preserved in 5% DMSO the degree of reduction in these
activities were comparatively less than that in the case of 15% glycerol. In Nostoc muscorum
preserved in 15% glycerol, the drop in photosynthetic activity was ~27 %-34% and in
respiration was ~25%-47%. For Anabaena variabilis this reduction was ~25%-29% for
photosynthetic activity and ~25-44% for respiratory activity. In Plectonema boryanum
photosynthesis was down by ~12%-16% and respiration was reduced by ~9%-15%.
Photosynthesis was lowered by ~19%-21% and respiration by ~16%-19% in Mastigocladus
laminosus. For Gloeocapsa sp. photosynthesis exhibited a drop of ~12%-17%, while its
respiration declined by ~9%-15%. Hence reduction in the activities of photosynthesis and
respiration was more pronounced in Nostoc muscorum, Anabaena variabilis and
Mastigocladus laminosus. Plectonema boryanum and Gloeocapsa sp. were affected to a
lesser extent.

Preservation in 5% DMSO appeared to better to some extent as it was seen that
regeneration of preserved cyanobacteria was better and also the retention of prope.xties. Here
too reduction in photosynthetic and respiratory activities was evident, although to a slightly
less extent. In Nostoc muscorum the drop in photosynthetic activity was ~13%-19%, while
respiration reduced by ~21%-35 %. Anabaena variabilis exhibited an almost similar
reduction of ~10-15% in photosynthesis and ~15-22% in respiratory activity. In
Mastigocladus laminosus reduction was recorded in the range ~16-17% in photosynthesis
and ~14-18% in respiration. Plectonema boryanum showed a meager decline in

photosynthesis and respiration that were in the range of ~4-6% and ~3-14% respectively.
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However, Gloeocapsa sp. recorded a minute increase of ~3%-5% in case of respiration in
the samp les regenerated directly after storage for 1% and 2™ vears,

Glutamine synthetase (transferase) (GS), nitrate reductase (NR)
and nitrite reductase (NIR) activities

45.1.3

A study of the enzyme activities revealed that a prominent reduction in the GS, NR
and NIR enzyme activities resulted in the cyanobacteria that were stored at ~0°C using 15%
glycerol and 5% DMSO. Samples regenerated from 5% DMSO showed lesser reduction in
these activities when compared to the samples regenerated from 15% glycerol after storage
for similar period of time. While all preserved cyanobacteria showed a reduction of ~15-
35% in GS, NR and NIR activities, NR activities in case of Plectonema boryanum and

" Gloeocapsa sp. were least affected.

Table 4.9 a: Enzyme activities of Nostoc muscorum regenerated from preservation in 15%

glycerol
' Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
activity (nmol (nmol NO ) (nmo1NO ) transferase activity activity
-glutamy | 2 2 tivit 1 . )
e rowymate | formed/min/mg | consumed/min/ ! | @molNO, | (amolNO,
formed/min protein) mg protein) hydroxy mate formed/min/mg | consumed/min/
/mg protein) formed/min protein) mg protein)
. /mg protein)
yleszIr 767 £5.3 2.440.11 547 £3.1 627 +£5.3 1.1+0.14 420 +3.3
i nd
2 763 £5.2 ~ 2.3x0.15 542 +£3.3 590 £5.5 0.95 +0.13 407 £3.4
car S
y :
3 763 £5.2 2.340.13 546 +£3.3 524 £5.5 0.82 +0.13 400 +3.4
year ’



Table 4.9 b: Enzyme

activities of Anabaena variabilis regenerated from preservation in

15% glycerol.
Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
activity (nmol (nmol NO ) (nmo1 NO ) transferase activity activity
-glutamy | 2 2 tivit l il )
ﬁfdlrlo?;nx}rlmte _formed/min/mg | consumed/min/ 3;%1;&; lm | (amoINO, (nmoINO,
formed/min protein) mg protein) hydroxy mate formed/min/mg | consumed/min/
/mg protein) formed/min protein) mg protein)
/mg protein)
yleS;r 765 £5.6 2.5+0.14 554 £3.3 631 £5.7 1.1 +£0.13 479 +3.1
nd T
L2 763£5.5 2.3 +0.17 547+3.2 592 £5.6 0.98 £0.12 462 £3.1
year :
T -
3 757 £5.7 2.3+0.17 545+£3.2 531 5.6 0.82 +0.12 437 +£3.2
year |

Table 4.9 c: Enzyme activities of Plectonema boryanum regenerated from preservation in

15% glycerol. _ .
Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actilvitty (n;nol, (nmol NO2- (omol Noz- tratr.lsift'erezse | activity ) activity )
v-glutamy : ) activity (nmo
hydroxy mate formed/min/mg | consumed/min/ y-glutamy 1 (nmol NO? (nmo I NO, ‘
formed/min_ - protein) mg protein) hydroxy mate formed/min/mg | consumed/min/
/mg protein) formed/min protein) mg protein)
/mg protein) .
erS;r 729 £3.2 2.1£0.7 52142.5 700 £3.1 1.8 +0.5 507 £2.3
nd
2 729 +£3.2 2.10.5 520+2.3 678 £3.1 1.540.4 507 £2.2
year
rd -
-3 72543.4 2.1+0.5 517 42.3 642 +3.2 1.00.4 482 £2.2
year
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Table 4.9 d: Enzyme activities of Mastigocladus laminosus regenerated from preservation
in 15% glycerol

Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
activity (nmol (nmo1 NO ) (nmo1 NO ) transferase activity activity
-glut 1 2 2 ctivity (nmol ) )
zl}rgdlrlo?;nr);mte formc'd/ min/mg consumefi/min/ 3—gllu1t;,rrfy1 ° (nmol NO? (nmol Noz )
formed/min protein) mg protein) hydroxy mate formgd/ min/mg consumefi/mm/
/mg protein) formed/min protein) mg protein)
/mg protein)
ylesa:r 2346 +£125 8.79£1.5 157.43 £1.4 2001 +121 7.4=+1.2 137.16 +1.3
nd
2 2337 £126 871£1.4 152.42 +1.4 1987 £120 6.5+1.2 121.78 £1.2
ear
y rd
3 2343 +122 8.71 1.3 151.21+1.2 1947 £121 5.1£1.1 106.41 £1.2
year
Table 4.9 e: Enzyme activities- of Gloeocapsa sp. regenerated from preservation in 15%
glycerol.
Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
activity (nmol (nmo1 NO ) (nmo1 NO ) transferase activity activity
v-glutamy 1 2 2 activity (nmol ) )
hydroxymate | formed/min/mg | consumed/min/ | oy ooy (nmol NO? (nmol1NO, -
formed/min protein) mg protein) hydroxy mate formd/ min/mg consumefi/mln/
/mg protein) formed/ min protein) mg protein)
/mg protein)
}lrztar 329 +£3.0 1.1+0.3 221 +1.1 1 300+£3.1 1.1+0.1 201 +1.0
— :
2 329+3.1 1.1+0.3 220 +1.2 289 +3.3 0.85+0.1 195 £1.1
year
rd
3 3254£3.1 1.10.5 217 £1.1 267 +£3.3 0.93 0.1 195 £1.1
year
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Table 4.10 a: Enzyme

activities of Nostoc muscorum regenerated from preservation in 5%

DMSO.
Controt Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
| synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity -activity synthetase reductase reductase
activity (nmol (nmo1 NO ) | (nmo1NO e transferase activity activity
-glutamy | 2 2 tivit; I ) .
gyg dlrloi;nr)r'late formed/min/mg | consumed/min/ ifgll‘lllltgns;‘ ;n © (nmolNO, (nmol NO,
fo rmé J/min protein) mg protein) hydroxy mate formed/min/mg | consumed/min/ .
/mg protein) formed/ min protein) mg protein)
/mg protein)
yI:;r 767+5.4 2.4+0.1 547 +3.2 689 £5.3 1.4 £0.07 520+£3.2
nd
2 763 +5.6 2.3+0.15 542 £3.3 672+5.4 1.1+0.07 514 3.3
year
rd
3 763 £5.6 2.3+0.15 546 £3.3 632 +5.5 1.1+0.09 500 +£3.3
year

Table 4.10 b: Enzyme activities of Anabaena variabilis regenerated from preservation in

5% DMSOQO.
Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actilvitty (m ;nol (nmo' Noz' (nmol Noz- tratr.ls'f;erzzse . , activity ) activity )
v-glutamy : . activity (nmo
hydroxymate | formed/min/mg | consumed/min/ y-glutamy| (nmol N0.2 (nmoINO, .
formed/min protein) mg protein) hydroxy mate formed/min/mg | consumed/min/
/mg protein) formed/min protein) mg protein)
/mg protein)
1st :
yesar 765 £5.5 2.5+0.11 554 £3.3 679 £5.6 1.7 £0.07 543 +2.5
nd
2 757 £5.7 2.3+0.13 547 £3.4 654 +5.3 1.5+0.05 527 £2.7
ear :
y d ]
3 763 +5.7 2.340.13 545 +3.4 632 +5.3 1.3+0.05 518+2.4
year :
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Table 4.10 c: Enzyme activities of Plectonema boryanum regenerated from preservation in

5% DMSO.
Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actilvity (n 1rnol (omol Noz- (mol Noz- transferzzse | activity activity
v-glutamy : . activity (nmo N )
hydroxy mate formed/min/mg | consumed/min/ |\ o}ypamy | (nmol NO? (nmoINO, '
formed/min protein}) mg protein) hydroxy mate formed/min/mg | consumed/min/
/mg protein) formed/min protein) mg protein)
/mg protein)
yleS;r 729 +3.4 2.1+1.0 521 £2.7 723 £3.1 2.10.7 518 £2.2
nd
2 729 +3.2 2.1+0.6 520+2.4 720 +£2.8 1.8 0.8 505 £2.2
year
td
3 725 £3.5 2.10.6 517+£2.2 689 +2.8 1.0+0.8 478 £2.2
year .

Table 4.10 d: Enzyme activities of Mastigocladus laminosus regenerated from f)reservation

in 5% DMSO.
Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actilvitty (n lmol (amol Noz- (nmol Noz- tratr.lsit;erase 1 activity ) activity )
;Yl;,gd?oax;rzme formed/min/mg | consumed/min/ ifgllrxtgns;l ;no (nmol NO2 (nmol NO2
formed/min protein) mg protein) hydroxy mate formed/min/mg | consumed/min/
/mg protein) formed/min protein) mg protein)
_ /mg protein)
SV 2sex12s | 879413 | 1573415 | 2wz | SOEML T uai6a12
s 8.51.1
2 2337 +124 8.71 1.3 152.42 1.4 2215 £126 ) ) 143.78 £1.2
year '
“ 7.8+1.1
3 2343 £122 8.71£1.3 151.21 £1.4 2109 +125 ) ’ 137.41 1.4
year
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Table 4.10 e: Enzyme activities of Gloeocapsa sp. regenerated from preservation in 5%
DMSO.

Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite | sample sample sample’
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activity synthetase reductase reductase -
activity (nmol (nmo1 NO ) (nmol NO . transferase activity activity
y-glutamy1 2 2 activity (nmol ) -
hydroxy mate formed/min/mg |- consumed/min/ y-glutamyl (anINO? (nmol NO, .
formed/min protein) mg protein) - hy droxy mate formed/min/mg | consumed/min/
/mg protein) formed/min protein) mg protein)
/mg protein)
yles:r 329 +£3.3 1.1 :I:O._S 221 +1.1 320+3.5 1.1+0.4 220 1.1
nd
2 329+3.2 1.1+0.7 220 +1.1 320£2.7 1.2 +0.5 217 £1.1
year
rd
3 325+3.1 - 1.1+04 217 £1.1 297 £2.9 1.1+0.5 217 £1.1
year

4.6 Calculating the retained viability index (RVI;o)

The tolerance of filamentous heterocystous cyanobacteria to fhe stress afforded by
preservation methods on different solid matrices was evaluated using the retained viability
index (RVIy) as describe by Silva and Silva 2003. Cell viability was estimated by the RV ;o
using the following expression: (Blo-B0)7i30 where By is the initial biomass dry weight and
Bio the biomass dry weight after 10 days of incubation. Positive values of RVIy indicate net
yields of actively growing biomass, while negative values correspond to cases with partial
survival or total death of cyanobacterial biomass. RVIjo gives meaningful insights on the

viability status of cyanobacteria after prolonged periods of preservation and storage.

4.6.1. Results

The concept of RVIyg as described by Silva and Silva 2003; 2007 is for devising a
method of cyanobacterial biomass preservation method for production of economically

convenient stable formulations, that would ensure use of viable biofertilizer stored in a dry
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form. Hence, the main thrust of application of this concept is to évaluate the impact of
.desiccation and preservation on particular cyanobacteria of agronomical importance. In the
present study, RVIjp was éalcu]ated for the two members belonging to filamentous
heterocystous group, Nostoc muscorum and Anabaena variabilis.

Biomass was estimated by dry weight determinations in cyanobacterial cells washed
twice with distilled water and dried at 30°C until constant weight. For determination of
RVIj, 20 mg of powder biomass were suspended in 20 m! of medium and poured onto Petri
dishes followed by incubation for 10 day; at 30°C under illumination. The biomass was then
washed twice with distilled water and dried at 30°C until constant weight. RVI;o was then
calculated using the emressbn given above. Positive values of RVIjg indicate net yields of
actively growing biomass, while negative values correspond to cases with partial survival or:
total death of cyanobacterial biomass.

In the case of the cyanobacterial cells immobilized in agar cubes, alginate beads and
in foam, the growth of released biomass was calculated until it equaled the control sample at
~14 days of incubation. Expressed as a percentage, the viability recovery was calculated
after 14 days incubation by dividing the cell concentrations in the preserved samples by the
~ control sample concentration (Montaini et al 1995).

Table 4.11 a: Effect of preservation on Nostoc muscorum as indicated by retained viability

index (RVI] 0).
SI. | Preservation | Storage condition Retained viability index (RVI,,)
no. | method(s)
6 months | 12 months | 24 months | 36 months
Serial Contimious .
1 subcultures illumination, 3.8 3.8 3.8 3.8
(control) 25+2°C
Calcium Desiccated, room '
"2 . temperature, 2.7 2.7 2.6 2.6
alginate beads dark
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Agar cubes

Desiccated, room
temperature,
dark

2.2

2.1

1.0

0.87

Foam cubes

Room
temperature,
Dark

2.0

1.8

1.0

0.75

Table 4.11 b: Effect of preservation on Anabaena variabilis as indicated by retained
viability index (RVI;q).

Sl | Preservation | Storage condition Retained viability index (RV1,,)
no.| method(s)
6 months 12 months | 24 months | 36 months
Serial Continuous
1 subcultures illumination, 4.3 4.2 4.1 4.0
(control) 25+2°C -
Calcium Desiccated, room |
2 alginate beads temperature, 3.6 3.5 34 3.3
. _ dark
Desiccated, room
3 Agar cubes temperature, 22 2.2 L5 1.3
' dark
Room
4 Foam cubes temperature, 33 2.5 2.0 1.3
Dark

Table 4.11 a and b shows the RVIjo values obtained for Nostoc muscorum and
Anabaena variabilis. In both cases it is evident that viability was retained better and for a
longer duration when the cyanobacteria were preserved in calcium alginate beads. When the
RVI; values for samples regenerated from agar cubes and foam are compared it becomes
apparent that samples were better preserved in agar than in foam. Between these three solid
matrices calcium alginate beads appears to be the best immobilizing material for both the
cyanobacteria studied. This observation is consistent with the other experiments conducted
yvhich also reveéled that calcium alginate beads preserve cyanobacteria better than most
other matrices. A reduced value of RVI;y was obtained in samples regenerated from foam

and agar cubes after 12 months of preservation. Hen_(:e the finding here from RVI o studies is
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that preservation in cakium alginate is definitely a better method for long term

cyanobacterial preservation.

4.7  Assessment of genetic stability of preserved cyanobacteria

To establish whether preservation had any noticeable alteration in the genetic profile.
of the preserved cyanobacteria, a STRR 1A fingerprint profile was generated using the free-
living cyanobacteria as control. As preservation in calcium alginate emerged as the method
of choice for long term laboratory storage of purified cyanobacteria, PCR profiles were
generated using cyanobacterial cells that were regenerated from calcium alginate beads.
Experiments were conducted using regenerated samples after every one year interval Fig

4.21 was generated using the oldest samples (>three years) stored in calcium alginate beads.

4.7.1 Results

PCR profiles of the cyanobacteria studied showed no apparent changes in the

banding pattern thus indicating conservation of their genetic material during preservation

(Fig421).

L2 13 14 5 16 7 18 19 L0 L) L2

Fig 4.21: PCR profile of cyanobacteria regenerated from calcium alginate beads. [ I fig.,
lanes L1,L2,L3 and L4 represent fingerprint profiles of Nostoc muscorum; L5,L6 of
Plectonema boryanum; L7,L8 of Mastigocladus laminosus; L9,L10 of Anabaena variabilis;
and L11 and L12 that of Gloeocapsa sp. L1,L3,L5,L7, L9 amd L11 indicate profiles of the
control free-living batch cultures.]
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4.8 Discussion

This chapter dealt with detailed assessment of effic iency of various existing methods
of cyanobacterial preservation. The target of present work was to identify the time scale up
to which a designated method could be relied upon completely to preserve cyanobact_erial
cells, thus eliminating the need of routine sub-culturing. In addition to listing them
according to their performance in long term preservation of cyanobacteria, this study was
also directed towards modifying some methods to develop protocols of preservation that are
user friendly and less expensive. Hence, efforts were aimed at storing cyanobacterial
cultures in dry form in which metabolic activities in the cell would be minimal due to
dehydration. This has added advantage of least alterations in desired characters as the cell
division is kept at lowest possible. - For every experimental procedure, investigations were
;:onducted to evaluate the performance of the technique in preserving cyanobacteria as well
as to assess the performance of the preserved organism(s) when regenerated from long term
dormancy due to preservation.

The first among various modifications brought about in preservation protocols
involved the creation of agar flakes. Maintaining large number of cyanobacterial cultures as
agar slants suffers few drawbacks as mentioned before. Making of agar flakes substantially
overcame not only the problem of reducing the space required for storage, it also ensured the
storage of axenic strains in dried form for a much longer duration with least occurrence of
contamination. Cultures preserved in agar flakes had longer shelf life and could be stored in
limited space. This treatment did not lead to any severe effect on the viability and survival of
the immobilized cyanobacteria. There was minor reduction in expression of most characters

in the cyanobacterial cells as they were regenerated from the agar flakes. This apparent
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reduction in chlo;ophyll a content, heterocyst frequency, nitrogenase activity,
photosynthetic aﬁd respiratory activities and the different enzyme activities were recovered
in subsequent sub-culturing. All the distinct cyanobacterial groups that were immobilized in
this modified method using agar gave encouraging results with respect to retention of
viability and characters. Amongst the cyandbacteria that were included for study, Anabaena
variabilis record;ed best performance, followed by Nostoc nuscorum, Plectonema boryanum,
‘Mastigocladus laminosus and Gloeocapsa sp. It may be concluded that cyanobacteria may
be séfély stored/preserved using this method at least for a period of24 months.

A major finding of this work was the excellent performance of calcium alginate in
long term preservation of cyanobacteria. It became evident that this technique holds good
for all the distinct groups of cyanobacteria. Significantly, preservation in this matrix did not
. lead to any significant reduction or loss of viability of cyanobacteria. Cyanobacterial cells
were well stabilized in this matrix and immediately regenerated samples matched all
characters to the level of the free- living cultures. This beld true even for samples that were
sfored for more than 36 months. The beads could be dried in a short duration of time (24 h)
thus reducing chances of contamination. Large number of dehydrated beads could be stored
in small vials. This method has proved to be very conveniént for long term preservation of
cultures in axenic condtions witho.ut losing_ any viability or essential characters in the
samples preserved. This gives liberty to a researcher from ;naintaining batch cultures that
has associated problems of being labor intensive, expensive as there is a need for regular
sub-culturing, increased chances of contamination due to routine handling inside a culture
room that hosts many other sirﬁilar organisms and mis- labelling or loss of cultures due to

overcrowded racks. This not only reduces the work load involved in regular batch culturing

111



and maintenance, this method practically negates the -chances of cross contaminations
between various cyanobacterial cultures kept in close proximity. Also, the method is reliable
in retaining the viability of immobilized cells which is of paramount importance -in long
term maintenance of cyanobacteria.

. Another base for preservation of cyanobacteria that was attempted in the present
work was immobilization in foam. This is a known method of preservation. In this study
ordinary packing f_oam was used as they are readily available in any laboratory that buys
usual consignment of research equipments and thus this supply of foam material is cost
effective. Our investigation demonstrated that the ordinary packing foam can effectively be
employed as a preservation matrix for cyanobacteria at least for a period of 24 months.
Nevertheless, like in almost every other protocol, the initial amount of inoculum plays a
determining role in deciding the duration of viability of the immobilized cyanobacteri;d. It
must be mentioned here that this load had to be much more in case of foam due to its porous
nature. The dried foam cubes can be conveniently stored in sterile containers at room
temperature in dark.

A proven method of long term preservation of cyanobacteria is storage at ultra low
temperature (-SOfC) using cryoprotectants. However, this requires sophisticated ultra
refrigeration systems.. Since domestic refrigerators are cost eﬁ'ective ‘and are part of most
laboratories, the rdle of these refrigerators in storing cyanobacterial samples preserved for a
period of time was evaluated during this project. The duration up to which such
cyanobacterial samples can be reliably stored.was also established. This could be of interest

in case of laboratories with modest resources and also to researchers who collect samples

from remote locations and need time to start work on the collection. Two commonly used
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cryoprotectants DMSO and glycerol were used for this study. Results obtained illustrated
that under such modification in the established method of preservation, cyanobacteria could
be preserved for at least 9-12 months without logs of viability. DMSO was found to be a
better cryoprotectant than glycerol, and this was true for all the different groups of
cyanobacteria. Nevertheless, it was apparent that viability and growth was most affected
when cyanobacterial samples were preserved using this method as compared to all others
methods that were studied in the present work.

Retained’ viability index (RVIjg) gives an indication of viability of dried
cyanobacterial samples after extended periods of storage. However, RVIy is generally
estimated for samples which ar'e projected as biofertilizer. Thus, retained viability indices
for desiccated stored Nostoc muscorum and Anabaena variabilis samples were calculated
keeping in mind that these two cyaﬁobacteria are widely distributed in paddy fields and are
under intense research as possible biofertilizer candidates. Results obtained showed that
preservation in alginate was a superior method for long term preservation of cyanobacteria.

A notable observation that surfaced from this study was that preservation of the non-
heterocystous cyanobacteria always necessitated fhe addition of supplementary amounts of
pitrate to the preserving medium. Initial experiments conducted without this further
supplementation of nitrate resulted in inefficient preservation of the cyanobacteria with
reduced duration of viability in the preserving matrix.

49  Salient findings
o This chapter dealt with evaluation and assessment of some existing methods of

cyanobacterial preservation. The emphasis was to find the suitability of the methods
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and also to find the time period up to which cyanobacterial samples may be safely
stored using matrices and protectants described in the methods.

Certain chaﬁges were introduced in some of the protocols in order to make them
more readily useable and less expensive.

The existing method of making agar slants was modified to make agar flakes for
convenient storage of cyanobacteria. This modification Has the advantages of ease of
bandling, and ensuring storage of immobilized cyanobacterial samples in dry form.

This also substantially reduces the chances of contamination between cultures which
are maintained in close proximity in culture rooms. All groups of cyanobacteria
could be stored on agar flakes for at least a period of 18-24 months.

Calcium alginate proved to be most promising and dependable in Jong term
preservation of cyanobacteria. Cyanobacterial samples thus stored retained their
viability for very long periods without any ioss of characters that are indispensable
for independent survival Also, large quantities of samples could be stored as

calcium alginate beads in small vials thus bringing down the space required for
maintenance. Safe period up to which the cyanobacteria can be stored using this
protocol is at least 36 months. Cells also regenerated from these beads even after 5

years of storage at room temperature and in dark.

The use of ordinary packing foam in immobilization of cyanobacteria was another

major achievement of this work. It became obvious that packing foam can bé used in

storing cyanobacteria at least for a period of 18 months. Foam is often a waste

material readily found in laboratories as they come as protective packing material
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around instruments. Thus, use of such material is highly cost effective and is
convincingly efficient in preservation of cyanobacteria for substantial period of tifne'.
It was also observed that cyanobacterial samples can be stored in ordinary
refrigerators using cryoprotectactants for about 9-12 months. This would enable
researchers to store cyanobacteria for at least this period in laboratories that lack
expensive ultra refrigeration systems. |

-The initial amount of inoculum played a very determining role in deciding the
duration of survival and performance of regenerated samples from the different
preservation matrices and materials. A higher concentration of initial.inoculum (at
. least 10 pg/ml chl @) was a prerequisite to ensure longer duration of viability of
preserved cyanobacteria.

Non-heterocystous cyanobacteria needed additio.n of supplementary nitrate in the

media.
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Chapter 5

Development of alternative methods of preservation:
Relevant to field applications of cyanobacteria

51 Introduction

Cyanobacteria have immense applications in various fields of biotechnology. These
include their uses as biofertilizer, in reclamation of soil, in bioremediation of toxic
compounds from polluted environments, waste and efﬂgent water treatments and in
biocontrol of pests, among many other applications. For the above mentioned applications
however, efficient strains of cyanobacteria have to be released to the desired sites of interest.
For cyanobacteria to be effective for these applications they have to be viable during
packaging and transport. At present cyanobacteria are distributed for such purposes as live
cells which perish within a short period of time under packaged conditions. Therefore,
immobilizéd cyanobacteria in dry form are an attractive alternative to wet live cells for
transport anc.l distribution. This increases their shelf-life significantly. However, the matrices
on which the cyanobacteria are to be immobilized for such purposes must be environment
friendly, biodegradable and economical. In the recent past, a significant variety of carrier
materials have been experimented with for the purpose of obtaining a suitable carrier for
efficient transfer of cyanobacterial biofertilizers to the fields. Included among them are
thermocol, riverbed sand, saw dust, rice straw, paddy straw (Kaushik and Prasanna 1998),
sugarcane waste/rice husk and coconut coir (Kannaiyan 2000; Malliga et al 1996) etc.
Tobacco waste-based cyanobacterial biofertilizer has also been attempted (Jha and Prasad
2006). A cheap and easily adaptable method for the production of soil based algal

inoculum, was developed for the benefit of small and marginal farmers which involved very
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little capital investment (Venkataraman 1981). The production technology has now been
substantially improved with the introduction of new and cheap carrier materials such as
multani mitti (Fuller’s earth) and wheat straw that support higher algal load with longer
shelf life (Kaushik 1998; Goyal etal 1997; Prasanna et al 1998).

This Ph.D. work mainly concerns preservation and conservation of cya.nobacteria.
Effective preservation and conservation would certainly benefit future researchers as the
preserved material could be the starting point for cyanobacterial research and valuable time,
effort, energy and cost of chemicals involved in isolation, purification and maintenance
could be reduced to a great extent. However, during the course of work one question that
constantly came to mind is whether preservation could have any further function apart from
simply preserving the material for a period of time. Keeping various field applications of
cyanobacteria in view, we tried to find economically feasible immobilizing bases for
cyanobacterial preservation that are environment friendly. Emphasis was given to locate
materials that could keep cyanobacterial cells viable for a significant period of time, long
enough to transfer cyanobacteria to desired sites with little or no loss of viability. Based on
the above requirements we experimented with garden soil, charcoal chips, dried fibrous
Luffa cylindrica and the outer cover of mature betel nut (dreca catechu) as carrier material.
Rationale for choosing these materials was that they are biodegradable natural substances
that are locally available. This éhapter deals with performance assessment of various eco-

friendly materials that were sampled as possible carrier materials.
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5.2 Methods

5.2.1 Organisms
The cyanobacteria used for the present study were RF7 (Anabaena sp.) and CMY
(Nostoc sp.) from chapter 3, table 3.2. RF7 showed high degree of association with rice roots
and high associative nitrogenase activity and therefore, could be used as biofertilizer
inoculum. CM9 was efficient in heavy metal removal
5.2.2 Cultivation and concentration of cyanobacteria
Pure cultures of the two cyanobacterial isolates were raised in BG 11g media. 100 ml
each of exponentially growing (15 days old) cyanobacterial culture with chlorophyll a
concentration of 10 pg mI'was concentrated to 5 ml by centrifugation.

5.2.3 Immobilization on luffa (Luffa cylindrica)

The fibrous placenta of Luffa cylindrica was used for entrapment of cyanobacterial
cultures (Fig 5.1 a). These were cleaned, deseeded and washed several times in water, rinsed
with suitable media and then dried in the oven at 35°C. Once dried these were cut into small
pieces (Fig 5.1 b). The concentrated shurry of cyanobacterial was then poured over and
mixed properly using sterilized forceps and left to dry under aseptic conditions, inside the
laminar flow cabinet (Fig 5.1¢c, d). Once the cyanobacterial cultures dried, the fibres were

packed into polybags.
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Fig 5.1: Immobilization of cyanobacteria m Luffa cviindrica (a) dried Luffa cyviindrica, (b)
washed and cleaned cubes of Luffa cviindrica, (c, d) Luffa cvlindrica cubes containing
cyanchacterial cultures
$2.4 Immobilization on betel nut covers (‘snep kwai’)

Bete! mut (4reca catechu). “snep kwai’ {Fig 5.2 a) were cut mnto umform sized picces
and the fibers were looscly scparated from each other (Fig 5.2 b). These were washed
thoroughly several times, rinsed with suitablke media and then dried at 35°C in the oven (Fig

5.2 ¢}. Inoculation and packaging were done as m the case of luffa (Fig 52 d).
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Fig 5.2: Immebilization of cyanobacteria m fibres of Areca catechu (a) Dred Areca catechu
(betel nut) (b) fibres of betel mat (c) washed and cleaned fibres of betel nut (d)
cyanobacterial cultures moculated on to fibres of betel nut (¢) dried immobilized
cyanobacteria packed in sterile plastic bag (f) Scanning electron micrograph of immobilized
cyanobacteria on fibres of betel nut cover.
5.2.5 Immobilization on charcoal pieces

Small size charcoal pieces were washed and dried before autoclaving. Concentrated

cyanobacterial sturry was poured on these pieces as in the case of ‘luffa’ and ‘snep kwar’.

However, cyanobacterial filaments were not retained effectively on the charcoal pieces. To
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overcome this limitation, cyanobacterial cultures were grown for 15 days to a chlorophyll a
concentration of 10 pg mi'. Autoclved charcoal pieces were then dipped in to the conical
flasks containing the cultures (Fig 5.3 a). These were retrieved after being left for four days
in the flasks. The excess media was drained off and the chips were left to dry. This
adiustment in the method of immobilization of cvanobacterial cells led to adherence of
substantial amount of cyanobacterial filaments on the cracks and crevices on the surface of
the charcoal. The dried pices of charcoal contaiming the immobilized cyanobacteria were

then stored m sterile polybags and kept at room temperature (Fig 5.3 b, ¢).

@ ®) ©
Fig 5.3: Immobilization of cyanobacteria on charcoal pieces {a) charcoal pieces moculated
m cyanobacterial culture (b) dried cyanobacteria on charcoal pieces (c) packets containing
charcoal immobilized cyanobacteria.

5.2.6 Enrichment of soil with cyanobacterial cultures
Soil was collected from the university campus. The soil was sieved to remowve
pebbles and other organic substances such as roots, kaves etc. The fine soil particles were

autoclaved at 121°C (15 psi) for 30 minutes. Following this inoculation was done with dense
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slurry of cyanobacterial cultures (10 pg ml™"). This was dried and then lumps were broken to
obtain finer soil particles. These were then stored in sterile containers.
5.2.7 Regeneration studies on the immobilized samples

At every three months interval the dehydrated samples were reintroduced in

appropriate growth media to ascertain viability of the immobilized cells. Fig 5.4 shows

regenerated filaments from ‘snep kwai” afier one year of preservation.

Sum BB324 B7/SEP/GS

Fig 5.4: Sacnning electron micrograph of cyanobacteria regenerating from immobilized
fibres of betel nut

Filaments growing out of the matrices were then used to measure growth, heterocyst
frequency and nitrogenase activity. Growth in the regenerated samples was measured as an
increase in chlorophyll @ (MacKinney 1941). Their heterocyst frequency was counted under
a light microscope and expressed as percentage of total cells. Acetylene reducti.on activity
by nitrogenase enzyme (£C/.18.6.1) was estimated in vivo by gas chromatography (Stewart
et al 1967). Since this work was dedicated to finding suitable carrier material for
cyanobacterial inoculum to be transferred for field applications. the potential of these

regenerated samples in colonizing rice roots and their efficiency in removing heavy metals

have also been assessed. For all evaluations, preserved cyanobacteria were allowed to grow
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out form the bases and then reinoculated into fresh media at a constant concentration. This
was done to enable us to compare the various characteristic under study with free-living
batch culture of the same organism.

53 Results and Discussion

53.1 Growth

Fig 5.5 and 5.6 compares the growth expressed as increase in chlorophyll a content

of Nostoc sp. (CM9) and Anabaena sp. (RF7) in the four methods mentioned above.

7 .
/ﬁg—-—o'-chp
6 &

~—&~ lul Nsp 3m

~#~ (uf NSp 6m
~a Jf NSp Sm

Chloropliyll @ concentration (ug mi-?)
Chlorephyll & concentration {pg mi*%)

“=—cNsp

~&~— kNspbm

sk NSP1 yT

[1] 5 10 15 (a) o 5 10 15 (b)
Time (Days) Time {Days)
g -
: g’ A
4 4

E - 5
z : B
£ g ! =€ NSp
o 2.
£ £ - char Nsp 6m
E 0
£ § -a-charNsp1y
g o 3!
2 el 32!
z =3 It
S;' S NSP 6m § o l{A
iy i g . )
5 e~ SNsp 1y = gt ey R
§ o

~ié~ 5 Nsp 1y 6 M ¢ o .

: ! 0 5 10 s @
0 5 10 15
© Time [Days)
Time {Days)

Fig 5.5: Growth curve of Nostoc sp. (Nsp) regenerated from (a) ‘snep kwai’, (b) Luffa
cylindrica, (c) soil and (d) charcoal. [In fig, ‘c’ refers to control samples; ‘k’, ‘luf’, ‘s’ and
‘char’ refers to samples regenerated from immobilization in kwai, luffa, soil and charcoal
respectively. ‘m’ indicates the age (in months) and ‘y’ the age in years of the preserved
samples. ]
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Fig 5.6: Growth curve of Anabaena sp. (Asp) regenerated from, (a) “snep kwai”, (b) Luffa

I P}

cylindrica, (c) soil and (d) charcoal. [In fig, ‘c’ refers to control samples; k', ‘luf’, ‘s’ and
‘char’ refers to samples regenerated from immobilization in kwai, luffa, soil and charcoal
respectively. ‘'m’ indicates the age (in months) and 'y’ the age in years of the preserved
samples.|

Experiments to standardize initial concentration of cyanobacteria needed for
immobilization resulted in finding 10pg ml™' of cyanobacteria being optimum for getting
high number of viable cells in regenerated cultures. Nostoc sp. and Anabaena sp. remained
viable up to 9-12 months in all the immobilizing bases used to varying degrees. The outer
cover of betel nut (‘snep kwai’) and soil seemed to be the best immobilizing materials for
Nostoc sp and Anabaena sp. The growth of regenerated cells after a year of preservation on
these bases was similar to the control cells. Nostoc cells could survive even longer Auration
of immobilization of soil up to a period of 18 months, even though growth was reduced by

~72% (Fig 5.5 ¢). Similar trend was observed in cells of Anabaena sp. (Fig 5.6). However,
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negligible regeneration of cells was seen from ‘snep kwai’ samples after a period of 1year.
The medium turned blue when preserved ‘snep kwai’ samples were introduced for
regeneration indicating lysis of the preserved cells. Thus, ‘snep kwai’ can be safely used
with a good rege;neration potential upto a period of one year. The growth in cells régenerated
from luffa and charcoal seem to follow a parallel trend ofbeing inversely proportional to the
period of preservation. Growth from charcoal was comparable in 6 months to their control
cultures. Drastic drop in regeneration and growth was seen after this period. Luffa as carrier
was good only for about three month. After this, the regeneration of cyanobacterial cells
from luffa was poor. This may be due the texture of luffa that does hold substantial amount
of cyanobacteria on itself even though an initial co ncentratién of 10pg mI'! of cyanobacteria
was maintained for immobilization. This brings to the fact that initial amount.of inocula
plays a definitive role in regeneration potential of immobilized cultures. This was found to

be true for all methods employed for preservation and storage.

5.3.2 Heterocyst frequency and nitrogenase activity

Heterocyst frequency of regenerated Nostoc and Anabaena sps. were compared to
their free living cultures. Figs 5.7 and 5.8 clearly project the percent heterocyst differences
between the regenerated specimens and their controls. Nostoc cells regenerated from soil
samples maintained the original heterocyst count up to a period of one year. Cells
regenerated from ‘snep kwai’ after 6 months and one year displayed a reduction of 27 to
31% in heterocyst frequency. However, in the case of Anabaena cells, almost complete
retention of heterocyst frequency was seen in samples regenerated from ‘snep kwai’ (and not

from the samples regenerated from soil) for the same period. "The correlation between

heterocyst frequency and nitrogenase activity held true for the Nostoc cells regenerated from
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all the immobilizing bases (Fig 5.7; 5.9). However, nitrogenase activity did not match its
heterocyst frequency in regenerated Anabaena celis in case of ‘snep kwar’ (Fig 5.8; 5.10).
This may have been due to the noticeable occurrence of double and multiple heterocysts in
many of the regenerated filaments of Anabaena where these heterocysts present ina row are
in short supply of carbohydrates from the neighboring vegetative cells. This feature
disappeared upon subsequent sub-culturing of the regenerated samples and the correlation
between heterocyst frequency and nitrogenase activity was restored. In all cases, subsequent
cultures of the preserved samples matched the parameters of their free-living control
cultures. Soil as an immobilizing base was best for both the organisms under study. The
duration of preservation on soil was as long as eighteen months without any significant loss
in heterocyst frequency and nitrogenase activity. The nitrogenase acti\./ity of immediately
regenerated Nostoc cells after a year of preservation in soil was 92% of that of its control

cultures.
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Fig 5.7: Percent difference in heterocyst frequency of Nostoc sp. (Nsp) regenerated from (a)
“snep kwai”, (b) luffa, (c) soil and (d) charcoal. [In fig, ‘¢’ refers to control samples; 'k’
Wuf’, ‘s’ and ‘char’ refers to samples regenerated from immobilization in kwai, luffa, soil

and charcoal respectively. ‘m’ indicates the age (in months) and 'y’ the age in years of the
preserved samples. |

127



100

suss

Percentdifference nHF (%)
w
(=)

Percentdifference In KF (%)

kAsp 6m kAsply
Samples

cAsp lufAsp3m  JufAspém  lufAspSm
@ Samples ®

b R e — . - P, 7 U U RV

100 +-

Percentditference InHE (%)
2
Percentditference InHF (%)

C-Asp . -v~50imsp6m irty ;;,"Mpw - o cAsp darpspbm  chatasply  (d)

tm Samples
Fig 5.8: Percent difference in heterocyst frequency of Anabaena sp. (Asp) regenerated fiom
(a) “snep kwai”, (b) luffa, (c) soil and (d) charcoal. /In fig, ‘¢’ refers to control samples; ‘k’,
uf’, s’ and ‘char’ refers to samples regenerated Jrom immobilization in kwai, luffa, soil

and charcoal respectively. ‘'m’ indicates the age (in months) 'y’ the age in years of the
preserved samples. ]

128



-
Q
i
i
i
1
i
[
Q
i

S 9 x5 9
d.:r 8 - g-"\ 8
s 3= B
ES 7- Es 7
— -5
a% 6 - a-: 6
s% s 5
£® 5 22
-z Sy . K
ge 4 28 2
23 3- §8 3 By
®e o 5 ]
o5 2 g ke
s = 1 Bt
2 1= = .

o - 0 *

1 2 3 4
Samples ®)

g -
- -
8 x
P L
°?= 7 g.:
Ea .. En
=z =
-E'.' 5. 'g'-‘
. = w
¢ s
:u 3 :o
c 3 =
o3 =]
w2 5. w 2
[LE-% oo
= =
=z 1 =
o.,‘
1 2 3 4 1 2 3
Samples Samples )
d
(c) ()

Fig 5.9: Nitrogenase activity of Nostoc sp. (Nsp) regenerated from, (a) ‘snep kwai’ after one
year of preservation, (b) from luffa after nine months of preservation, (¢ ) from soil after
one year and six of preservation and (d) from charcoal after one year of preservation. (Note:
columnl refers to the control sample in each case; for fig a, column 2 and 3 represents the
nitrogenase activity of regenerated samples at the end of 6 months and 1 year respectively;
Jor fig b, column 2, 3 and 4 represents the nitrogenase activity of regenerated samples at the
end of 3, 6 and 9 months respectively;, for fig c, column 2, 3 and 4 represents the nitrogenase
activity of regenerated samples at the end of 6 months, 1 year and 1 year 6 months
respectively; for fig d, column 2 and 3 represents the nitrogenase activity of regenerated
samples at the end of 6 months and 1 year respectively).
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Fig 5.10: Nitrogenase activity of Anabaena sp. (Asp) regenerated from (a) “snep kwai” after
one year of preservation and (b) luffa after nine months of preservation, (c) soil after one
year and six months of preservation and (b) of charcoal after nine months of preservation.

(Note: columnl refers to the control sample in each case; for fig a, column 2 and 3

represents the nitrogenase activity of regenerated samples at the end of 6 months and 1 year
respectively; for fig b, column 2, 3 and 4 represents the nitrogenase activity of regenerated
samples at the end of 3,6 and 9 months respectively; for fig ¢, column 2, 3 and 4 represents
the nitrogenase activity of regenerated samples at the end of 6 months, 1 year and 1 year 6

months respectively; for fig d, column 2 and 3 represents the nitrogenase activity of
regenerated samples at the end of 6 months and 1 year respectively).
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5.4 Conelusion

This chapter dealt with unconventional methods of preservation that could be useful
for application of cyanobacteria in agriculture and in environmental restoration programmes.
As mentioned earlier, soil has already been attempted as a base for carrying cyanobacterial

i

inoculum for field applications. The use of betel nut covers for immobilizing cyanobacteria .
was a significant step forward towards development of suitable and economical carrier of
cyanobacteria for such applications. Our experiments suggested that cyanobacteria. could
temporarily be preserved on betel nut covers for duration up to twelve months. This period
is sufficient for bulk production, immobilization, storage and transfer of viable
cyanobacterial inoculum to intended destinations. Betel nut covers are waste generated
locally in substantial amount and has the potential to be used as inexpensive carrier of
cyanobacteria as it fulfils various requirements of an ideal carrier including its
biodegradability. Washed and cleaned fibres of betel nut are relative!y inert and could hold
sufficient amount of inoculum on itself Introduction of favourable growth conditions
" -resulted in profuse proliferation of the immobilized cyanobacterial cells from these fibres
and no alteration of any vital characters such as nitrogenase activity was apparent in the
regenerated cells.

Therefore, this initial study provides an insight into some short term preservation
methods relevant in application of cyanobacteria and could have important contribution
towards development of appropriate carrieré for future biofertilizer and bioremediation
programmes. The following chapter describes the experiments conducted to estab lish betel

nut covers as successful carrier of cyanobacteria for field applications. Charcoal as carrier of
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cyanobacteria for potted plants speciﬁcally for growing orchids has also been tested with
encouraging results.
5.5 Salient findings

e Betel nut covers, soil, Luffa cylindrica, charcoal chips were used for short

term preservation of cyanobacteria.

e Luffa cylindrica was found unsuitable as the hé Iding capacity was much less
due to its porous texture.

e Initial inoculum load was found to have a definitive role in influencing the
duration up to which dry samples could be stored.

e Among the bases considered, soil was found to be the best for preservation of
cyanobacteria in terms of duration as well as retention of native characters.

e Fibres of betel nut covers came in close second as base for preserving
cyanobacter.ia. It is a biodegradable waste material and thus a technology
utilizing these could be an environment friendly and economically feasible
option.

e Charcoal could maintain cyanobacteria viable for at least a period of six
months upon immobilization and thus, could be projected as a rich potting

material for plants such as orchids.
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Chapter 6

Use of fibres of betel nut cover as carrier for biofertilizer
and bioremediator inoculums: screening of local isolates of
cyanobacteria for potential applications in agriculture and in
improvement of polluted environment and their immobilization
on ‘snep kwai.’_

6.1 Potential applications of cyanobacteria in agriculture and

environment

Inclusion of cyanobacteria as biofertilizer for improving soil quality and fertility in
agricultural) practices has long been known (De 1939; Venkataraman 1981; Roger and Ladha
1992; Roger and Kulasooriya 1980; Metting 1988; Whitton 2000). Besides in recent times,
considerable research has been done omn application of cyanobacteria in cleaning up of
polluted environment. Live cyanobacterial cells are ideal for such applications as they are
capable of photosynthesis and nitrogen fixation and thereby require very little chemical
inputs for their growth and cell division. These qualities could project them as cheap and
affordable alte;natives to agrochemicals as well as to expensive environmental remediation
protocols. Being biological, they have little or no adverse affect on the environment in
which they are introduced. However, not all strains are equal in their performance. Thus,
isolates have to be assessed for their ability to perform desired function(s). In this chapter
we put forward some finding relating to potential applications of indigenous cyanobacterial
isolates as biofertilizer in rice cultivation and as natural agents capable in heavy metal
removal from the surrounding. We also present possible alternative carrier soAIution ofthese

strains to site of applications.
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6.2  Screening of cyanobacteria for biofertilizer application

Thirty five cyanobacteria isolated from various places of Meghalaya and the
neighbouring state Assam was screened for colonization of rice roots. Most isolates were
from rice fields as we felt that cyanobacteria present in these ecosystems are already
accustomed to being in close proximity to rice seedlings as well as to prévailing conditions
of rice fields. One hot spring isolate was also tried for colonization study in anticipation of
presenting it as biofertilizer for tropical rice fields. In addition, Nostoc cyanobionts were
isolated from three independent Anthoceros thalli collected from different locations. Their
inclusion in the study could be justified as these cyanobionts already existed in symbiotic
association and therefore.are well acquainted with symbiotic l.ife style. Thus, we presumed
that they could be efficient in forming successful association with rice seedlings in a short

duration of time.

Table 6.1: Cyanobacterial isolates selected for the study

Serial no. Sample Origin of sample S ample identified as

Rice fields. Near NEHU Campus. Anabaena oryzae

1 RF1
Meghalaya
Rice fields. Near NEHU Campus.

2 RF 2 Meghalaya Plectonema boryanum

n Rice fields. Near NEHU Campus.

3 RF3 Meghalaya Nostoc sp.
Rice ficlds. Near NEHU Campus. Anabaena oryzae

4 RF4
Meghalaya

< - Rice fields. Near NEHU Campus.

5 RF3 Meghalaya Aphanothece sp.
Rice fields. Near NEHU Campus.

6 RF6 Meghalaya Nostoc sp.
Rice fields. Near NEHU Campus. Anabaena sp.

7 RF7
Meghalaya
Rice fields. Near NEHU Campus. .

8 RF8 Meghalaya G'alothrt.x sp.
Rice fields. Near NEHU Campus.

9 RF9 Meghalaya Nostoc sp.
Rice fields. Near NEHU Campus. ,

10 RFEI0 Meghalaya A Nostoc sp.

11 RFI1 Umkhen. Jaintia Hills. M eghalaya. Tolypothrix sp.

12 RFI2 Umium. Ri Bhoi. Meghalaya. Nostoc sp.

- | Nongstoin. West Khasi Hills. ,

13 RFI3 Meghalaya. Arabaena sp
Mawphlang East Khasi Hills. . .

14 RFI14 Meghalaya. l\ostocsp.””

15 RFI> Syntu Ksiar. Jaintia Hills. Anabaena sp.
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M eghalaya.
Syntu Ksiar. Jamtia Hills.
16 RFl6 N egualeyn. Nostoc sp.
17 RFI7 Syntu Ksmr. Jamtia Hills. Anabaena sp.
' Meghalaya.
18 Bige , | s Nostocsp.
19 RFI19 3:;3&? k. Nostoc sp.
>0 R0 izntu 2’ Jamtia HE G iy
21 RE2I z‘ymu st:r Jamtia Hills. Ana varigbilis
22 RFZ2Z Rice fields. Guwahat:, Assam Nestoc sp.
23 RF23 Rice fieids Guwahat:, Assam Nostoc sp.
24 RF2# Rice Hekds. Sonapur_Assam Anahaenc 87
25 RF2S Rice fizlds. Somapur Assam Plectonema sp .
26 RF26 Rice ficlds. Sonapur _Assam Nostoc sp.
27 RF27 Rice fields. Bagon Assam Nostoc sp.
28 RF2X Rice ficids Bagori Assam Calothrix sp.
29 RF29 Rice fields Dergaon Assam Westiellopsis sp.
) . oy Cvlindrospermum
3 ce f m e
30 RE30 Rice fields. Dergaon, Assam Sriliomo
31 RF3] Rice fields. Goiaghat, Assam Anabaena sp.
32 ast | oo Mﬂ“’“‘* e T T -
. . From Anthocer o DURCIGIBS o
33 N4l (NEHU} AosIe Sp.
2 From dmwoceros samcratus . -
34 NA NEHL) Nostoc ANTH
38 g | Do ACEND SNt Necaio: 5 .
M awp hians: -

A visual screenmg ostabhished that 2l 25 isolates showed coicnizatin of rice roots

to varying degrees {Fig 6.1).

%
H
[
57

Fig 6.1: Rice root colonization by cyanobacteria

135



Of these, 21 showed tight association with rice roots (Table 6.2). This was

determined by calculating chlorophyll a content and associated nitrogenase activity in the

excised roots. The excised roots were subjected to ultrasonic bath for two minutes to

remove loosely associated cyanobacteria. The values obtained for chiorophyll a and

nitrogenase activity were those of the tightly associated cyanobacteria. A notable

observation of the colonization study was that the nitrogenase activity was higher in the

cyanobacterial filaments associated with roots than their free-living counterparts.

Table 6.2: Successful colonization of rice roots by different cyanobacteria. (Values are

mean of three independent sets of experiments).

Nitrogenase activity

Associated nitrogenase

Serial { Sample Sample Chlorgphyltl nmol C,H, activity nmol C,H,
no. number identified as “ (ug/,,.roo produced/ pg chi a/h | produced/ pg/g root dry
dry weight) (freeiving) weight/h

1 RFy | Anabaenaoryzae 432 5.1 7.32

2 RF3 Nostoc sp. 505 6.3 8.22

3 RFy4 | Anabaenaoryzae 412 43 591

4 RF6 Nosioc sp. 378 3.8 5.12

5 RF7 Anabaena sp. 682 7.0 10.62

6 RF8 Calothrix sp. 565 6.4 8.60

7 RF9 Nostoc sp. 398 49 572

8 RF13 | Anabaenasp. 518 6.2 8.43

9 REI4 Nostoc sp. 501 6.0 7.87
10 RFI6 | Nostocsp. 619 7.8 9.76
11 RF19 | Nostocsp. 583 6.8 8.74
12 | Re2r | “Anabaena 467 49 6.13

variabilis

13 RF22 .| Nostoc sp. 453 52 6.87
14 RF23 | Nostoc sp. 466 59 7.59
15 RF24 | Anabaena sp. 379 49 5.73
16 RF26 | Nostoc sp. 475 59 6.91
17 RF 27 | Nostocsp. 498 6.5 7.40
18 NA1 Nostoc sp. 663 74 10.33
19 NA2 | Nostoc ANTH 493 7.1 7.84
20 NA 3 Nostoc sp. 488 6.4 7.74
2] ws1 | Mastigocladus 324 3. 4.66

laminosus

. The main objective of finding suitable cyanobacteria to be used as biofertilizer is to

provide crop plants with higher fixed nitrogen in its vicinity. In our colonization study,

sample numbers RF7, RF16 and NAI exhibited higher associative nitrogenase activity and
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therefore, were selected as potential biofertilizer strains to be preserved for future studies. A
point to note is that two of these solates were collected from rice fields that recorded pH in
the acidic range (6.2 for solate RF7 and 6.8 for’ RF16). Thus, these cyanobacteria are
adapted to low pH and could be kept in mind as biofertilizer for acidic rice fields.
Co-cultivation showed positive influence on the health of rice plants as well
Cyanobacterial assocmtion had significant beneficial impact on the overall growth of rice

seediings (Fig6.2).

e T

Fig 6.2: Positive mfluence of cvanobacteria on the growth of rice plants

Seven expermmental set ups each comprising ten seedlings were wsed to study the
effect of rice-cyanobacteria co-cukivation on the overall growth of rice plants. Rice variety
DR-92 and cyanobacteria RF7 was used for the experiment. Root and shoot lengths and their
respective dry weights of the associated rice seedlings were calculated after co-cultivation
period of 30 days. A parallel experiment was also run with rice seedlings growing without
cyanobacteria to compare the difference brought about in growth of rice seedlings in

presence and absence of cyanobacteria in their vicinity. Table 6.3 gives the details of the
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experimental results. A distinct encouraging difference was seen in rice seedling grown

along with cyanobacteria.

Table 6.3: Comparative root and shoot lengths and their respective dry weights of rice
seedlings grown in presence and absence of cyanobacteria. (Values are mean of three
independent sets of experiments each containing ten seedlings).

Slno Root lengths (cm) Shoot lengths (cm) Root dry weight (g) Shoot dry weight (g)
-C +C -C +C -C +C -C +C
1 5.3 8.9 11.3 17.7 0.076 0.089 0.059 0.143
2 5.2 9.3 10.2 16.8 0.079 0.093 0.049 0.121
3 4.6 10.5 10.6 17.3 0.083 0.102 0.052 0.155
4 3.9 10 11.1 17.8 0.073 0.083 0.038 0.136
3 42 10.6 9.8 20.1 0.087 0.123 0.063 0.122
6 6.1 11.2 11.6 18.6 0.084 0.109 0.044 0.149
7 5.3 10.3 9.9 18.9 0.082 0.118 0.046 0.155
Average Average Awerage Average Average Awerage Average Awerage
4.97 11.11 10.64 18.18 0.08 0.102 0.051 - 0.140

[-C = seedlings grown in absence of cyanobacteria; +C _ seedlings grown in presence of
cyanobacteria)

6.3  Preservation of RF7, RF16 and NAI on fibres of betel nut cover

As illustrated in the chapter 5, betel nut covers were able té retain viable
cyanobacterial cells without compromising characters such as nitrogenase activity for atleast
a period of 12 months. This is crucial for regenerated cyanobacteria if they are to be used as
" inoculums for biofertilizer programme. Betel nut covers have already been shown to be
economically feasible option as carrier of cyanobacteria in the previous chapter. The
cyanobacterial isplates RF7, RF16 and NA] were immobilized on betel nut covers (5 ml
cyanobacterial culture with chlorophyll a content of 10 pg mI'' was immobilized on 5 gram
betel nut fibres). These were stored in sterile plastic bags and kept at room temperature in
dark. Every three months samples were regenerated and tested for retention of colonization
ability. The fact that nitrogenase activity of associative cyanobacteria was found to be higher

than that of the free-living cells (Table 6.2), associative nitrogenase activity of regenerated -
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sample that were used for colonization study was also measured to assess if this character
has been compromised during long term preservation on these fibres.
Table 6.4: Chlorophyll a, nitrogenase activity and associated nitrogenase activity of

cyanobacteria (RF7, RFI6 and NAI) regenerated after one year of preservation on betel nut
fibres. (Values are mean of three independent sets of experiments).

Serial | Sample | Sample identified | Chlorophyll a Nitrogenase Associated nitrogenase
no. number as (ng/g root dry activity activity nmol C,H,
weight) nmol C; Hy produced/ ug/g root
' produced/ pg chl dry weight/h
a/h (free-living)
1 RF7 Anabaena sp. 696 7.32 10.55
2 RF16 Nostoc sp. 612 7.56 9.48
3 N4l Nostoc sp. 668 7.23 10.19 .

64 6°N analysis as evidence of N-transfer from associated

cyanobacteria (RF7) to rice seedlings

The knowledge of symbiotic association where there is beneficial exchange qf
metabolites between the partners has been extended to the practice of co-cultivation of rice
with cyanobacteria. Better growth of rice seedlings in presence of cyanobacteria (Fig 6.2)
prompted the experiment to study the transfer of fixed nitrogen from the cyanobacteria to
the rice plants. A CHNS analyser (Vario EL 111 Elementar) was used to investigate the °N
transfer Between the two partners. Following formula was used for calculation of §!°N:
8'°N (%0) = [R sampte/R stancara)-1] X 100
Where R = >N/ "N ratio and the standard is the dinitrogen of air, defined as having a 3

~ value of zero.

It is well established that soil N has higher abundance of '°N than atmospheric N
owing to '°N being selectively retained because of its heavier mass. '°N enrichment of soil
being the net result (Turner et al 1983; Azam and Farooq 2003). Consequently processes

such as nitrogen fixation, N losses and plant uptake continuously causes '°N enrichment of
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soil N and depletion of atmospheric N (Azam and Farooq 2003). Because of the difference
in natural >N abundance, N, fixing plants that depends on soil N and biological nitrogen
fixation, have low '°N abundance than a non-fixing plant that obtains nitrogen frorh soil
alone (Kohl and Shearer 1980; Danso et al 1993). This difference of natural >N abundance
among plants can be used for assessing the contribution of biological nitrogen fixation in a
diazotrophic association (Shearer and K:)hl 1986).

For this experiment 10 days old rice seedling were co-cultured with cyanobacterial
isolate RF7 for four days ,the loosely associated cyanobacteria removed and the seedlings
transferred to 10 fold diluted BG 11 medium. The plants were subjected to a 12h light/dark
cycle. After three weeks, the plants were uprooted, cleaned and dried in a hot air oven at
25°C. The dried plants were finely ground and the powdered sample used for analysis. In
two parallel experiments, rice plants were grown without association with cyanobacteria and
with regenerate;d cyanobacterial samples. In Table 6.5, natural 8'°N abundance of rice
seedlings grown with or without RF7 are presented to compare cyanobacterial contribution
to the nitrogen budget of rice plants.

Table 6.5: 3'°N values of N,-fixing RF7 (free-living and regenerated) in association with

rice seedlings compared to unassociated rice plants. (Values are mean of three independent
sets of experiments).

Samples 5N value (%s)
Unassociated Rice seedlings 4.82+0.12
Associated Rice seedling with free-living RF7 1.65+0.18
Rice seedllmg associated with regenerated RF7 (six month under 1.98+0.24
preservation)

6.5 Results and Discussion

All thirty five cyanobacterial isolates were able to colonize rice roots to varying
degrees (Fig 6.1). Thus it appears that colonization is favoured by both organisms and there

-seems to be no adverse reaction to such close proximity by either of them. Twenty one of:
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these cyanobacteria could be distinguished as being able to form tight association with the
roots (Table 6.2). And such association led to visible improvement in the health of the rice
seedlings (Fig 6.2; Table 6.3). A study of nitrogenase activity of the associated roots showed
that the cyanobacteria adhering tightly to these roots had increased activity than their free-
living counterparts. Therefore, it may be concluded that there could be possible exchange of
metabolites between the associz;ted partners to bring about positive influence on growth of
rice plants. Of the twenty one tightly associating cyanobacteria, RF7, RF16 and NAI showed
distinctly higher associative nitrogenase ability, thereby making them targets for research
involving their potential as biofertilizers in acidic rice fields. Isotopic analysis using the
isolate RF7 revealed that 8'°N value of unassociated plants was 4.82% while that of the
plants associated with free-living RF7 was 1.65%. (Table 6.5). This indicated that significant
amount of nitrogen was derived from nitrogen fixation by the associated cyanobacteria. §'°N
value of 1.98%. obtained from rice seedlings associated with RF7 sample regenerated from
immobilization on fibres of betel nut outer cover after six month of preservatioh suggested

that these immobilized cells retained their ability not only to regenerate into viable cells but

also were able to retain nitrogen fixation faculty and nitrogen transfer ability.

6.6  Assessing heavy metal removal ability of indigenous cyanobacteria

Many substances known to have toxic properties are introduced into the environment
through human activity. Such anthropogenic activities many a times lead to release of heavy
metals in to the environment. These substances ultimately come in contact with soil and
accumulate over time in the exposed area. In recent times, technology offers bioremediation
as alternative method to clean up contaminated environments. The science of bioremediation

engages microbes. Among microbes, considerable amount of research”lias been done to
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reduce heavy metals from wastewater by using cyanobacteria (Anjana et al 2007; El-Enany
and Issa 2000; Cain et al 2008; Inthorn et al 2002). In addition, some reports mention that
cyanobacteria have been used as an absorbent agent in removing heavy metal like cadmium,
lead, chromium from water (Anjana et al 2007; ElEnany and Issa 2000; and Cain et al
2008; Inthorn et al2002). Microbial biomass can passively bind large amounts of metal(s), a
phenomenon commonl}: referred to as biosorption, thus providing a cost-eﬂ'ectivc; solution
for industrial wastewater management (Volesky and Holan 1995).

This section details the experiments and the results obtained from a study engaging
cyanobacteria in order to isolate potential indigenous strains with metal removal ability.
Results of experiments in this section also envisage betel nut cover fibres as suitable,
convenient and economical storage material and as biodegradable carrier for application of

cyanobacteria in clean up operations.

6.7 Screening of some indigenous cyanobacterial isolates for heavy

metal removal potential

Samples were collected from areas adjacent to coal mines in the state of Megha laya

(Table 6.6).
Table 6.6: Cyanobacterial isolates collected from coal mining sites in Meghalaya.
Sk.no. | Sample no. | Origin of sample(s) Sample identified as
1 CM1 Coal mining site. East khasi hills. Meghalaya. Anabaena sp.
2 CM2 Coal mining site. East khasi hills. Meghalaya. Nostoc sp.
3 CM3 Coal miningsite. Jowal. Jaintia Hills. Meghalaya. Nostoc sp.
Coal mmningsite. Ladrymba. Jaintia Hills.
4 CM4 Meghalay a. Nostoc sp.
< Coal mining site Ladrymbai. Jaintia Hills.
5 CM5 Meghalaya. Nostoc sp.
Coal mining site Khlichriat. Jaintia Hills. :
6 CMé6 Meghalaya. Anabaena sp.
Coal mining site Khliechriat. Jaintia Hills.
7 CM7 Meghalaya. Anabaena sp.
Coal mini ite Khiichriat. Jaintia Hills.
3 CM8 Moeghx:;:yu;gm e Khiiehriat. Jaintia Hills . ‘ Anabaena sp.
9 CM9 ‘Coal mining site Jowai. Jaintia Hills. Meghalay a. Nostoc sp.
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Being isolated f‘rom coal mining areas, these cyanobacteria were already exposed to
pollutants and their survival in such areas indicated that they had developed strategies to
overcome toxic impact of such pollutant to certain degree. Amongst heavy metals Cd is
known for its potential toxicity to microbes, plants animals and humans (Jose et al 2002;
Yao et al 2003). Thus, all isolates were screened for their tolerance to presence of cadmium
in the surro undi.ng growth medium. Additionally, we had included zinc in ;ur study as zinc
is a common heavy metal pollutant in the environment. Among the isolates, two ubiquitous
cyanobacterial strains (Anabaena sp. and a Nostoc sp.) were found to be most efficient in metal
removal. These two strains were sélected for the study. Atomic absorption spectroscopy
(Perkin Elmer 3110 Atomic Absorption Spectrophotometer, Sophisticated Analytical
Instrumentation Facility, NEHU, Shillong) was used tol determine presénce and
concentrations of heavy metals in different fractions of experimental samples. After
assessment, potential strains were immobilized in calcium alginate beads and stored. The

cyanobacterial cells were regenerated from the storage matrices periodically to study

retention of heavy metal removal property in these organisms.

6.8 Results and Discussion

The state of Meghalaya has significant amount of coal deposits and thus large area
within the state is under mining activities. This results in production of mine tailings and
sludge that pollutes adjoining water bodies. Since role of cyanobacteria in removal of heavy
metals from contaminated water has been well established by a number of researchers
(Anjana et al 2007; ElEnany and Issa 2000; and Cain et al 2008), we have for metal
removal potential study, shortlisted an Anabaena (CMI) and a Nostoc (CM9) sps. that were

ubiquitous in almost all collection sites.
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6.3: Light microscepic pctares of dnabaena sp. (a) and Nestoc sp. (@) sckawed for the
std )
¥

For evaluating metal rempval potentz! of these cyanobacterial strams, exponentially
growing cyanobactermi cultures were comcentrated by centrifugation and then were
resuspended m BG 11y medmum containing 0.02 mM cadmium sulphate or zinc sulphate.
Increasmg concentration of Cd and Zn m the growth medmm negarively afiected the growth
and other metaboix characiers m both the cyanobactern sps. Presence of 0.02 mM Cd ked w0
visble fisswes on meny cyanobacterial ccls withow altering the cell shape Fig 64 a}.
Howewer, same concentration of Zn m the medmm bad completely differcm effect on the
morphology of the eclis (Fig 6.4 b). The cels m Zn suppemented medum showed osmotx
type of stress where many cells had become rounded and deflated. The connections between

the cells were more fragile m Cd treated cells than in the cells exposed to Zn stress.

Fig 6.4: Scanning clectron micrograph showing the effect of heavy metal (a) Cd stress and
(b) Zn stress on cyanobacteria
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To study heavy metal removal ability, the treated cells were harvested by
centrifugation at 5000Xg after 48 h of heavy metal exposure and remaining Cd or Zn was
estimated in the supernatant using atomic absorption spectroscopy (AAS). This value was
subtracted from the initial concentration to arrive at the amount of metal ions removed by
the cyanobacterial cells. Further, distribution of the removed ions on and within the cells
was calc.ulated using the following method. To find out the arr.xount of heavy metals
precip»itated on the cell surface 3 ml of 0.2 M phosphate buffer (pH 7.5) was added to the
pellet and the tubes were centrifuged at 5000Xg. The precipitated metal jon concentration
was estimated by AAS in the supernatant. The pellet was further washed with 3 ml of 10
mM EDTA for desorption of metal ions and centrifuged at 5000Xg. Adsorbed concentration
of metal ions was determined in this supernatant. Further, the pellet resuspended in growth
medium and cells were disrupted by sonication. The amount of intrace ll_ular accumulation of
heavy metal was determined by measuring the metal ion concentration in the supernatant
obtained after centrifugation at.-5000Xg. The values obtained are expressed in percentage in
the table. The % concentration of heavy metal was cakulated as follows: (amount of metal

jon present in the supernatant) / (amount of initial metal ion) X100.

Table 6.7: Metal ions removal by cyanobacteria. (Values are mean of three independent sets
of experiments).

Nostoc sp. Anabaena sp.
%Cd and Zn removal in 48 h Cd Zn Cd In
(A) Total metal ions removed from the medium 61 75 53 62
(B) Precipitated on the surface (of removed metal) 6 6 6 6
(C) Adsorbed on the surface (of removed metal) 80 67 71 70
(D) Accumulated intracellularly (of removed metal) 12 23 16 22
(E) Unaccounted metal ions 2 2 1 2

Atomic absorption studies showed that 61% (i.e. 0.0122 mM) ofthe Cd available in
the medium was removed by the Nostoc cells within 48 h. The removal was saturating at

725 Of the removed Cd 6% was precipitated on the cell surface, 80% was adsorbed and -
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-12% was intracellularly accumulated. Remaining 2 % was unaccounted for. This may due to
some Cd being adhered to the glass surface ofthe test tubes. However, Nostoc cells removed
much higher percentage of Zn (75%) within 48 h. It is interesting to note that the Nostoc
cells accumulated almost two fold higher amount (12% vs. 23%) of Zn intracellularly than it
did for Cd. This may be the reason for the expressed osmotic stress on the morphology of
the cells in Zn supplemented medium (Fig 6.4b). The ability to remove heavy metals from
the surroundings is lower in Anabaena cells (it removed 53% Cd and 62% Zn as against
61% Cd and 75% Zn by Nostoc cells respectively). As in case of Nostoc cells, high amount
of the heavy metals were adsorbed on the cell surfaces (77%). Intracellular accumulation of
Zn was similar in both the organisms (23% and 22%) while more Cd was accumulated by

the Anabaena cells (16%) as compared to Nostoc cells (12%).

@ ppled ® ppted

¥ adsarbed ® & adsorbed

2 ac

# otcumulaied

@ unaccounted & unaccounted
i

(@ (b)
Fig 6.5: Metal ions removal by (a) Nostoc sp. and (b) Anabaena sp.

With the above knowled ge of cyanobacteria’s potential in reducing heavy metal load
in the surrounding, experiments were set up to study their potential m reducing cadmium
and zinc toxicity to rice plants. If so then cyanobacteria could serve dual purpose of acting
as biofertilizer as well as protecting rice plants from heavy metal toxicity in the fields

containing such pollutants. For this, experiments were set up with rice plants growing under
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controlled conditions, in presence of 0.02 mM cadmium or zinc, as well as in combination
of one heavy metal (0.02 mM) and cyanobacteria (CM9) at a concentration of 10 pg mI'.
0.02 mM cadmium and zinc was found to be toxic to rice plants. Fig 6.7a shows that
exposure to ths concentration of CdSO: kd to death of rice seedlings within 6-8 days.

However, inclusion of cyanobacteria significantly reduced the toxicity (Fig 6.6 b).

Fig 6.6: (a) Effect of cadmmum toxxty on rec seedlmes: (b) pretection © wxx ity offered
by presence of cvanobactere

Table 68: Comparatrwe mot and shoot kength of rce plantlets grown m cadnmum
supplemented medmum wxh and wihowt cwanobacteria {(Valwes are mean of three
independent sets of experiments}.

Root kength cm) Shoet length (cm)
i 6.92 mM (Bj + 0.02mM (B) +
Contol (£) | atiom (B | counsbectnia | T | codmim(® | cransbactoria
8.9 55 5.6 17.7 I13 147
9.3 52 73 16.8 10.2 13.6
10.5 46 6.5 17.3 10.6 13.9
10.0 39 5.9 17.9 11.1 14.2
10.6 42 55 20.1 12.8 15.0
11.2 6.1 1.3 18.6 11.6 14.5
10.3 5.3 7.3 18.9 11.9 13.5
Average Average Average Average Average Average
10.11 4.97 6.5 18.18 11.24 14.2

When root and shoot length of the rice seedlings were compared in absence and
presence of cyanobacteria, the postive effect of cyanobacteria in their vicinity is clearly
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visble: (Table 6.8): - Presence of 0.02mM cadmium in the medium in absence of
cyanobacteria led to 50.85% and 38.11% growth inhibition in the root and shoot length
respectively. However, presence of cyanobacteria reduced this inhibitory effect to 35.70%
and 21.89% in the growing root and shoot lengths. Thus, presence of cyanobacteria in the
vicinity of rice seedlings had definite beneficial consequences.

- Use of cyanobacteria as biofertilizer as well as agents of bioremediation requires
careful selection of efficient cyanobacterial strains and preserving them for timely use. In
addition, field applications require transport to specified locations. Thus, appropriate carrier
materials also have to be chosen keeping in mind their non-toxicity to the organism being
carried on. They have to be cheap and locally available to be economically feasible,
preferably carry the strains in dry state for convenience of transport and most of all should
be biodegradable and non toxic to the environment. As pointed out in the chapter 4,
preservation in calcium alginate beads was most suitable for storing selected cyanobacteria
under laboratory conditions. Therefore, CMI and CM9 were immobilized in alginate beads
and marked fdr future work in relation to heavy metal removal. For field transfer, fibres of

betel nut cover were found to fulfil all the requirements needed to be an ideal carrier.

69 Development of an innovative approach for using immobilized

cyanobacteria as potting supplements for orchid cultivation

Use of cyanobacteria in rice cultivation has been extensively studied -by various
researchers (Watanabe et al 1951; Venkataraman 1972; Roger and Kulasooriya 1980;
Venkataraman 1981; Metting 1988; Albretch et al 1991; Roger and Ladha 1992; Whitton
2000). However, potential of the cyanobacteria as biofertilizer in garden and potted plants

has not yet been explored. For commercial purposes cyanobacterial biofertilizer have to be
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- - distributed in powder form or on matrices that are suita~b'le for potted plants. In addition, for

~ effectively acting as biofertilizer in potted plants, similarly applied cyanobacteria have to be
able to grow and proliferate quickly in the pots upon watering. Further, these cyanobacterial
filaments should be able to fix atmospheric nitrogen at a rate close to its free-living
counterparts.

The state of Meghalaya is home to almost 300 species of orchids
(http://megtourism. gov. in/flora.html). Many exotic orchids are widely grown in Meghalaya
as ornamental plants at homes as well as cultivated on commercial scales. Orchids are
among the most highly prized of ornamental plants. Many orchids are tree dwellers. They
are epiphytic in nature and they do not obtain any moisture or nutrient from the tree.
Epiphytic orchids use the branches of the trees on which they grow as a place of anchorage
where they gather humidity, shade and pollinating insects. Their adhering roots are thick
(sometimes as thick as a pencil) and are modified to obtain water from the atmosphere and
that which collects on the bark of the tree. Growing orchids as ornamental plants is
challenging as traditional soil or peat based compost holds too much moisture and clog the
roots, causing the thick roots to rot. Hence, what is needed as potting material is for the
material to resemble tree branch but not retain excessive water. Few options for such a
material are charcoal, brick and bark. Of these, charcoal has been in use for potted orchid
cultivation in recént years. Charcoal is made from tree branches and due to the nature' of
varied texture and thickness provides a perfect surface for the roots to grow over. It holds
relatively little moisture and hence does not get sodden. In the first part of this work we
have studied the potential of charcoal as an immobilizing base for cyanobacteria (Fig 5.3).

Such immobilized cyanobacterial strains remained viable for a period of six to nine months
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on the dry charcoal. Upon return of favourabk conditions of growth, these immobilized
cyanobacteria proliferated in the medium and were found to retain their nitrogen fixing
ability. Therefore, clnrgoal pieces along with cyanobacteria could be excellent potting
material for orchids as the cyanobacteria would be abk to continuously provide fixed
nitrogen to the plants. This would eliminate the need for any added supplements to the plant
for promoting better growth, shorter duration between flowering and longer floral hifespan.
Based on our observations. we mave studied performance of cyanobacteria immobilized on
charcoal in supporting better growth etc of orchid phntlets.

Dendrobium aphvium phntets were gernenated ffom seeds m the culture room
wsing nedum (Muashige and Skoog 1962; Das et al 2007). The plants were hardened

msxe the cultire room and finally ransferred on W dispesable plastic cups contaming soil

and charcoal chaps (Fig 6.7}

Fig 6.7: Plantlets of orchid being grown on charcoal chips containing immobihized Nostoc
filaments.

In another set, the charcoal chips used for orchid transfer were pre-inoculated with

Nostoc sp. cultures. After a month, better growth was distinctly visible in the pots
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containing charcoal with cyanobacteri cells (Fig 6.8 b). The pots were only watered every

two days throughout the experiment. No other nutrient was added.

e P S

@ ®)

Fig 6.8: {a) Orchid plantkts growmg on un-suppkemented charcoal (b) better growth of
orchid planties growmg mn presence of immobilized cyanobacterm on charcoal

On close mspecton cyanobacterial celis were found adhered to the indvidual orchid

roots (Fig 691

Fig 6.9: Cyanobacierial filaments hen'ng to the roots of orchxd plantlets
The overall growth. the root size {length and thickness) and shoot appearance (the
mdividual leaf size) was higher in the pots with Nosroc cells than i the plants used as

reference without the immmobilized cyanobacteria (Fig 6.10 a, b).
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Fig 6.18: (a, b) Healthy orchd phntles growing m presence of cyanobacterm; (c, d) poor
growth of orchnd pkntkets on un-supplemented charcoal

6.16 Salient findings

¢ Rxx ficlds provde deal condinons for growth of cvanobacwiera. All coliections
from drverse rice fields vickded one 0f mote cyanobacteria m the collection even
though most ree fiekds m the state recomded acidx pH and cvanobacters are
known w prefer neutral w alkalme pH.

Al mdnvidual cyanobacterial solates were capabk of colonizmg rice root albeir
w© varying degrees.

Closc assocmtion of cyanobacteria with rice roots resulted m better growth of
these phants.

Duc to ther abundance in acidic soils of Meghalaya coupled with higher
associative nitrogenase activity when in close proximity to rice seedlmgs; RF7,
RF16 and NAI can be projected as likely candidates for biofertilizer programme

in acidic rice fields.
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..:Evidence ofbiologically fixed nitrogen transfer was obtained using §'°N analysis.
Negative effects were seen on morphology and growth of cyanobacteria when
subjected to increasing concentration of Cd and Zn. Atomic absorption studies
showed that 61% of the Cd available in the medium was removed by the Nostoc
cells within 48 h.

Nostoc cells accumulated almost two fold higher amount (12% vs. 23%) of Zn
intracellularly than it did for Cd.

The ability to remove heavy metals from the surroundings was lower in
Anabaena cells (it removed 53% Cd and 62% Zn as against 61% Cd and 75% Zn
by Nostoc cells respectively).

Presence of cyanobacteria in the vicinity of rice seedlings reduced inhibitory
effect of cadmium by approximately 36% and 22% in the growing root and shoot
lengths of rice plantlets.

There was positive indication of better growth of orchid plantlets that were grown
on charcoal containing immobilized cyanobacterial filaments. Thus, use of such
charcoal pieces carrying immobilized cyanobacteria can be exploited at

commercial scale specifically for growing orchids.
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Chapter 7

Projecting spores as a means of preservation in many

sporulating cyanobacterial strains: standardization of
procedures for bulk spore production in desired cyanobacteria
for use as biofertilizer inoculum in rice cultivation.

7.1  Cyanobacterial spores

Various genera of heterocystous cyanobacteria are knmown to differentiate
morphologically and ulfra-structurally into resting-state cells for survival under
environmental stresses (Seckbach 2007). In nature, akinetes are believed to play an
important role in perennating, allowing the producer strain to survive cold winters, and to
withstand adverse environmental stresses (Sukenik et al 2007). These spores exhibit profuse
growth and multiplication when favorable growth conditions returns. In 2007 Kyndiah and
 Rai had reported another aspect of sporulation. They have projected spores of Nostoc ANTH
. as an efficient candidate for cyanobacterial inoculum in rice cultivation: Also they have
reported that spores of Nostoc ANTH retained viability after extended periods of storage.
Thus, spores can be regarded as storage form of cyanobacterial strains from which a culture
can be generated whenever necessary.

Keeping in mind this aspect of cyanobacterial spores, the present study was designed
to find various modifications in growth conditions that can be introduced to bring about
quick and efficient sporulation in cyanobacterial strains. Bulk quantities of spores thus
generated have been stored for future use. The time period up to which these stored spores

stay viable without losing any of the characters of the native strains have also been assessed.
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Possible use of spores in the field of cyanobacterial application as inoculum for biofertilizer
. has been envisaged and experiments were conducted to establish this as a fact.

The following section in this chapter describes alterations in standard growth
conditions that led to effective sporulation in the study samples. It also contains detailed
accounts of experiments conducted to study spores’ ability to germinate back into viable
cells and express desirable characters after cyanobacterial cells have spend a considerable
amount of time as spores. Rice root colonization ability and associative nitrogen fixation of
the cells regenerated from spores were also assessed to ascertain whether spores could be
projected as ideal biofertilizer inoculums for rice cultivat-ion.

This study has given an insight to how spores can serve dual roles as efficient mode
for preservation of cyanobacterial strains as well as being able to be putatively used as a

biofertilizer inoculum to rice fields.

7.2  Methods
72.1 Organisms and growth conditions

Of the ninety eight cyanobacteria isolated and purified as described in the chapter 3,
twenty samples were selected for the present study (Table 7.1). In selecting these twenty
isolates, importance was given to climatic and environmental difference of the locations
from which they were isolated, their prevalence in rice fields and to their ability to colonize
rice roots. All isolates except Mastigocladus sp. were maintained at 25 £ 2°C and at a
photon fluence rate of 50 pmol m? s™\. Mastigocladus sp. was maintained at 45°C in D-
medium in batch cultures and with a photon fluence rate of 50pmol m* s'! inside a BOD

incubator.
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Table 7.1: Samples identified for the study and their associative capability with rice roots
(on day 10) (In table, + indicates positive association between rice roots and cyanobacteria
and ++ indicates tighter association between rice roots and cyanobacteria.)

SI.No. | Samples | Sample no Strains Location from which ASSO'Clatlon with
collected rice roots
1 A RF 16 Nostoc sp. Meghalaya ++
2 B RF 2 Plectonema Meghalaya -
boryanum
3 C RF3 Nostoc sp. Meghalaya +
4 D RF4 Anabaena oryzae Meghalaya ++
5 E RF5 Aphanothece sp. Meghalaya -
6 F RF6 Nostoc sp. Meghalaya ++
7 G RF7 Anabaena sp. Meghalaya +
8 H RF8 Calothrix sp. Meghalaya +
9 I RF9 Nostoc sp. Meghalaya ++
10 J - RF10 Nostoc sp. Meghalaya +
1 K HS] Masttgocladus Meghalaya -
laminosus
12 L RF24 Anabaena sp. Assam +
13 M RF27 Nostoc sp. Assam +
14 N Kl Fischerella sp. West Bengal +
15 0 RF40 & lmdmé.‘p ermum Manipur +
muscicola
16 P Ganga 1 Anabaena fertilissma Uttarakhand +
17 Q Ganga 2 Nostoc sp. . Uttarakhand ++
18 R Ganga 4 Nostoc sp. Uttarakhand +
19 S UP3 Nostoc sp. Uttar Pradesh +
20 T

UP2 Nostoc sp. Uttar Pradesh ++

7.2.2 Induction of sporulation

Different treatment in the form of change in temperature, duration of light, change in
ideal media composition and a combination of all/or some was used to find the best possible
parameters to induce sporulation in these isolates. Best results were obtained when N»-
érown cultures of different cyanobacteria were transferred t:o sulfate limited BG11 media
and phosphate limited BG11g media and kept in light. Cultures kept in light and in media
lacking sulfate produced spores within seven days of the treatment. Spore differentiation
occurred after 15 days in phosphate limiting media (Fig 7.1). In some strains that were

isolated from high temperature regions such as the Mastigocladus laminosus from hot
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spring, Jakrem (Meghalaya) and Nostoc sps. collected from Uttar Pradesh, sporulation could
be induced by simply maintaining the cultures at much lower temperature of 10+2°C. These
cultures when mamntained at lower temperature in sulfate deficient media resulted in quicker

and profuse (~ 90- 95%) induction ofsporulation within 7 -10 days (Fig 7.2).

: © = @

Fig 7.1: Sporukton in cyanobacterr (a) Differential degree of sporulation observed m
experinental samples (b) effect of phosphate limitation on cyanobacterml cultures (c) effect
of sulfate hmmtaton on cwanobacterial cublures (d) compkte sporulation m some
cvanobacterial swaims.

Fig 7.2: Sporulation in Mastigocladus laminosus due to temperature difference. The flask on
left was keptat 45°C (ideal growth temperature) and the flask on the right was kept at 10°C.
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7.2.3 Spore counting

Spore counting was done as perceﬁtage of total cell population by light microscopic
observation using O lympus BX 51 light microscope.
7.24 Spore storage

The spore samples of the individual cyanobacterium were dried and stored in room

temperature in sterile vials.

7.3 Results

After cakulating the sporulation percentage and time required for induction of
sporulation, sulfate limitation in growth medium was found to be the simplest and best
protocol for generating large number of spores in a short duration of time. This observation
is consistent with the earlier report of Kyndiah and Rai in 2007. Table 7.2 gives details of
highest percentage of sporulation achieved in selected strains by application of different
treatments. In case of sample A, L, Q and T maximum sporulation was achieved when the
sample was sulfate deficient, and the ﬂasks' wefe incubated at an unfavorable growth
temperature of 10£2°C. The hot spring isolate K (Mastigocladus laminosus) did not need
any modification in media composition in order to sporulate. Simply incubation at 10+2°C
was enough to trigger profuse sporulation in this cyanobacterium. 98% sporulation in
Mastigocladus laminosus was observed within 30 days of incubation at this unfavorable
temperature. In rest of the isolates, temperature did not play such a significant role in the
induction of sporulation. Almost similar sporulation percentage was achieved when the
strains were maintained in sulfate deficient media at 10+£2°C or at 25+2°C. Five best
sporulating strains (A, K, L, Q and T) that showed high colonizing ability were short- listed

for further study (Table 7.3).
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_::Table 7.2: Percent sporulation (on day 30) of the selected cyanobacterial isolates.

o Percent
Sl No. | Samples Strains sporulation (%)
1 A Nostoc sp. 98
2 C Nostoc sp. 86
3 D Anabaena sp. 87
4 F Nostoc sp. 90
5 G Anabaena sp. 86
6 H Calothrix sp. 88
7 I Nostoc sp. 94
8 J Nostoc sp. 92
9 K Mastigocladus laminosus 98
10 L Anabaena sp. 96
11 M Nostoc sp. 78
12 N Fischerellasp. 80
13 p Anabaena fertilissma 89
14 Q Nostoc sp. 97
15 R Nostoc sp. 88
16 S Nostoc sp. 81
17 T Nostoc sp. 97
Table 7.3: Best sporulating strains.

SI | Samples Strains Location from which | Percent sporulation
no. collected (%)
1. A Nostoc sp. Meghalaya 98
2. K Mastigocladus sp. Meghalaya 98
3. L Anabaena sp. Assam ' 96
4. Q Nostoc sp. Uttar Pradesh 97
5. T Nostoc sp. Uttar Pradesh 97

7.3.1 Storage time and spore germination

To ascertain the effect of storage time on the germination of spores, desiccated
spores were introduced ito fresh BG11o media after every three months interval of storage
at a final concentration of 2 X 10° spores ml! | to study spore germination. 10 pl of the
above spore solution was also plated on nutrient agar to count the number of viable cqlonies
germinated from such stored spores (Fig 7.3). The first apparent sign of spore germination

was evident when green dots appeared in media containing the brown spores.
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SN <3 ®)
Fig 7.3: (a) Germination of spores on nutrient agar pltes (plate 1 shows spore germination
while plate 2 represents a control plate), (b) Profuse germination of Mastigocladus
laminosus filaments from spores.

Within 24h of transfer to fresh media, the spore wall ruptured and filaments started
to appear in the media. Fig 7.3a shows the high germination of spores in nutrient agar as
compared to similar number of vegetative cells plated at the same time. The growth of the
filaments was profuse for next 120 h (Fig 7.3 b). 100% spore germination was observed
wihin 148h Light was an mportant factor for spore germunation as spores did not
germunate m the dark at all Ths confirmed the earhier reports by Fay 1969; Yamanwoto
1976; Chauvat et al 1982: Reddy et al 1975.

732 Grewth, Heterocyst frequency and Nitrogenase activity

Fig 7.4, 7.5 and 7.6 compares growth as increase m chlorophyll a content, heterocyst
frequercy and nitrogenase activity respectively of cultures regencrated from spores to ther
free-hiving counterparts after the spores were stored for ome, two and three years m
desiccated state. Measurements were taken on the 8" day. Hectic growth activitics were scen
m all strams when spores were returned to favorable growth conditions in the form of ideal
media. light and temperature. Growth measured as increase in chlorophyll a content was
always found higher than the free-living counterpart (Fig 7.4). Heterocyst frequency and
nitrogenase activity followed a similar trend. Higher heterocyst frequency was observed in
all cultures regenerated from spores in K (1%, 2nd and 3" year samples) consistently. There

was evidence of double and multiple heterocysts in many filaments as the spores started to
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germinate into filaments. Howe-verl, on subsequent sub culturing this phenomenon of
multiple heterocyst occurrences disappeared. In the sample L isolated from Assam,
consistently higher nitrogenase activity was recorded in the regenerated samples. The
heterocyst frequency of this strain was slightly higher than its free-living counterpart but
these heterocysts were well spaced and no double and multiple heterocysts were recorded in

this strain.
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Fig: 7.4: Chlorophyll @ concentration (pug ml ') of the regenerated cyanobacterial samples
as compared to their free-living batch cultures.
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Fig 7.5: Heterocyst frequency of the regenerated cyanobacterial samples as compared to
their free-living batch cultures.
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free- living batch cultures.

[In figs 7.4, 7.5 and 7.6, columns 1, 5,9,13 and 17 represent the control cultures of samples
A4, K, L, Q and T respectively. Columns 2, 6, 10, 14 and18 represent samples regenerated at
the end of one year of storage of each sample; columns 3, 7, 11, 15 and 19 are for
regenerated samples at the end of 2™ year of storage, while columns 4, 8, 12, 16 and 20
represent regenerated samples of A, K, L, Q and T after three years of storage.]

7.3.3 Glutamine synthetase (transferase) and nitrate reductase activities

Other biochemical characters important in nitrogen metabolism of cyanobacteria
such as glutamine synthetase (transferase) and nitrate reductase activities were studied in the
regenerated spore samples. Table 7.4 compares these activities in cyanobacterial cultures
regenerated from spores after 1%, 2" and 3™ year of storage and their control free- living
counterparts. As evideﬁt from the table, these biochemical parameters remained unaltered
throughout the period of storage as spores.

Table 7.4: Comparison of glutamine synthetase (transferase) and nitrate reductase activities
in cultures regenerated from spores of cyanobacteria.

Gl ut(amine synthetase Nitrate reductase
transferase) oL -1
(nmol y-glutamyl hydroxymate (amol product Noz min - mg
formed min"' mg™ protein) protein)
Control A 756 + 8 2,10+ 0.14
A (1* year) 767+ 7 2.16+0.15
A (2 year) 7843 220£0.13
A (3“ year) 7215 2.14£0.13
Control K 2442+ 121 9.02 £ 0.6
K(1" year) 2450 125 9.14 £ 0.5
K(Z"‘rzear) 2464+ 123 9.16 £ 0.4
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T K39 year) 2121+ 122 9.02 + 0.6
" Control L 789+ 9 321+ 1.1
L(1* year) 799 %9 3.3+ 1.1
L™ year) 801+8 3.23 0.9
L(3" year) 782+ 6 3.29 £1.1
Control @ 78135 2.28 £0.7
Q1% year) 780+ 6 2.35 0.8
Q2™ year) 792 + 8 2.48 £0.7
Q(3“ year) 787+ 9 2.29 +0.7
Control T 756 £ 7 2.03 £0.12
T(1* year) 762+ 5 2.13 +0.12
T(™ year) 779+ 5 2.07 +0.11
T3 year) 7715 2.21+0.12

7.3.4 Rice root colonization studies

Retention of colonization ability of various cyanobacteria after storing them as

spores was tested using rice variety DR 92 collected from ICAR Research Complex for

NEH Region Umiam, Shillong, Meghalaya. Experiments were set up as described in section

2.16 of chapter 2. All samples were found to colonize roots and submerged shoots. Table 7.5

showed higher nitrogenase activities in the cyanobacteria associated with rice roots and

“submerged shoots of the co-cultured rice seedling than the free-living cultures of the same

organism(s). In association with rice seedlings, the high sporulating strains exhibited

enhanced nitrogenase activity (A =23%; K _ 31%; L _ 24%; Q _ 32%; T _13 %) as

compared to their free-living counterparts. Thus, the characteristic increase in nitrogenase

activity seen in many cyanobacteria when in association with rice roots (chapter 6) is

retained in all the regenerated cultures. This increase seen in nitrogenase activity was

substantial and encouraging as this has feature has a potential biotechnological implication.
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Table 7.5: Nitrogenase activity of selected high sporulating cyanobacterial strains in their
.- . free-living and in associated state with rice roots. (The values presented here are average
Jfrom 10 plants. ++ indicates tighter association between cyanobacteria and rice roots).

Sl no. Samples Strains Colonization | Nitrogenase activity of Nitrogenase
ability free-living cultures activity in
(nmol C;H, produced/ | association with
pg chl a/ h) rice roots (nmol
C:H, produced/
pg chla/ h)
1. A Nostoc sp. ++ 5.7 7.0
2 K Mastigocladus - 74 9.7
laminosus
3 L Anabaena sp. + 6.2 7.7
4 Q Nostoc sp. ++ 4.7 . 6.2
5 T Nostoc sp. ++ 4.5 5.9

7.4 Discussion

Several authors have earlier reported that phosphate limitation is a major trigger to
akinete formation in Anabaena variabilis, A cylindrical, A circinalis and Nostoc linckia
(Wolk 1965; Herdman 1987). However, it is difficult to induce quick sporulation by
phosphate limitation in cyanobacterial strains kept under laboratory conditions, since they
accumulate several polyphosphate bodies which are reserves of phosphate and takes time to
deplete (Kyndiah and Rai2007).

In the present study sulfate limitation was found to be a more definitive trigger in
inlducing sporulation in the cyanobacteria used for the study. In addition to this, it was
observed that maintaining the samples in temperatures lower than their ideal growing
temperature led to the onset of sporulation in many cyanobacteria that were originally
isolated from high temperature areas. In case~ of those samples that had originally been
isolated from a higher temperature zones, e.g., the thermophile Mastigocladus laminosus
that grows ideally at 45°C and above exhibited immediate sporulation (within 3-4 days)
when maintained at 10°C or below. This was also true for the other Nostoc isolates (samples

Q and T) which were collected from higher temperature regions. The sporulation efficiency
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of. these- samples: was further enhanced when the samples were maintained in sulfate
~ deficient media, at a lower terﬁperatwe ( 10-12°C). It was a co&istent observation during the
study that all cyanobacterial spores exhbited profuse and immediate germination and
subsequent growth on return of favorable growth conditions. On evaluation, characters such
as chlorophyll a content, heterocyst frequency nitrogen fixation, glutamine synthetase
(transferase), nitrate reductase activities as well as associative nitrogen fixation was
comparable to their free-living cultures and there was no evidence of loss or reduction of
any of the activities in the cyanobacteria due to storage as spores for a long period of three
years. Upon return of favorable conditions all spores germinated into viable filaments within
* a short period of time. This finding is consistent with earlier reports that the akinetes
produced by Anabaena cylindrica were found to germinate after five years of desiccation
(Yamamoto 1975).

Our studies showed that simple modifications in growth conditions could be used to
induce quick and profuse sporulation in desired cyanobacteria. Spores can be desiccated and
large quantities of spore samples can be stored in small vials for long period of time. This
reduces the work load involved in maintaining strains in batch cultures in culture rooms.
Viable cultures of these strains can be regenerated within a short period of time by returning
the spores to ideal growth conditions.

The high sporulating strains that had retained association ability and demonstrated
enhanced nitrogenase activity in association could be targeted as biofertilizer to rice fields.
Distribution of cyanobacterial biofertilizer inoculum has been an area of concern to all those
who advocate use of cyanobacteria as biofertilizer. Fresh cyanobacterial cultures packed in

air tight packets have short life spans and therefore, the desired population of cyanobacteria
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is-not achieved in the fields. Delivery of potential biofertiiizer strains as spores in a dry form
could overcome such limitations associated with distribution of viable inoculum. Spores
released to vs;ater logged rice fields would germinate profusely and immediately populate the
fields as the environment prevailing in rice fields are highly conducive to growth of
cyanobacteria. Thus, spores as inoculum could be more attractive alternative to fresh culture
of cyanobacteria in bioferfilizer programmes.

Our short study involving conditions leading to induction of sporulation, their
germination, retention of characters and rice root colonization ability and the period up to
which spore can be safely stored reﬂect.ed that spores can be excellent preservation method
of those cyanobacterial strains that are capable of sporulating. In addition, efficient
biofertilizer strains can be distributed as spores for better and efficient management of
biofertilizer inoculum in rice fields. Desired strains with high nitrogenase activity, better
colonizing ability could be released into crop fields as spores to deliver higher benefits from |
cyanobacteria as biofertilizer.

7.5 Salient findings

This chapter investigated the possibility of considering spores as a natural rheans of
preservation of certain cyanobacterial strains. Some salient findings of this study are:

e Many cyanobacterial strains produce spores under adverse conditions. In the
laboratory simple modifications in media composition led to induction of
sporulation.

e Change in ideal growth temperature seemed to be an immediate trigger for some of
the high temperature isolates, with Mustigocladus laminosus showing immediate and

profuse sporulation on subjecting the cultures to a drop in temperature.
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e Spores are capable of germinating into viable filaments upon return of favorable
conditions.

e They can be stored safely for at least a period of at least 3 years with no loss or
reduction of characters that are crucial for their independent survival Storage as
spores also minimizes chances of contamination, mis-nomenclature etc. that are
otherwise often encountered during r.outine batch cﬁlturing and maintenance of
strains. ‘

e Filaments regenerated from spores retain their ability to associate with rice roots and
submerged shoots.

e In conclusion it may be stated that spores could be an attractive natural mode of
preservation of those cyanobacterial strains which are capable of undergoing
sporulation. Such spores can be considered an excellent preservation material of
many cyanobacterial strains. They could also be projected as biofertilizer inocula to
rice fields as they showed high efficiency of germination and thus, are capable of
populating fields with vigor within a short span of time. These attributes would help
tackle the various inoculum distribution 'problems of the current biofertilizer

programme.
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Summary

This present study incorporated details of studies conducted on the various existing
methods of preservation of cyanobacteria. Different groups of cyanobacteria, including
unicellular, filamentous heterocystous., filamentous non-heterocystous, filamentous branched
heterocystous thermophilic cyanobacteria were selected for the study. Several modifications
were introduced in the existing methods to make them more user-friendly and applicable.
Some salient findings of the study are listed below:

e Samples were collected from forty one distinct locations from ten different states. A
total of ninety eight cyanobacteria were isolated and purified, and these included
members of both aquatic and terrestrial habitats. Three members of thermophilic
cyanobacteria were isolated from Jakrem hot springs in Meghalaya and Garampani
hot spring in Assam. A/l groups of cyanobacteria were represented in the collection.
Gloeocapsa sp., Plectonema boryanum, Nostoc muscorum, Anabaena variabilis and
Mastigocladus laminosus were selected as members representing unicellular,
filamentous non-heterocystous, filamentous heterocystous, filamentous branched
heterocystous thermophilic cyanobacteria respectively for further study involving
preservation.

e In depth evalvation and assessment of some existing methods of cyanobacterial
preservation was carried out. Since the emphasis was to find the suitability of the
methods and also to find the time period up to which cyanobacterial samples may be
safely stored using matrices and protectants, certain changes were introduced in

some of the protocols in order to make them more readily useable and- less
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expensive. For doing this, the existing method of making agar slants was modified to
make agar flakes for convenient storage of cyanobacteria. This modification has the
advantages of ease of handling, and ensuring substantially long term storage of
immobilized cyanobacterial samples in dry form. This also significantly reduces the
chances of contamination between cultures which are maintained in close proximity
in culture rooms. All gfoups of cyanobacteria could be stored on agar flakes for .at
least a period of 18-24 months. Preservation in calcium alginate proved to be most
promising and dependable for long term storage of cyanobacteria. Cyanobacterial
samples thus stored retained their viability for very long periods without any loss of
characters that are indispensable for independent survival. Also, large quantities of
samples could be stored as calcium alginaté beads in small vials thus bringing down
the space required for maintenance. Safe period up to which the cyanobacteria can be
stored using this protocol is at least 36 months. Cells remained viable in the beads
and regenerated even after 5 years of storage at room temperature and in dark. The
use of ordinary packing foam in immobilization of cyanobacteria was another major
achievement of this work. It became obvious that packing foam can be used in
storing cyanobacteria at least for a period of 18 months. Foam is often a waste
material readily found in laboratories as they come as protective packing material
around instruments. Thus, use of such material is highly cost effective and is
convincingly efficient in preservation of cyanobacteria for substantial period of time.
It was also observed that cyanobacterial samples can be stored in ordinary
refrigerators using cryoprotectants for at least for 9-12 months. Another prominent

observation was that the initial amount of inoculum played a very determining role in
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deciding the duration of survival and performance of regenerated samples from the
different preservation matrices and materials. A higher concentration of initial
inoculum (at least 10 pg/mi chl @) was a prerequisite to ensure longer duration of
viability of preserved cyanobacteria. Also it was found that non-heterocystous
cyanobacteria needed addition of supp lementary nitrate in the media.

e Naturally avail.able, biodegradable and environment friendly matri;:es were
experimented to find suitable carrier material for short term preservation of
cyanobacteria. Betel nut covers, soil, Luffa cylindri&a, charcoal chips were used for
preservation of cyanobacteria. Among these, dried Luffa cylindrica was found
upsuitable as its holding capacity was much less due to its porous texture. It became
evident that the initial inoculum load had a definitive role in influencing the duration
up to which dry samples containing viable cyanobacteria could be stored. Among all
the bases studied, soil was found to be the best for preservation of cyanobacteria in
terms of duration as well as retention of native charac_ters of immobilized
cyanobacteria. Fibres of betel nut covers .came in close second as base jfor
preservation as this also proved to be an efficient carrier and short term preserving
material for cyanobacteria. It is a biodegradable waste material and thus, a
technology utilizing these could be an environment friendly and economically
feasible option. An interesting observation that vesulted from this study was that
charcoal also could maintain cyanobacteria viable for at least a period of six months
upon immobilization and thus, such charcoal chips containing cyanobacteria could

be projected as a rich potting material for plants such as orchids.
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Since rice fields are known to host a diverse consortium of cyanobacteria, several
cyanobacterial isolates were collected from diverse rice fields in the state as well as
from neighboring states. Every collections from rice fields yielded one or more
cyanobacteria in the collection even though most rice fields in the state of Meghalaya
recorded acidic pH and cyanobacteria are known to prefer neutral to alkaline pH. All
individuai cyanobacterial isolates were capable of colonizing ric;: root albeit to
varying degrees. It was seen that close association of cyanobacteria with rice roots
resulted in better growth of these plants. Associated cyanobacteria showed increase in
nitrogenase activity. RF7, RF16 and NAIl were identified as likely candidates for
biofertilizer programme in acidic rice fields as they were found abundantly in acidic
soil of Meghalaya and showed higher associative nitrogenase activity. Evidence of
biologically fixed nitrogen transfer was obtained using §'°N analysis. Negative effects
were seen on morphology and growth of cyanobacteria when subjected to increasing
concentration of Cd and Zn. Atomic absorption studies showed that 61% of the Cd
available in the medium was removed by the Nostoc cells within 48 h. Nostoc cells
accumulated almost two fold higher amount (12% vs. 23%) of Zn intracellularly than
it did for Cd. The ability to remove heavy metals from the surroundings was lower in
Anabaena cells (it removed 53% Cd and 62% Zn as against 61% Cd and 75% Zn by
Nostoc cells respectively). Presence of cyanobacteria in the vicinity of rice seedlings
reduced inhibitory effect of cadmium by about 36% and 22% in the growing root and
shoot lengths of rice plantlets. There was positive indication of better growth of

orchid plantlets that were grown on charcoal containing immobilized cyanobacterial
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filaments. Thus, use of such charcoal pieces carrying immobilized cyanobacteria can
be exploited at commercial scale specifically for growing orchids.

e It is known ‘that many cyanobacterial strains produce spores under adverse
conditions. In the laboratory simple modifications in media composition and/or
alteration of ideal growth temperature led to induction of sporulation. These spores
'were capable of germinating into" viable filaments u;;on return of favorable
conditions. Such spores could also be stored safely for at least a period of 3 years
with no loss of or reduction in expression of characters that are crucial for their
independent survival. The regenerated filaments retained their ability to associate
with rice roots and submerged shoots. Nitrogénase activity of these cyanobacteria
was found to be higher in the associative stafe than in their free-living counterparts.
In conclusion it may be stated that spores could be an attractive natural mode of
preservation of those cyanobacterial strains which are capable of undergoing
sporulation. Thus, maintaining cyanobacteria as spores can be considered as an
excellent means of preservation of many cyanobacterial stranis that are capable of
sporulating. They could also be projected as biofertilizer inocula to rice fields with
higher efficiency of germination and populating fields with vigorous cells within a
short span of time. These attributes would help tackle the various inoculum

distribution problems of the current biofertilizer programme.
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Abstract: The present study deals with preliminary investigation of cyanobacterial diversity in Meghalaya. A total of
75 samples were collected from 10 different ecosystems and analyzed. 65 strains of cyanobacteria isolated under
11 genera include Nostoc, Anabaena, Calothrix, Cylindrospermum, Gleocapsa, Fischerella, Plectonema, Tolypothrix,
Stigonema, Lorislia and Westiellopsis. Nostoc was most abundant. Diversity analysis indicated maximum Shannon’s
diversity index (H) in Mawiai. Highest Simpson’s diversity index was seen in Sung Valley (9.76). Both Shannon’s and
Simpson's diversity indices were lowest in Mairang. Richness was highest in Sung valley and Syntuksiar with bath
the sites supporting 17 strains each. Although, highest diversity was recorded from Mawlai, richness recorded at
this site was only 11 strains thereby indicating richness need not be a function of diversity in this region. This study
revealed the cyanobacterial strains, which can withstand acidic pH and prevail in the region. A study on colonizatian
also identified some potential blofertilizer strains from the region such as Nosloc punctiforms, Nostoc muscurum
and Anabaena azollae that could be effective in acidic crop fields.

Keywords: Northeast India, Biodiversity hot spots, Cyanobacterial diversity, Shannon's index and Simpson's diversity
index

INTRODUCTION influence distribution and diversity of cyanobacteria in
a region. Among these, pH s an important determinant
as cyanobacteria are known to prefer neutral to alkaline
pH for their optimum growth (Singh, 1961; Kaushik, 1994),
In recent times, studics on cyanobacterial diversity has
received due attention (Thajuddin and Subramanian,
2005; Prasanna er af. 2009), However, work and
publications on this group of microorganisms from
Northeast India is sporadic despite the fact that this
region falls within indo-Malayan biodiversity hot spot
(Myres et of. 2000). Meghalaya is one of the § states of
the northeastern India. lyiig between 25°5"N and 26°10°N
latitudes and 89°47°E and 92°47E longitudes covering
anaréaof 22,429 sq. kin. Phiysio-geographically the region
consists of hilly terrains. Diverse terrestrial and aquatic
ecosystems including extreme ones (hot springs) could
be encountered within the state. The climate is moderate
but fumid. ltatso receives the highest rainfall in the world
with average annual rainfall as high as 1200 mm making,
Meghalaya the wettest state of India. The natural
ecosystems such as soil. freshwater boadies-streams.
ponds, lakes, rivers, hot springs, and trees within
extensive forest areas provide excellent habitats and
favourable environments for the Juxuriant and diverse
growih of cyanobacteria. However, the region also exhibit
neutral to acidic range of soil and water pH. It is the

Cyanobacteriz are a group of gram negative,
morphologically diverse, acrobic phototrophs whose
distribution is ublguitous in nature and are found
everywhere including places with extreme climatic
conditions such as in Antarctica. in hot springs (Whitton
and Polts, 2000) and even in oxic and anoxic environments
(Thajuddin and Subramanian. 2005). They Nourish in
places with nitrogen deficient environment. They are
important as they coniribute towards carbon and
nitrogen economy of different ecological habitats and
can grow in purely inorganic medium using Jight as energy
and CO, and N, a3 sole carbon and nitrogen sources
respectively { Wyatt and Silvey, 1969). The role of nitrogen
fining cyunobacieria in enhancing soi fenility has been
long known and is well documented (Singh, 1961:
Venkataraman, 1981). Cvanobacteria contribute to overall
soil health notf only by its ability to perform biological
nitrogen fixation but also because of its ability to produce
pelysaccharides and other bivactive compounds which
have growth stimulating effect on planis. as well as
important in maimaining soil quality and preventing
erosion However, in nature cyanobacteria are constantly
challenged by different factors and stresses including
fluctuations in temperature. pH., moisture content
tdroughts and foods). salinity and so forth, These factors
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Table 1, Cyanebacterial Collection sites

Locality Location No. of Type of ecosystems
Longitude Latitude samples

Syntu Ksiar D2°12'397E, 25°25°39"N 8 Rice field, soil, water
Mawphlang 91°45°37°E 2572702°N 7 Soil, water, tree barks
Sung Valley 92°06°157E 23°30°09"N 8 Rice field, soil, water
Nongstoin 91°16*147E 25°30°34"N 8 Rice field, seil, water
Mairaﬁg . 917382671 25°33°55"N 7 Soil, water, tree barks \
. . _ Tree barks, rice fields,
Mawlai N5 IE 25°35°42"N 8 .

soil, water

Rice field, soil, water,
Mawroh 91°33"54"E 25°35°54"N 7

tree barks
Umkhen 92°07'51"E 25°36"18"N. 7 Soil, water, tree barks

Tree barks, soil, water,
Umiam SI°34°H7E | 25°39°59"N 3

rice field

Stagnant pond, rice fields,
Umsning IPSL10°E 25°42'59"N 7 grant p

soil

Total number of samples collected = 75

interplay among such favourable and adverse conditions
that has resulted in shaping the distinct biodiversity of
the region. Keeping these facts in view, we have collected
samples from diverse ecosystems to assess
cyanobacterial diversity of the state. Since. eyanobacteria
have immense potentia} for varied biotechnological
applications, the present investigation was undertaken

to get a database of available cyanobacteria (blue green
algae) under diverse ecological conditions in different
districts. of Meghalaya.

MATERIALS AND METHODS

Study Area: Four districts of Meghalaya namely East
Khasi Hills, West Khasi Hills, Jaintia Hills and Ri Bhoi

Table 2. Distribution of strains within genera in different localities.

Localities
Genus o - = . Total
o = < ol < < 2 = ) no. of
VI w - = = o g o4 2 )
ot = E = = = = v = o strains
£ &) = - 2 g 2 g Z =
£ S £ z & - E £ = g
= = = = g £ = E E S
= = = = Z & & S - S
Ancbaeiit (245 i 2 2 5 2 4 3 .2 2 1 11
Nostae (64) 6 5 8 7 7 9 3 3 3 34
Cafothrix (08) 0 0. I i I { I i 4] 2 4
Vestiellopsis 0h) 0 l 0 0 0 0 0 0 0 0 !
Gleocapsa 04) 4] 0 0 0 0 { [ 2 0 0 3
Fischerelln (09) 0 i 3 [4 ! 1 I 0 1 1 4
Tolypothrix (01} ¢ 0 Q 0 0 1] 4] [1} 0 t [

. Stigonema {0l 0 | 0 0 0 0 0 1] 0 0 1
Cifincdrospernuen (03) { 0 ¢ ¢ l I 1 0 i 0 3
Lowiella [G13] 0 [ 0 0 0 0 ¢ 0 0 0 !
Plectonem (07} | 0 0 i 4] 2 i | { 0 2
Toal (125 9 i 4 14 12 17 17 13! 10 10 63

The numbers in {brackets) indicies the total number of isolates. The numbers in {brackets} indicates the pH of the soiliwater

sample collected.,
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Table 3. Generic diversity indices and dominance for different localities.
= bvd 3
= £ = g = =&
s = = B z z & £y £ - = g %
z =B = = o & 2 g g £ = g =
8 E = = = = z & & S = S “
Shannon- .
Weiner's 1.002 1.976 In £.0% 1.2 1.624 1.476 1414 1.339 1.359 1.63
Diversity Index
Simpson’s ¢+ ps52 071 060 0.6 0.61 075 067 071 068 068 . 0.68
Diversity index .
Simpson’s 048 029 040 039 039 025 033 029 632 032 032
Dominance .
Cyanbacterial 9 1 14 14 12 17 17 1" 10 10 65
richness

were chosen for the study. Samples were collected
randomly from different types.of ecosystems: terrestrial
ground, terrestrial epiphyte and aquatic (Table.1). The
sites were selected carefully to include diverse
environments in terms of altitude, pH, and temperature,
moist or water fogged conditions as well as hilly or low
tying terrain,

Aguatic samples were collected in specimen collection
tubes. Soil samples were collected by scraping the surface
of the soil and epiphytic samples were collected by
scraping the upper surface of barks of different frees. pH
of the collected samples was analysed using the method
described by Black in 1992,

Isolation, purification and cultivation of cyanobacteria:
Isolation and purification of cyancbacterial strains were
catiied outas described by Packer and Glazer (1988). The
pure strains were maintained in BG-11, media (Rippka et
al. 1979).

Growth, heterocyst frequency and nitrogenase activities:
Growth was measured as increase in chlorophyll a content
{McKinney, 1941). Heterocyst freguency was calculated

as pereentage of total cells by using an Olympus BX 51
light microscope (Wolk; 1965). The results are mean of
three independent observations. Nitrogenase activity
was estimated 2 vive by gas chromatography using the
acetylene reduction assay. 5 ml liquid eulture was placed
ina !5 ml serum vial and | mbair in the tube was replaced
by 1 mlofpure acetylene. These vials were incubated for
1 hrat 25+1°C with constant shaking, The cthylene
produced in each vial was determined using a Tracor 540
GC with a Porapak ‘T’ column and a flame ionization
detector (Stewartet ol. 1967).

Immobilization for preservation: The purified strains
were preserved by immobilization in calcium alginate
beads (Musgrave ef al. 1982). The viability of the strains
under preservation was established by regenerating the
isolates periodically inliquid media. Regeneration of the:
immobilized filaments was confirmed visually.
Nitrogenase enzyme was assayed in the regenerated
cultures to ascertain no loss of this crucial character in
the isolates due to preservation,

Richness and diversity ofcyanobacteria: Genera were

Table 4. Colonization study: Associated chiorophyll a content and comparative nitrogenase activities of assoc;axcd Nosioc

isolates to their free-living counterparts,

Nitrgggnas,e agctivity

SI. No.  Isolate Assecmnve chlorephyll
no. a {pg g root dry wt) Free-living isolates Associated isolates
(nmol C;H, produced pe! - (nmol CyH, produced pg®
_ehilah?) ¢hiah™)
[ 27 987 X7 12.56
2 12 782 720 9,69
3 28 767 6.88 941
4 29 532 6.53 7.31
s 18 519 6.41 ) 7.22
6 411 6.35 6.65
7 368 6.32 6.67
8 8 362 6.21 6.49
9 20 330 590 . o 6.11
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jdentified under microscope with the help of Desikachary
{1959) and strains were sorted out on the basis of
morphology. Total number of strains under each genus
was counted for estimating diversity and richness of
cyanobacteria in study area. Generic diversity was
estimated by Shannon-Weiner Index (H) (Shannon and
Weaver, 1949) and Simpson’s diversity (1-D) (Simpson
1949) using the following formulae:

Shannon-Weiner index, H=-Ipilnpi

Simpsorfs Dominance, D= (piy’

Simpson’s Diversity Index. 1-D = 1-Z (pi)?

where pi = Total number of strains of genus i/total number
of all strains.

Rice-cyanobacterial colonization study: Rice plants
{Oriza sativa 1..) local variety *Synteng® was collected
from ICAR-NEH Region Complex (Umiam, Shillong, India).
The seeds were washied and surface sterilized using 1%
sodium hypochlorite solution for § minutes. They were
then rinsed thoroughly with sterile water and grown on
autoclaved perdité in glass beakers. These beakers were
irrigated with 10 times diluted sterile BG-11, medija
supplemented with 2mM NaNOQ, from time to fime. 10
days oid rice seedlings were lmnsterred 10 15 ml capacity
fubes after washing them with distilled water. 5ml BG-11
micdiuin was poured intothe tubes carefully dipping the
raots in the medium. Nosroe mamems from exponentially
growing cultures were introduced into the tubes {initial
chiorophyll e content of the ihoculums was keptat | pg
ml”’ per jubej. Association was confirmed under
microscope as well as by estimating chlorophyll a
concentration in the rice roots after removing loosely
associated filaments using a sonic bath.

RESULTS AND DISCUSSION

Role of eyanobagteria in improving soil health and fertility
is'well known. To exploit the full potential of cyanobacteria
in management of soil quality and fertility coordinated
cfforts between laboratory and field level research is
needed. Reglon-based specific cyanobacierial isolates
could be more effective in such applications as they are
pre-acclimatised to the existing environmental
condirions. Hence a region-specific biodiversity study
is important for deriving optimum benefits from
indigénous strains. Knowledge of cyanobacterial
diversity of a region may help in selecting appropriate
cyinobacterial inocula 1o be applied as biofertilizer
consortia in crop fields as well as help in finding strains
with other biowechnological potentials. Earlier we have
reported one sueh Anabacena isolate from an acidic rice
field in Cherrapunjee, Meghalaya that can grow at high
cadimium concentration and is cfficient in removing
cadmivm (Sylem etal. 2009), Thus. this invest xg,&x tionui’
cyanobacterial diversity is ceologically sipnificant as it
enumerates diversity, abupdance. dominance and
richiiess of various cyanobacleria in a region with

primarily acidic soil and water pH. Such findings are
important as they pinpoint biological strains that can be
used to improve quality and enhance fertility of acidic
soil.

Seventy five samples were collected from ten independent
sites located in different districts of the state (Table 1).
Almost all collection sites recorded acidic pH (6-7 inthe
pH scale). Of the total 65 strains isolated (Table 2). 92%
were heterocystous cyanobacteria. Of which 51% alone
was Nostoc and 16% weas Anabaena. Predominance of
the genera Nostoc in all collection sites irrespective of
pH and other influencing factors including terrain, water
logging, temperature, altitude and moisture content
indicates towards their vefsatility, competiveness and
ability to occupy diverse ecological niches. Growth was
estimated in all 34 Nostoc isolates atpH 6.0and atpH 7.5,
Low growth of all isolates in pH 6.0 indicated
compromised growth in acidic Tield conditions.
Heterocyst frequency of the Nosroc strains at pH 6.0
was found to be within the range 0f 4.2 - 8.3% (Fig. la).
Corresponding nitrogenase activity ranged from 3.9-7.9
amol C,H, produced pg* chl a ' (Fig. 1b). When
compared, the correlation between increased heterocyst
frequency and nitrogenase-aetivity in the Nosroc isolates
was evident with isolate no. 27 showing highest
heterocyst frequency and nitrogenase activity followed
by isblate nos, 12, 28 and 29. ’

Syniuksiar and Sung valley in Meghalaya primarily
constitute widespread rice cultivation areas in the state.
Statistical analysis revedled high richness and high
Shannon’s diversity indices in Syntuksiar and Sung valley
(Table 3). Such values suggest that rice ficlds provide
ideal environments for cyanobdcterial diversity and
growth despite the frequent use of agrochemicals in rice
cultivation in order to enhance yield. In our study
richness of cyanobacterial genera was found to vary with
respect to pH of a particular collection site (Table 2).
Although all sites recorded acidic pH, greater diversity
and larger number of isolates were gathered from places
that showed pH close to neutral. Prévalence of Nostoc
and Arnabaena in all sites indicated their resilience and
high adaptability in varied types of ecosystems, However,
Westiellopsis, Tolypothrix, Stigonema and Loriefla sps.
of eyanobacteria were not common in the state as only
one isolate of each was found in the total collection.

In diversity study, richness relates to abundance of
different genera/species of a group of organisms in an
area and stands as a measure of number of different kinds
of genera/species in that particular arca. Low generic
richness was seen in Mairang, Mawphlang and Mawroh
areas. On the other hand, high generic richness was
recorded in Syntuksiar and Sung valley. That diversity
of an arca strongly depends on pH and on interplay of
various environmental factors is evident from this study
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Fig, 1.(a) Heterocyst frequency of Nostoe isolates (deata is mean of three independent experinents),
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Fig. 1. (b} Nitrogenase activity of Nostoc isolates.

as Mairang, Mawphlang and Mawroh has lower pH (5.8~
6.3) and lower temperature than warmer areas of
Syniuksiar and Sung valley where pH was close to 7.0.
The values of Shannon-Weiner's diversity, Simpson’s
Diversity and Simpson’s Dominance indices recorded as
awhole from all sites was found to be 1.630, 0.68 and 0.32
respectively. Richness was highest in Sung valley and
Syntuksiar with both the sites supporting 17 strains each.
Although higher diversity was seen in Sung valley.
highest was recorded from Mawlai where richness was
only 11 strains thereby indicating richness need notbe a
function of diversity in this region (Table. 3).

Nilsson et al (2002) have shown that many competent
Nostoc strains colonize rice root surfaces and interceltular
spaces. Such Nostac strains were shown to have higher
nitrogenase activity compared to their free-living
counterparts. In pursuit of idemifying indigenous Nostoc
strains as potential biofertilizers in acidic rice fields, we
have screened our Nosroc isolates with local rice variety
‘Synteng’. All 34 Nostoc isolates showed root
colonization to various degrees. Isolate no.27, 12 and 28
showed high degree of colonization and enhanced
nitrogenase activity (Table.4) during association. These
isolates conld be marked for future soil andfor seedling
inoculants in acidic rice fields,

Characters like nitrogen fixation have been found to be
stable under immobilization in calcium alginate beads up
10 a period of two years. Al our purilied isolates have

been preserved this way after characterization and
catajoguing. We believe this would be helpful in future
diversity study as reference as well as in researching
strains for biotechnological applications. This would
greatly reduce workload such as isolation, purification
and characterization of vuknown strains for such study
as regenerated purified cuftures from the preserved beads
could bg the starting point for future research.
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ABSTRACT

ubiquitous cyanobacterial strain isolated from rice fields adjoining coal mining areas of Meghalaya was identified as Anabdena
ussing molecular technique involying partial sequence.of 165 rRNA gene. The organism was grown in two different pH
ditions {pH 7.5 that is optimuin for cyanobicterial growth and in'6.5 1o mimic the pH condition of the fields from which if was
b olated). Various physialogical.and biochemical characters such as growth, ieterocyst frequency, nitrogenase and ghitamine
wothetase activities, photosynthesis, respiration, mtrate uptake and nitrate reductase activities were assayed. Atomic absorption
L pecirophotometric { AAS) studies showed thatcomparativély miore cadmium was removed from the medium at pH 7.5 thanat
B i116.5. Cadmium sulphate was more toxic than cadmium gitrate. The.removal was saturating within 72 b, For 20 pM cadminm
irate in theanedium, total cadmivm removed was 9.72 M, of which 68.13% was adsorbed.on the cell surface and 22.67% was
cumulated intracellularly within 48 h. By 48 h. of 20 #M cadinium sulphate in the medium, 58.7% was adsorbed on thecell
pvelope whereas at pH 7.5, .35% was intracellularly accumulated. These results were indicatars of its potential application as

b biofertilizer and bioremediator in acidic rice fields.

INTRODUCTION

Climatic conditions prevailing in a region affect its
oral, faunal and microbial diversity. Among the many
aetors viz. rainfall, temperature, pH, humidity, altitode
b ste. that govern the distribution of microbes over aregion,
H plays a-prominent role in determining the biodiversity
fiany given ecological niche. Microorganisms in nature
e widely prevalent in almost all ecosystems. Their
_ibiquitous distribution renders them immensely
b Susc“publc to any unfavorable alterations in the
| envifonment in which they occur. Amongst microbeés,

L évanobacteria comprise an important group of ubiquitous
'_ipholos) nthetic nitrogen fixers that are found from arid
(deserts to Antarctic regions. De in 1939 first reported
chat fertility of rice fields are maintained due to the
smesence of cyanobacteria, The relative contribution of
cyanobacteria as a percentage of total nitrogen fixed in
-the paddy fields varies widely and is mainly dependent
-on the chemical, climatic and biotic factors. It is now
:known that cyanobacteria contribute 20-80 Kg N/Ha/
ciop.on turnover of their biomass to rice fields, Tropical
‘conditions ensure increased incidence of cyanobacteria

; éywords: Acidic soil; Anabaena; molecular identification; biofertilizer; bioremediator.

in therice field soils and high humidity. temperature-and
shade provided by the crop canopy favor the luxuriant
growth of cyanobacteria (Roger & Reynaud, 1979): In
addition, they secrete a number of important biologically
active substances that improve soil structure (Misra &
Kaushik 1989) and help in phospbate solubilization as
well ag in removal of toxic-compounds.

Contamination of the natural environment by toxic
metals is a serious problem worldwide due to their
continued persistence in the ecosystem and also because
of their incremental accumulation in the food chain (Chén
& Pan, 2005). However, there are references of microbes
acting as natural bioremediating agents in different
polluted sites. The use of these natural biological
resources in reducing the pollution load in our natural
environment is widely accepted idea and alternative,
inmovative treatment techniques have focused attention
on use of biological materials such as algae, fungi, yeast,
and bacteria for the removal and recovery technologies.
This has gained significance in recent years owing o
their befter performance and low cost (Veglio &
Beolchini, 1997; Volesky, 2001). Microbes accumulate
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figtal ions by two well defined processes: (1) energy
independent binding on the cell wall called ‘Biosorption'
and (2) energy dependent uptake of metal ions called
‘Bicaccumulation’ (Karna et al, 1999). Mucilage
containing, polysaccharides producing cyanobacteria are
highly efficient in passively absorbing high levels of
dissolvéd metals using a charge mediated attraction
(Macaskie; 1990). Over the years, miany cyanobacteria
have been studied for their role in bioremediation of
polluted environments (Kumar et al, 1992; Leena &
Fatma, 2000; Zakaria, 2001).

Amiong the heavy metals polluting soil, Cd is of
serious-coneern because of its potentially havmful effects
on humans and animals. It also has adverse effects on
microbial biomass and their activities which play
important roles in soil iutdents cycling and in maintaining
soil fertility (Jose et al, 2002; Yao ¢t 4l., 2003). Cadmium
is widely.in use as-an anticoriosive agent, as a stabilizer
in PVC producis, as a colour pigment, a neutron-absorber
in nuclear power plants, and in the fabrication of nickel-
cadmium batteries. Phosphate fertilizets also showalarge
cadmium load. Although some cadmium-containing
products can be recycled, a large share of the general
cadmium-pollution is caused by dumping and incinerating
cadmitm-polliited waste (Jarup, 2003),

The soils of Meghalaya are acidic in nature and
more weathered in comparison tg. otlier North-gastern
states. of India, and hence cyanobacterial diversity is
limited, However, certain stains of Nostoc and
Anabaena are relatively common in rice fields of
Meghadlaya desplte lower pH prevalent in these areas.
We present hiere a study of cadmium removal pott;nual
of ait indigenous Anabaena strain isolated from rice fields
adjoining a coal mining site within the state of Meghalaya,
This strain is ubiquitous in'all rice fields from where the
samples were collected, Meghalaya has a hilly terrain

and Tow lying rice fields receive runoff water fromi”

-adjoining coal mings, thus ificreasing concentrations of
various pollutarits in'these fields. The logic of selecting a
cyanobacterial species thriving in these fields was the
fact that such strains are already exposed to increased
pollutants in their surroundings and may have developed
stxza_tegi"es to overcome inhibitory effects of such
exposure.

2. RESEARCH METHODOLOGY
2.1 Collection sites

Bioremediation and Ecorestoration

Water and soil samples were collected froi
various rice fields adjoining coal mining areas from
state of Meghalaya.

2.2 Isolation, purification and morphological
identification of cyanobacteria
Cyanobacterium were isolated and purified by

plating on 1% nutrient agar following pour plating

method. Isolates were then grown and maintained inig
batch cultures in the same medium at 25 + 2°C and a3

photon fluence rate of 50 umol m? s! (Rippka et a,

1979). Following this, inifial morphological identification

was done with the aid of Olympus BX 53 light microscops

using description given by Desikachary (1959).

2.3 Molecular technigues for identification study
Genomic DNA was isolated from the
cyanobacterium (isolate no. NEHU7) using MiniPrep of
Bacterial Genomic DNA Method (Ausubel et al. 1999);
For sécuring amplification of 165 tDNA homologous
sequerice, primer CF16S-7 was designed using Mac
Vector software® based on cyanobacterial 16S rDNA
séquences retrigved from GenBank! PCR amplification,
was carried out using primers CF168-7 (forward, 5%
GGCTCAGGATGAACGCTG- 3") and FGPS-1490
(reverse, 5'- TGGAAAGCTTGATCCTGGCT- 3]
following method described by Normand et al. (1996) i
a GeneAmp 9700 Gold thermal cycler (Applied
Biosystems): Putified amplicons were sequenced with
the cycle sequencing method using BigDye Terminator
v3:1 Cycle Sequencing Kit (Applied Biosystems) onl
3130 Genetic Analyzer {Applied Biosystems). Rchted
sequerices were retrieved from GenBank using BLAST
search. Sequenced amplicon was aligned with retrieved
sequences using ClustalW (htip://www.ebi.ac.uk/Tools/
clustalw2/index.html). Phylogenetic analysis was
performed with the PHLYLIP version 3.66 (Pelsenstein;
2008). The neighbout-joining algorithm based on a matrix
of pair-wise distances corrected for multiple base

_ substitutions by the method of Kimura (1980) was used

to generate the phylogenetic tree with a bootshap
confidence value of 100.

2.4  Measurement of growth, heterocyst frequency
and mtr()genave assay
Increase in chlorophyll a content was measured
as a parameter of growth (McKinney 1941). The

i36 |
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" “leterocysts werétournited using ai Olympus BX 53 light
microscope. Acetylene reduction activity by nitrogenase

“eizyme was estimated in vivo by gas chromatography
using a Varian 3900 gas chromatograph fitted with a
gorapak '"T" column and a flame ionization detector
(Stewart et al. 1967).
25 Assay of election transport activities

Photochemical and respiratory activities were

measured using a Clark-type polarographic O2 electrode
installed in a 3 ml Plexi glass container with magnetic
stircer (Robinson-et-al, 1982).

2.6 Nitrate uptake, nitrate reductase and glutamine

“yuthetase (transferase) activities

Nitrate uptake and Ferredoxin-dependent nitrate
teductige activities were measured using methods
deseribed by Cawse (1967); Snell & Snell (1949)
fespectively: Glutamine synthetase (transferase) activity
was measured as deséribed by Sampio et al. (1979).
Protein:was estimated-aceording to Lowry et al. (1951).

2.7 Meral sorption by cyanobacteria
Cyanobacteria Were inoculated. in the nutrient
medid cotitaining 20’ M €dSO; and 20 uM CdNO,,. The
experimental flasks were shaken for 24 h aud then
cenmfuged at IO,QOOg. ‘Thé residual cadmium in the
medium was-determined by Perkin Elimer 3110 AAS.

3.  RESULTS AND DISCUSSION

State of Meghalaya s rich in-coal reserves. Heavy
rinall throughout thie'yearin the state resultsin constant
leaching from coal mining sites to the adjoining rice fields.
In addition, the soil pH in Meghalaya is relatively low,
ranging frem 5.2 to 7.1. Such acidic conditions

Tolypothirix sp. PCC 7504
Anabasna sp. XPORKISF

PR o 11X -l )

BRI b -Anabaena.sp-NEHUT
4
’ Hostog sp.

Cylindrospermum stagnale
: Nodularia harveyana
c gg,ﬂ
- Anabaenopsis elenkinii

Tolypothrix sp. TOL328

- 106:0-

Fig.1: Phylogenetic tree derived from the aligned Anabaena
3. 168 rRNA sequences. The numbers at the nodes represents
the bootstrap values out of 100 replicates.

4

considerably restrict the cyanobacterial diversity since
cyanobacteria prefer neutral to alkaline pH (De, 1939;
Roger & Reynaud, 1979). A particular cyanobacterial
strain was found to be prevalent in rice fields adjoining
coal mimning sites, suggesting its ability to populate and
flourish under such non conducive conditions. 16S rRNA
study confirmed that the organism was a member of the
genus Anabaena: Sequencing yielded a partial sequence
of 249 bases. Multiple alignments with the BLAST
retrievedsequences showed homology of 94 & 92 percent
with Anabgena sp, XPORK15F (Acc. No. EF568905.1)
and Nostoc sp. (Acc, Ne. AB187508.1) respectively:
The neighbour-joining phylogenetic tree constructed
revealed that our cyanobacterial isolate named NEHU7
clusterifg into one group with the GenBank retrieved
sequence Anabaeng sp. ¥XPORK15F and Nostoe sp. with
a bootstrap confidence value of 100:and 80 respectively
(Fig. 1),

The organisin showed adaptability to rice field
conditions as well as to acidic pH. Its heterocyst
frequency and nitrogendse gctivity was comparable to
many other cyanobagterial species (Nilsson et al, 2002)
suggesting its definite-role in fixed nitrogen-contribution
to the rice figld ecosystems. Table.l summarizes the
varipus parameters that were considered for
charadterizing the ‘cyanobacterium, It has optimum

-photosynthetic and respiratory activities required for

catbon dioxide fixation and generation of energy for
important cellular activities such as nitrogen fixation.
Nitrate uptake -aind reduttase activities also indicated

towards proper ability to utilize available nitrate in the

medium. Nitrogenase activity of the organism in-presence
of nitrate indicates towards its possible applieation along
with nitrate based fertilizer in rice fields. It also showed
a value of 514 x 2.0 and 493 = 1.5 nmol r-glutamyl
hiydroxamate:formed min- { mg-1 protein for glutamine
synthefase activity (inpH 7.5 and pH 6.5 respectively),
suggesting its efficiency in incorporating available
amnionia. AN parameters that were studied in pH 6.5
were only slightly reduced in the organism when
compared to its parameters at optimum pH 7.5.
Increasing concentration of cadmium in the
medium had negative gffect on the growth of Anabaena
sp. Inhibition was higher at lower ptl (Fig 2). Atomic
absorption specitrophotometric study revealed that
cadmium suifate was found to be more toxic than
cadmium nitrate. Comparatively more. cadmium was
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Table 1. Characteristic features and enzyme.activities in.the isolated A'nabae-na,Sp.

Bivremediation and Ecorestoration

Parameters

Growth {ug chlorophyll a mi” culture) . .

Heterocyst frequency (Percentage of total cells)

Nitrogenase activity (nmol C,H, produced pg chiah)
Nitrogenase activity (hinol G, H, produced pg? cht ab)

in presence of M nitrate in growth medium

Photosynthetic oxygen evolved (nmél O, évolved. pg' chlah?)
Respiratory oxygen consumed {nniol O, consuined pgt ehlan?y
Glutamine synihetase ((rarisfetase) actmtv ritof r-elutamy}
hydroxymate formed min-' mg” protein

Nitrate uptake (ol nitrate-takenup-min* mg* chl: a)

Nitrate reductasa activity (nmol mtme formedi fdin mg pratein)

pH75 pH 6.5
697+£03 61204
. 7-8% 6-7%
2.19x0.9 7.78+06
321404 2.78+0.3
50606 473+0.5
253+ 0.3 216+0.5
514220 493+ 1.3
438+03 4302
49402

5220.1

L i el
"

O €2 (i)

Clil « cope., pg mi?

I e SR D08 o
.

Fig.2: Effect f20 uM cadiiiium sulphate an: growth of
Anabaena sp. In two-differeng pH.

removed by tli¢ organisi from the-medium at pH 7.5
than at pH 6.5, However, even at acidic:pH-considerable
amount of Cd was removed. fiom the médium. Total
removed concentration out of 20 pf CENO3 in the
medium was between 9-10: iM at pH 7.5 whereas the
value was between 67 uMatpH 6.5. Theremoval was
saturating in 72 h. For 20 4M cadmium nitrate iy the
medium, total removed Cd was 9:72 uM, of which68.13%
was adsorbed an the cell surface and 22.67 % was
accumulated intmcelilulacly within 48 h (Fig 3). Of 20
uM cadmium sulfate; total removed was 6.37 uM, of
which 38.7% was adsorbed en the cell-surface and 35
% was accumulated intracellularly by 48.h at pH 7.
Intracellular accumtlation of CdSO -and CANO, was
found to be similar-on comparison (2.22 it©M as auamst
2.20 uM) even though the adsorbed concentration on
the cell surface varied greatly (3.74 M as against 6.62
uM respectively). Lesser toxie effect of GINO, on
cyanobacterial growth despite similar mtmcel!ula:
accumulation may point towards the role of nitrate in
providing protection against such toxicity. Tius needs to
be further investigated.

& Cd precipitied
Cil adsbrisd

o Cdacewmidated
jm ggﬂ@cc:pumed.

Percentage (Vi

CaNOz 8-y IS0y (8 Iy

Fig.3: Percentage of cadmivnvnitrate: and cadmmm .w!plm
remaved by Anabaenasp. at pH 7.5

4, CONCLUSION

The Anabaena isolate from therice fields.adjoining
coal mines was well adapted to the prevailing

environmental and climatic-conditions. tthad substaatial
nitrogenase activity even in presence of nitrate in the

surroundings. This makes it an atiractive biofertitizer
strain in fields supplemented with nitrate based fertifizers

where it could continue to grow and add fixed nitrogen |
on their biomass turnover adding to fertility and- soil’
quality. Iis cadmium removal efficiency further
contributes towards its usefulness in polluted rice fields
with lower soil pH where in addition to atmospheric

nitrogen fixation, it could reduce the heavy metal pollutant -
load in the fields. '

ACKNOWLEDGEMENTS

The authors would like to thank DRS-SAP and
UPE scheme of the University Grants Commission. New
Delhi to life seiences, North Eastern Hill University and
Rajeev Gandhi national fellowship for ST/SC students
for financial support.

| Conference on Changing Eavisonimental Trends and Sustainable Devalopment, CETAS-2004

132 |

i
| i




sigramediation and Ecorestoration

RFFERE'\’CES e e
Amuhel. B M., Brent, R.. Kingston, R. B., Moore, D. D..
Se ;den. S. 1., Smith. J. A & Struhl, X. {1999). Short
prowocols in molecular biology. 4th ed. Wiley. USA.

1999, 1213,

Black. C. A. (1992). Methods of soil analysis. Patt | American
sociéty of Agronemy, USA..

Cawsz, P. AL (1967). The detenmination of nititite in soil solution
by ultraviolet spectrophotometry. Analyst 92, 311-315.

Cien. H. & Pan, S. (2005). Bioremediation poitential of Spirulina:
toxicity and bjosorption studies of lead. J Zhejiang
University Science B 6(3), 171-174.

Dz B K. (1939, Thereleof “bhug reen lgae indiegen fixadon
in rice fields. Proceedings of Royél Suveiety, London,
Series B, 127, £21-139.

Desikachary, T, V, (1989). Cysnophyti- Indian Council of
AgricultiralResearch. New Delhi..

Felsenstein, L (2008) PRYLIP 3:.68% (phquraeny inference
puckage). Seattle; Departraeht 6f GevomeSciencesand
the Department of Biolozy, University of Washjngton.

Jarsp. L. (2003). Hazards of heavy matal conaivination. British
Medieal Bulletin. 68, 167-182.

Jase. L. M., Teresa, H., Aurelia, P. & Catlos, G.(2002), Toxicity
of Cd to seil microbial activity: Eifectof sewagesludge
additioin 10 sojl.on the geblogital dgse. Applied Seil
Ecology, 21, 149-158.

x!T%u R. R, Uma, L. Subramaniin, G: & Mehan, B M. (1989,
Biosorption of toxic métal jonis. by alkali-extracted
bicnass of 4 mdrine. cyaneba ctetium, Phormidium

valderianum BDU 30501 Woild Jourtizl of Microbiology

and Biotechnology, 15, 729-%32..

: Kimura. M. (1980). Assimple methadfor estimating evolutionary
rate of base substitutions through-comparativesdies
of nucleotide sequences. Jouriigl of Molecnlar
Evolution. 16, 111-120,

Kurmar, C. 8., Sastry, K. S. & Motian, P. WL (19923, Use of wild
tvpe und nickel resistant ‘Newrospora crassa for the
removal of Ni#2 fromaqugous.mediym. Biotechnology
Leters, 14, 1099-1162.

Leena. T. & Fatmia, T. (2000). Potential use 6f Phormidiam for
bioremediation of copper. Tndtan Journal of Applied
ancd Pure Biology, 15, 83-86.

Lowry, GH., Rosenibrough; I., Farr, £.L. & Landell, R J.(1951).
Protein measurement with Folin-phencl reagent. Jourpal
of Biological Chemistry, 244, 44364440,

Macaskie. L. B, & Dean, A. C. R. (1990). CRC Press, Boca

e,

Q i g s

.

X et

Raton, FL. l\rIetaI‘scquc_stering biochemicals. In:
Biosorption of heavy metals. ed, B, Volésky, 199-243.

Mackimney, G. (1941). Absorption of light by chlorophyll
solutions. Journal of Biological Chemlstry 140, 31§-
32

Misra, S. & Kaushik, B. D. (1989). Growth promoting
substances of cyanobacteria. Vitamins and their
influence on rice plants. Proceedings of Indian National
Science Academy, B55, 295-300.

Nilsson, M., Bhattacharya, J., Rai, A. N. & Bergman, B. (2002)
Colanization of roots of tice (OryZa sativa) by symbiotic
Nostoe strdins, New Phytologist, 156, 517-5325.

Rippka, R., Dervelles, J., Waterbury. J. B., Herdman, M. &
Stanier, R. Y. (1979) Genetic.assignment, $train histories
and properties of pure culture of cyanobaeteria. Journal
of General Microbiology, 111, 1-6L.

Robinson, S. L., Deroo, C. S. & Yocuny; C. F. (1082).
Phiotosynthetic eléctron wansfer in prepiration of the
cyanobacterium Spirulina platensis. Plant Physiclogy,
70, 154-161.

Roger, P. A, & Reynaud, B. A. (1979). Ecology of blue: green
algae in paddy fields. In: IRRI, Los Banos, Philippines,

Sampio, M. J. A. M., Rowell. P. & Stewart, W. D. P. (1979).
Purification and some properties of glutamine
synthetase  from the nitrogen fixing cyanobacterium
Anabaena evlindrical arid Nostoc sp. Journalof General
Microbiology; 111, 181-191.

Suell, B D. & Snell, C.T; {1949}, Cologimetric methods of
analysis. D Van Nostrand Co. New York, USA 3:804-
805.

Stewart, W.D.P., Fitizgerald, GP. & Burris, R.8. (1967). In situ
studies on N2-fixation using aeetylene reduction
techiique. Proceedings of National Academy of Stience
USA, 58,2071-2078.

Veglio, F. & Beolchini, F. (1997). Removal of metals by
bigsorption: argview. Hydrometallurgy, 44, 301-3 (6.

Volesky, B. (2001). Detoxification of metal-bearing effluents:
biosorption for the next century. Hydrometallurgy, 59,
203-216.

Yao.H. Y.. Xu,J. M. & Huang, C. Y. (2003), Substrate utilization
patiern, biomass and-activity of microbial communitics
in a sequence of heavy metal-polluted paddy soils.
Geoderma, 115,139-148. .

Zakaria, A. Md, (2001). Removal of cadmium and manganese
by anon toxic strain of the freshwater ¢yanobacterium
Gloeothece Magna. Wat. Res. 35 No. 184405-4409,

} memnationsi Conferente on Chang‘ihg\ér'\siigémhfz:hta] Trends and Susteineble Development, CF TAS-2003 }_7




Satwnal Semenar o0 Texseny of Chemals & Thew Hazards

Witk Special Reference to Viuvy Metals”

Role of cyanobacteria in cadmium bioremediation in rice fields
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Introduction:

Cyanobacteriz are extightely diverse
graup of gram negative prakaryates showtng
diversity in  physiclegy,  morphology,
developmental characteristics and ‘habitats'™. In
nature they are free-living as well as
symbiatic™. Cyanobacteria as diazotrophs, have
a long history of usage in agriculture as
biofertilizer™, and are known to enrich the
nitrogen cofitent of the rice fields”. Species of

Nostoe,  Anabaens, Aulosira;  Tolypothrix,
Cylindrospermum,  Gloeotehin, Gloeocapsa,
Anabaenopsis,  Campiylonema,  Seyfoneima,

Westiellopsis widespread in Indian soils and rice
fields contribute immensely fo soil fertility.
Cyanobacterial presence in rice field ecologles is
of infterest to scientists especially fram: rice
grawing countries as positive effects of
cyanebacteria in rice fields are well established.
Mineral nufrients can be defined as all
the inorganic elements required for life. In case
of human inorganic nutrientss include Wwater,
sodium,  potassium.  chloride;  calcium,
phosphate, sulphate,  magnesium, iron, copper,
zine, manganese, lodine, selenium  and
molybdenum. Mineral foxicity is a condition
where concentration of any one of the minerals
in the body becomes abnormally high feading v
adverse health effects. Apart from these, some
common heavy metals that humans are exposed
1o are Al, As, Cd. Pb and Hg that can pose
serious health hazards. Among these, Cd (atomic
wl. 48) is a common bivalent metal naturai.iy
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ribonuclease

present in environment in different chemical
forms such as cadmium sulfide, cadmium oxide,
cadmium sulfate, and cadminom carhonate and
cadmium chloride. It is wsed in production of
colored inks and dyes, in metal plating,
engraving, soldering, in plasties and in
production of Ni-Cd batteries used in cell
phones, portable computers and in many teys.
Trace amount of Cd is found in most foods
(higher in shell fish). Humans get exposed to Cd
from sources that include drinking water,
fertilizer, fungicides, pesticides, soil and
poliution, refined grains, rice, coffee, tea, soft
drinks and cigarettes. Cd accumulates in the
body and replaces body's essential mineral zinc
in the liver and kidney leading to serious kidney
disease and liver damage.

Elevated of Cd result iIn
hypertension, dulled sense of smell. anemia.

tevels

joint soreness, hair loss, dry and sealy skin. loss

of appetite, weakened immune system by
reduced T cell production.

Agricultural are mainiy
contaminated with Cd from excessive use of
fertilizers, dispersal of sewage slndge and
atmospheric deposition. Cd is readily taken up
by many crops including cereals, potatoes.

soils

vegetables (leafy and root) and fruits. Cd causes
phylotoxicity in plants and its uptake and
accumulation drives it further up the food chain,
Negative effects of cadmium on RNA level

activity,  phosphorolyiic  and
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proteolytic-enzymes in germinating rice seed are
well documented’™" )

Removal of metal ions from polluted
waters using microbes is a well studied subject'.
Microbes accumulate metal ions by two well
defined processes: (1) energy independent
binding on the cell wall called ‘Biosorption’ and
{2) energy dependent uptake of metal ions called
‘Bicaccumulation’™. Both living and non-living
microbial biomass have been ysed for removing
foxie. metal ions''’., Mucilage containing
polysaccharides producing c¢yanobactéria are
highly. efficient in passively absorbing high
levels of dissolved metals using a charge
mediated attraction'. Many cyanobacteria have
been studied for their role n bicremediation of
polluted environments™ ™, Proline accumulation
in response to stress has been studied in many
organisms including algae, protozoa, bacteria,
marine invertebrates and plants®™. In recent
years, role of intracellular proline conient in
ameliorating environmental stress has been
studied in cyanobacteria 2%,

Rice field environment provides ideal
conditions  for  cyanobacterial  growth.
Cyanobacteria are also efficient in metal uptake.
Combining these two facts, the presemt study
undertaken to determing intracellular
proline of &  heterocystous

was
content .
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cyanobacterium  belonging to Nostoc sp. in
response to cadmium exposure and its role in
decreasing the magnitude of the adverse effects
of cadmium exposure to germinating rice
seedlings.

Materials and Methods:

Sample collection:

Cranebacreria: Soil and water samples
were colleeted from different rice fields during
the month of August when thé rice planted into
the fields were about one and half months old
(Table 1). These rice fields were water logged as
there was continuous rain throughout the month
of June, July and August.

Rice seeds: Rice seeds of RCPL-1-87-8, DR-92
& Megha-1 varieties were collected from ICAR,
Umiam Complex, Meghalaya.
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Cyanobacterial isolates from rice fields within the state of Meghalaya

Genus TO&?! Collection sites
strains _

Umkhen | Mairang | Uminm | Nongstein | Mawphlang Muwtai Syntu Ksiar | Sung

" o _ 0 62 Mawroh {6.5) Valley

(8.6} (5.8} 59 6.0 (6.2) ©2) (6.9)
Anabaana 16 2 i 2 2 2 2 2 3
MNeastoe 34 3 4 4 3 3 3 3 &
Cvlindrosg- 3 i i 0 o 6 g z i
ermng
Calottiis & €] 0 1 1 1 H i i
Fischerella 3 i 4! 4] 1 1 4] i {
Glépednsa 2 0 O [i] ¢ 4] 1] i 1
Plectonema 3 1] 0 1 ] Q0 i " i
Toal 71 7 [ § 8 i 9 12 14

Table L Location of rice fields from whiclr eyanobacteriawere.isolated. Values in'the parenthesis indicare pH of the

collzétion sites.

Isolation and purification of cyanobacteria:

Cyanobacterial strains were isolated and
purified after inoculating the samples in nitrogen
free (BG-11¢) medium and subsequent plating
on 1.2% nutrient agar. Isolates were grown and
maintained in batch cultures at 23 £ 2°C and at a
photon fluence rate of 50 umol m™ s following
the method described by Rippka et al., 1979 *.
Morphological identification was done undet an
Olympus BX 33 light microscope using
description given by Desikachary (19597 A
Nostoc species was selected for the present
study.

Metal sorption by cyanobacteria:

For metal absorption studies
cyanobacterium was grown in light in presence
of hall of the lethal dose (LDg) fe. 20uM
cadmium sulphate in the growth medium. The
concentration  of 20uM  of cadmium  was
carefully selected afier determining the lethal
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dose (LD) of cadmium for the cyanobacterium
under study (Fig 1} The experimental flasks
were shaken for 24 h and then centrifuged at
10,000g. The residual cadmium in the medium
was detérmined by Perkin Elmer 3110 Atomic
Absorption  Spectrophotometer . The
experiment was done in three independent sets.

Germination of Rice Seeds and co-cultivation
of rice and isolated cyanobacteria:

Rice seeds were surface sterilized by
washing with distilled water, followed by 1%
(ViV} sodium hypochlorite selution for 5
nrinutes, These seeds were then thoroughly
rinsed in sterile distilled water. Seed germination
was carried out on autoclaved perlite in glass
beakers™. The perlite was irrigated with a 10-
fold dilution of autoclaved BG-11, medium
containing 2mM NaNQO; (nitrate medium) and
varying concentration of cadmium sulphate (0,
5, 10, 15, 20. 25, 30. 35, 40 uM). The solution
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was buffered with cqui molar conceniration of
HEPES. Gerrination was carried out in culture
room- under fluorescent light (photon fluence
rate of 50 umo! m” s at 25°C, al saturating
relative humidity. DR-92 produced irregular
results though out the study. Megha-1 was found
to be mere susceptible to cadmium exposure and
hence was selected. In another set of
experimeiits, cyanobacterial suspension was also
added to the germinating beakets in the
begirining:of the study.

- Results-and- Discussion:

Coal mines of Sohra (Chetrapinji)
village in Meghalaya leacheés onto surrbutiding
rice figlds die to heavy rainfall thoughour the
year. Two cyancbacterial stains were found to
be most predominant in these rice fields. Qut of
this gne Nostoc strain was more tolerant 1o
cadrium exposure and hence was targeted for
the present study, Varying concentration of
cadnitim sulphate (0, 35, 10, 13, 20, 23, 30, 35,
40 pM) was used to document the effect of
cadminom on the germination of rice seeds.
Presence of cadmium in the growth medium led
to reduced seed germination. The affect was

stronger in the rice variety Megha-1 than in DR-
92. 40uM cadmium sulphate in the genmination
medium was found to reduce seed germination
up to 30% in the susceptible rice variety. At 20
uM concentration of cadmium, germination was
reduced by 15-20% and presence of same
amount of cadmium in the growth medium led
to stunted plant growth.

When the cyanobacterium was grown in
presence  of increasing concentration of
cadmium sulphate in the medium, it showed
progressive reduction in its chlorophyll «
content and growth (Fig 1). 40uM cadmium was
lethal to the organism. However, intracellular
prolite showed marked increase at higher
concentration of cadmium. Drop in proline
concentration at 30 uM and 35uM cadmium in
the medium probably was due to reducgd
nomber of viable cells at these concentrations
although it does not correlate with the drop in
chlorophyll amount (Figl & 2). It appears that
there is an inverse relationship between
chlorophyll @ concentration and proline
accurnulation in the cvanobacterium under
cadmium stress (Figl & 2).
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A detailed study of chiorophyll concentration (Fig 3). This implied that after the
concentration at LDj, in the medium at 24 h cyanobacterial cefls have accumulated certain
ttervals showed a reduction in its value up 0 amount of cadmium from the medium, the level
182 h, after which there was no further of toxicity was reduced in the surrounding
noticeable decrease in  the  chlorophyll medium enabling the cells to divide/grow better.
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Fig. 5: Reduction in Chiorophyll a content in Nostoc species at Ll of cadmium in comparison (o control ctilture
studied over 2ight days experimental period
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-~ To “study cadmium removal by the
cyanobacterial  eells,  residual  cadmium
coricentration in the medium was estimated by
Atomic absorption spectrophetometry. The
adserption was saturating in 48 h. 62% of total
Cd was removed froam the medium with 24 h,
which increased to 71% by 48 h. After this
period there was no perceptible increase when
the experiment was repeated after 72.h.

Experiments were set up to study the
effect of cadmium and role of cyanobacterium in
ameliorating negative effects of cadmium on

-growth of rice scedlings. Presence of 20 uM of

cadmium i1 the growth medium led to 49% and
38% decrease in root and shoot length
respectively  (Table  2).  Presence  of
cyanobacterium along with 20 pM of cadmium
in the media showed an improvement of 34%
and. 40% in root and shoot length respectively
over the value obtained for the seedling grown
under the influence of cadmium in the medium.

Length of root & shoot of rice plants (in-cm)

Ruotlength (cm) Shoot lenzth{cm)

Control | .02 mM cadmivm | (B)+cyano- | Control | 0.02 mM cadmium | (B)+ cyano-bacteria
& B) bacteria (B)
8.9 | 55 5.6 177 S 113 16.7
9.3 3.2 7.3 16:8 102 17.0
10:5 1.6 10.3 17.3 10,6 13.0
10.0 3.9 8.9 17.8 1.1 16.2

v 10.6 4.2 53 20:) 9.8 17.0
1.2 61 §3 185 116 1t.3
0.3 53 100 18% 9.9 13.5

Avermge Average Average Average Average Average
10.11 | 4,97 6.7 18.18 10.64 14.9

¢ L4
Table 2: Comparative root and shoot length of rice plantlets growan in cadmium supplemented medium, with and

withoul cyanobacteria.

In conclusion, we found that presence of
heavy metal cadmium led to decrease in growth
and increase in intracellular proline content in
cyanobacteria. Growing along cyanobacteria
reduced ill effects of cadmium exposure in rice
seedlings. There was immediate adsorption of
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cadmium by cyanobacteria leading to removal
up to 71% of total cadmium present in the
medium within 48 h thereby reducing available
cadmium and  minimizing
cadriwm rice plantlets.

concentration
toxicity to
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Infroduction

The role of
eyanobacteria in enhaneing soil fertility has been
long knownh and is well docutnented"™,
Cyancbacteria contiibutes to overall 'soil health
not ouly by its ability to perform bielogical
nitrogen fixation but also because ofits ability to
produce polysaccharides and other biogctive
compounds which has a growth stimulating
effect on the vegetationferop piants; as well as
ensuring maintenance of soil quality and
preventing erosion. Moreover it is also knewn
that cyanobacteria increases the oxygen
concentration of the environment in. which they
acour’®, The general mairitenance of soil feitility
particularly in rce fields is atiributed io the
natuyral supply of asstiilable nitrogen that is
made available by the cyanobacteria through the
progess of hidlegical nitregen fixation’.
Cyanobacteria generate cellular energy by
harvesting light during the process of
photosynthesis and utilizing this energy in the
synthesis of carbon compounds required for
their metabolic processes. Any alteration in the
environment including change in pH and in salt
concentration of the soil may have a direct
negative impact upon photosynthesis and related
metabolic  processes of the cyanobacteria,
including biological nitrogen fixation and
overall performance of these organisms®.

In nature microorganisms are constantly
challenged by different factors and stresses
including changes in temperature, moisture

nittogen  Tixing
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content (droughts and floods): salinity and so
forth. Among these, salinity is known to be of
major significance in limiting the growth and
preductivity of plants, eukaryotic
microorganisms and bacteria’, Salinity pesses to
be a huge threat to agricultural productivity and
approximately 7% of agricultural land are
affected by high salt coneentrations and the area
is still increasing'®. Owing to their considerable
degree of salt tolerance, cyanobacferia have been
applied in reclamation of saline and sodic lands
with limited success'™?. Such a concept of
biological soil reclamation using cyanobacteria
was first advocated by Singh in 1961%. In trace
amounts NaCl is known to act as a micronutrient
to cyanobacteria and appears to be essential in
certain  metabolic  processes'*™.  However,
glevated levels of the same may prove 1o be
detrimertal  and  vesult in  inhibiton of
growth'*"*.

Cyanobacteria have evolved elaborate
defense mechanisms in response to various
environmental stresses that it encounters. Proline
accumulation in response to stress is well
documented in microbes, plants as well as
marine invertebrates’. Proline is known to b¢ an
important indicator for stress tolerance and
functions a stabilizer'®, a metal chelator', as an
inhibitor of lipid peroxidation® and as a
hydroxyl radical scavenger’’. There are reports
of proline being involved in ameliorating
salinity stress as well as stress induced by
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drought situation and also its role a singlet
oxygen scavenger in higher plants™**

Since cvancbacteria play a prominent
role in the mainienance of seil fertility and
productivity, any loss in cyanobacterial biomass
may result in noticeable consequences.
Moreover, these organisms arc now regarded as
promising agents i bioremediation and in
cleaning up the environment. Hence, it becomes
imperative fo study and investigate the effects of
siresses, either singly or in combination on the
growth and chasacters of some naturally
accwrring cyanobacteria. This worklinvestigates
the effect of salinity, changes in pH dnd a
combined effect of both on the growth and
proline accumulation in cyanobacteria.

Materials and methods

“The effects of salt stress. as well as pH
fluctuations were assessed on some of the
filamentaus heterocystaus cyanobacteria which
were isolated from various locations in
Meghalaya. These were then grown as akenic
cultures in batches in nitrogen free BGTl,
medium (Rippka et al, 1979)" ar 25£2°C and
under a photon fluence rai¢ of 50 umol m* 57,
The exponential cultures were used for all the
experiments.

Initially, three organismas that were
sampled for the present study include two
belonging to the Nostoc species (N1 and N2)
and one to Anabaena species (A1), Three sets of
these were grown in different concentrations of
NaCl (30,100.130......... 500 mM) in 50ml
contcal flasks to find out which amongst them is

most tolérant to salinity stress. This was dooe by
estimating the chlorophyll a concentration every
48 hours in cach flask™ to compare their growth
to a control culture. One Nostoc species (NI)
that showed highest tolerance to salt siress was
selected for further experiments. The soil and
water bodies of Meghalaya distinclly show a
wide variation in pH. Therefeore, -effect of pH
and combined effect of pi and salt stress was
also measured in this cyanobacterium. For this,
pH range of 3, 6, 7, 8 and 9 was selected. Also. a
combination of a constant salt concentration
(500 mM) and variable pH was used 10 assess
their combined effect on the organism. The
constant salt concentration was based on the faet
that beyond this any further increase in the salt
concentration was lethal to the organism. The
changes in proline content in the organism in
response to the different stress conditions was
estimated on the 8™ day using the method
described by Bates et al 1973% . Chlorophyll &
concentration on the 8" day was also considered,

Results and Discussion

In case of all the three organisms the
chlorophyll a content was found to decrease
with inereasing salt concentrations (Fig 1, 2 and
3). However, the unfavorable concentration of
salt  was different for the individual
cyanobacterium, with Nlexhibiting higher
tolerance. The Anabaena sp. that was used for
the present study appeared to be highly
susceptible to salinity stress with maximal
reduction in chlorophyll a content at 500 mM by
the 8™ day (Fig 3).
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Studies with A/in different pH ranges growth during this phase was comparable to the
revealed distinct changes in the growth pattern at control. In- combination with a constant salt
pH 5 aid 6. At higher pH of 8 and 9 there were concentration of 500mM, there was a steady
no temarkable changes in growth. The decline in chlorephyll a concentration indicating
eyanobacterium exhibited erratic growth at pH 3 fow survival at pH 3 and 6. A similar behavior
and 6 and growth showed a decline in these pH was also evident at the higher pH ranges of §
with respect to time (Fig. 4). At pH 9, the and 8, although the effect was less drastic then
exporiential growth phase of the organism was thatat lewer pH (Fig. 5).

shiortar than the gontral (pH 7.6} However, the
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Fig 4: Effect of pH on growthof Nostac sp.d. (C- Control condition)
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Cornisistent with previous
observations™, it was found that with increase
in stréss, either 48 high salinity or unfavorable
pH, there was an associated increase in proline
contentand a prominent decline in chiorophyll @
concentration. High proline contents of 0.65 and
0.63pg 's” were observed in pH range of 5 and 6
respectively followed by 0.63 and 0.61 pg g™ for
pH 9 and pH & as compared to 0.57 pg g’ in

unstressed condition in conwrol culture (Fig 63
The proline content was found to be the highest
in the case of the combined salt and pH stress
(Fig 7). Proline was accumulated to an amount
of 072 and 073 pg g in pH 8 and 9
respectively which further increased in ptl 5 and
6 to 0.92 and 0.76 pg g’ respectively while in
combination with-salt,

0.7 1
0:6
035
0.4
0:3
a2

Prolinecontent (g gy

0.1

Proline content of W 1

pH7.6 pHS

pH 6
PH

pH7  pHS8  pHO

Fig. 6: Proline cantent of Nosioe sp.d at different pH. (C- control condfzimz}

i
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Fig 7: Proline content of Nostoc sp. 1 under combined effect of sait and pH. (C- Control candition; S-560 mM NaCl)
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There are-extensive reports on stress
induced proline accumulation in ligher plants™
2 However, not much work has been done
towards the assessment of the role of proline in
cyanobacterial stréss tolerance that may have a
significant impact on their putative applicati'on
in bioremediation as well as their use as
biofertilizer in coastal areas. Wu et al (1998)®
has reported incréase in proline content under
salt stress in Chlorefla. It has been suggested
that proline. is involved in stabilizing folded
protein structures™. Its role in  stabilizing
menbranes by inteiacting with phospholipids™
and. beirig involved in osmotic adjustments™ are
also Known, Stiess induced by high salinity has
a negative-impact on the photosynthetic capacity

and-growth of cyanobagteria® .

113 the present study, it was observed that
stress due to enhianced. salinity and changes in
pH in the immediate vicinity resulted in
induction and -dcgumulation in intracellular
proline in the cyanobacterium. This finding is
similar to earliér report on proline accurnulation
under stéess conditions in the cyanobacterium
Westiellopsis prolifiea-lanet  Strain-NCCU331
by Fatma et al, 2007. In these organisms,
proline appears. to be the stress-induced
substance that helps in generating tolerance to
adverse énvironmiental stresses,

The potential of cyanobacteria as
biofertilizer is immense. However, their~
susceptibility to environmental changes limits
their  optimum  use, Carefully selected
cyanobacterial strains with high nitrogen fixing
capability that are resistant and/or tolerant to
fluctuations in the surrounding environment
could be ideal for future biofertilizer programme
and also as bioremediators for reclaiming saline
and sodic lands for agricultural usage. One way
to identify such strains could be to look at their
proline accurmilating capacity under stressful
environment. These strains with high praline

synthesizing potential may prove to be an ideal
candidate for bioremediation, ’
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Nitrogen metabolism, artificial association study in two cyanobacterial isolates
and assessment of their potential as biofertilizer
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Two strains of cyanobacteria, viz. Nosfoc ANTH and Mastigocladus sp, were isolated from local separate temperature
zones of Meghalaya, India. Both the strains showed preference for different temperatures for optimum growth (45°C for
Muastigociudus sp.{thermophile) and 25°C for Nostoe ANTH {mesophile)). The addition of nitrogen sources in the growth
media (nitrate, ammonia and glutamine) supported their better growth but repressed heterocyst development and nitrogenase
activity. Nitrate and gitrite uptake rates, NR and NiR activities increased by NOsy™ and decreased by NH," in Nostor ANTH.
However, such effects were only partial in Mastigocladus sp. The presence of fixed nitrogen sources in the media led fo
decreased GS activity and repressed methylamemonium uptake in both the strains. Glutamine uptake was substrate inducible,
eneray-dependent and required de novo protein synthesis, Actificial association studies revealed successful establishment of
association of rice roots with both cyanobacteria, including prolonged association of Mastigocladus sp. at high temperature
(~45°C). Lide modifications in growth temperature and- growth media led to profuse akinete differentiation in target
cyanobacierin. The replacement of normal cells by akinetes as field inoculants might have profound biotechnological

implications in future hiofertilizer programme.

Keywords: cyanobacteria, Np-fixation, mesophile, thermophile, biofertilizer
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Introduction
Cyanobacieria, an extremely diverse group of
Gram-negative  prokaryotes, show diversity in

physivlogy. morphology, developmental character-

istics and habitars‘f‘. In wature, they are free-living as
well as symbiotic™”. Cyanobacteria, as diazotrophs.
have 4 long history of usage as biofertilizer in
agriculture®™ and are known to enrich the nitrogen
content of the rice fields’. Species of Nostoc,
Anabaena, Aulosiva, Tolvpothrix, Cylindrospermun,
Gloeotrichia, Gloeocapsa, Anabaenopsis, Campty-
[onema. Scyvtonema and Westiellopsis are widespread
in Indian soils and rice fields. contributing immensely
to soil festility. The current biofertilizer programme
using free-living cyanobacteria poses many problems.
including low survival rate of inoculum: adaptability
of cyanobacieria inoculated in the fields with regards
to  compelition  with  the preexisting natural
populations:  and  ncompatibility  with  chemical

*Auzhor for corspoudence:
Tei 91.364-27221726; Fax: 91-363-2530108
E-mail; maywhreesyicmi® vahoocodn

fertilizers and low nitrogen release. Also, most
cyanobacteria have optimum Np-fixing ability in a
temperature  range of 20-30°C.  Therefore. the
mesophilic cyanobacteria may not be the ideal source
of biofertilizer in tropical rice fields where daytime
temperature can soar apywhere 3(-45°C, and this
adversely affects their metabolic processes. Under
these conditions. thermophilic cyanobacteria seem to
be the better option as biofertilizer in mixed consortia.
Information about thermophilic cyunobacicria that
grow at such high temperatures is scanty and so far
has not been looked into as the potential biofertilizer.
Keeping this in mind. the mesophilic Nostoc ANTH
and thermophilic Mastigociadus sp., both isolated
from the state of Meghalaya, were compared with
respect to selected metabolic processes with an aim to
enumerate their use us potential biofertilizer in rice
fields of different temperature zopes.,

Materials and Methods
Strajns and Culture Conditions

Nosteo ANTH was sojated from the undersurface
of the gametophytic thalli of the bryophyte



collected from ihe North Eastern Hill
campus. Shillong md purified under
‘Axepic culfurcs were grown in
{’\’a medium}"’ at

Anthoceros,
- University
axenic vonditions.
batches ;»md maintaﬁncd in BG !1
thnevm m{x,ud. lhe ?\,,»mcdmm was wpp!umnted
with 5 mM KNO: (NOw-medium) or 2 mM NI
(NHs-mediumy or 1 mM L-glatamine (glutamine-
medium).

Mastigoctadus sp. was isolated from the hot ﬂprmc
of Jakrem, Meghalaya state, India and grown in
axenic batch cultures in D-medium’
continuous light with a photon fluence rate of 30
umol m™ s at 45°C in BOD incubator and also at
25°C in the culture room. Whenever needed, coltures
were also grown in No-medium (D-medium without
sourcg  of combined nitrogen), NHs-medium
{Ny-medium supplemented with 2 mM NH.CD or in
Me-medium supplemented with | mA L-glatamine.
All media for Nostoc ANTH and Mastigocladus sp.
were  buffered  with  equimolar concentration  of

HEPES, and pH was adjusied to 7.5 before
autoclaving.

Growth, Heterocyst Frequency and Nitragenase Activily

Growth was measured as increase in concentration
of Chl &”°. Heterocyst frequency in both the
cyanobacteria was calcufated as percentage of total
vegetative cells after 96 h of incubaton in different
nitrogen media. Acetylene reduction assay was vsed
to measure nitrogenase activiw”

Nitrate and \ﬁmtv Uptake Assay

The Ny-, NOs- and NH,-grown cultures or Nostoe
ANTH and Mastigocladus sp. were harvested by
centrifugation during the exponential growth phase
{after 4 d growth), washed and resuspended in
Tricine-NaHCO: buffer (25 md, pH 8.1). Uptake
experiments were initiated by the addition of NaNO;
(100 pM) or KNO» (100 uM) to the cell suspension.
Uptake of NOs™ and NO-™ was measured by the rates
of their depletion from the mediumi. The choice of
100 uM extemnal concentration for both the combined
N sources was based on earlier studics in Anabaena
sp. PCC 7120 and Synechococcus sp. swain PCC
7942"Y . Samples were withdrawn afier 3 h of
incubation, subjected to rapid centrifugation w 5000 g
and the cell-free supernatants analyzed for residual
NO;™ or NO,7. Nitrate and nitrite concentrations were
meéasured by the method of Cawse™® and Snell and
Snell, respectively.

under
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Nifraté  Reductase, Nitrite Reductase and  Glutamine
Synthetase (Transferase) Activity

Ferredoxin-dependent pitrate reductase (NR} and
niwite reductase (NiR) activities were measured using
dithionite reduced methyl viologen as reductant’™"
Glutamine synthetase (ransferase: (GS) actvity was
measured as described by Sampio ef @ * However. in
Mastigocladus sp., incubation for the coryme assays
was performed at higher temperatwre (45°C; for
cultures grown at 45°C, In case of Nostoe ANTH,
cuftures wore incubated at 30°

at 30°C. Protein  was
measured according to Lowry er al™'

Ammonium and Aminoe acid Transport Assay

Ammonium transport assay for Nosroe ANTH and
Magsrigocladus sp. was done using the radioactive
[ "“Cl-methylammonivm. an anajogue of ammoenium
(sp. activity 370 KBq umo! ™Y, Glutamine uptake
was measured using " (‘lmiutamma (sp. activity 256
KBg pniof 75 for both the cyanobacterial suging, NQx-
grown cullures were harvested during the exponential
growih phase. washed in Nxmedium and incubated in
Nymedium or Ny-medium supplemented with TmAf
glutamine at 25°C for Nostoc ANTH and at 45°C for
Mastigocladns sp. After 48 h, cells were harvested,
washed and resuspended in 10 mAf HEPES-NaOH
buffer (pH 7.0} to a final concentration of 10 ug mL~
Chi a for both the strains and equilibrated for { h
under  their  vespective  growth  condiitons.
Methylammonium or glutamine uptake experniments
were started by adding [*Cl-methylammonium or
{7 *CJ-glutamine to a final concentration of 50 pAf for
both the cyanobacteria.  Whenever  needed,
dichlorophenyldimethylurea  (DCMU, 10 @MY or
carbonyl cyanide chlorophenyl hydrazine (CCCP,
25 uM) was added to the cell suspensinn 30 min prior
to the addition of labelled glutamine. At different time
intervals, 400 pl. sample was taken out quickly and
cells separated by centrifugation through silicon oil
DC 350/dinonylphthalaie (406/60, v/v) into perchloric
acid/water (15783, v/ and HCT in the perchloric
acid fraction weasured nsing liquid scintiflation
counter (Beckman. Model 1801). The non-specific
binding of 1 “Cl-methylammonium and glutamine was
determined by measuring their incorporation in the
toluene treated cells™.

Cultures Conditions for Akinetes Diffeventiation

Nostoc ANTH cultures were induced to sporulute
in BG-115 medium lacking MgSO; and replaced by
equimolar MgCls. Mastigocladus sp.. on the other
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hamt was fonnd © aporelue spontanes

medium at fower wmperatures, Akineie ruquoncy
was caloulated as the percontage of ol oclls in
Qlympus B3 Enuz IRCTOSTU0E muc* with o IV

dmzmi video cane

i.)a}«(’.unwaliam of Rice and {yanchucteria

Rice seedlings {10-d-old) grown on perlite were
gansiered to 13 mib culture wubes after washing with
distilled water. D-No-medium and BG-T L, aedinom
{10) ml) was poured independentdy mto thesc tubes
and seedlings corelully placed with the routs dipped
wrthe medivme Masticocladuy sp. and Nosioe ANTH
were then inoculated in these test tubes in their
respective growth media. Tubes with Mavrigociadny
sp. were kept in the BOD incubator at 45°C
Nostoe ANTH in the growth chamber at 23°C.

Results

Lrowih, Helerseyst Frequency and Nitvogevase Activity
Both Nosroo ANTH and Mastigociadus sp. were

grown iaitially in a temperature range of 20 w0 807

G STOW th was measured as incrcase in CAl ¢ content on

4 d. Mastisocladus sp. grow best at 45°C (23 pg
mL ™" Chl o in D-No-mediay. However, Nostoe ANTH
cells died at temporatures LAL(?td}i‘v” and showed
optimal yrowth at 23°C (1.2 CHi w in

Ne-media), Growth was s:-;msi«scn-'iv nigher i1 NO..
NH: or glulamine supplemenied media, Hoters
frequency amd pifrogenase aclivily were pot su,!u.%u?

¥ii

w combined  atrogen  sepplemented  moedia, The
growih, heterocyst frequency and nifrogenase activity

of a?amvam.:’m sp. were ~1.5-[old highev at 4%
than at 257C.

Nitrate und Nitrite Uptake Activities

Both Meass cand Nosioe ANTH ximxmd
NO and NOU uptake aotivities, The rate of NC
uptake by Magstigorfatos spo grown i No mwmm

sordenties

paie]

was 2704 mol min my 4 ¢ compared 1o
329 amol min’ my (A a in NOemedinm oy
&8 vmol min CChi ain NHemediam (Table |

SUES AS P

QTENTEAL B

?’m‘i%ze*r NGO upiake hy Nowac ANTH was .;,,}5 ]
min” An*; ChEaoin Noemwdiv, 3.6 Hml ;rm mg
CH a in NOvmedivm end 04 mmol min” mg C.fz! @
Ha-medium. Henee, there was 21% and
increase in NOy™ uptake by Musiigocladus sp. :md
Nostoe ANTH, respectively in the NOsw-mediam us
cmr;gwrw o Na-medinm interestingly. NOY™ uptake
e of Mastigocladus  sp. ~10-fotd  higher
compared 0 Nostoe ANTH under tzmx?m conditions
of Ny and NOgp-medium. However, the presence of
NH," in the growth medium Jed 10 ;;1%aihii'%on of NGO
uptake, which was more scvare In vase of Nestoo
{88} z;‘ompzz;‘ed o Mastiyociadus sp. (73%) than
iheir respective Na-grown cells,
On the other hand, NO,™ uptake by Mesrigovladus sp.
and Nostoo ANTH was mercased by 40 and 20
respectively in NGqr-mediom as compared 0 Ne-medium

WS

‘.

{Table 13 However, severe inhibition in NO-™ uptake hy
Nostoe ANTH (99%) than m Mastivocfadie sp. (39%)

was noticed in the presence of NH,' .

NRNIR and GS Actvily

In NOs-medium. NR activity showed
increase (133%) in Nostoc ANTH (237C)
moderate increase (179%)Y in Mastigocladus sp, 14590
i comparison to Hs activity n Ne-medion (Table 23,
However, the NR activity deciined by 88% m Nostoc
ANTH and 46% in Mastigoclades sp. in the presence
s NH L inthe mediun,

In No-medium, NIR achivity in Nostoe Al 'H waa
much bigher (340 mmol NOS consumed min mg
profet) as against the enzyme activity in Mastigocladus

a drasuc
against &

3.

sp.{if3w profein). NiR g mm showed
38 ANTH in NOwsmedium in

Hy in

conyrrisen (o acll medium. which by contrast
was 8 dn Masdgocladus sp. Howevor, the
i the medium led o $7% inhibition of
ANTH, but the inhibition was
s 8- { Table 23

v of GS aciviy revealed that
much higher onsyoe activity
hvdroxamate fomg’

oady

PIOSCIRY ﬂ% NH,

i Neosioo
i

i ,-'%344’\’1:“"{“
A compurutive shy
had

v-phriamyl

AN L

{2463 ot min

aNO» NH, =

+ 2 b NI

s e rnedia ’H}I’uix‘ u'h\i‘H




400 Nt

AN | BIOTECHNO

Y naa7

NITogen sourees in
growth madiuny

min’ mg pmlun)

{amol NO:

GS activity
gratamyl bydroxanate
ormed min mg protein)

NiR acuivity
consiuned
min’ mg protin)

Nostoe ANTH Mastigoctudns

sp.
N, LRE0 9.16 =04 540
NO; 42:01 1007 2035 74
NH. 0.2+0.1 487202 23

Nosioc ANTH

Meaxtigectadus Nostoe ANTH Mastigocladus

sp. sp.
27 6233 =8 61027 24642 123
37 17502 £ 8 598+ 3 1689 + 84
{2 3766 (466 273

NR = Nitrate reductuse; NiR = Nitrise reductase; GS = Glutamine syathetase

N> = No combined nitrogen, NQ; =

+ 10 mM NaNOs, NH, = + 2 mM NH,CL

protein) compared to Nostoc ANTH (610 nmol y-
glutamy! hydroxamate min” mg™ protein} grown in Na-
medinm. However, GS activity was repressed by 31%
in Mastigocledus sp. as against 2% in Nostoc ANTH
when NO;” was added to the growth medinm. The
addition of NH.™ to the medium also showed similar
inhibitory effect on the GS activity in Mastigocladus
sp. (40%) and in Nostoc ANTH (38%) (Table 2).

Methylammonium and Glutamine Uptake

The status of ammonium uptake in Nostoc ANTH
and Mastigocladus sp. was smdied using [YCJ-
methylammonium. Both the organisms showed a
biphasic pattern of methylammonium uptake marked
by an initial rapid phase lasting for 60 sec, followed
by a slower second phase that remained bnear during
the next 10 wmin of the experimental period.
Methylammonium uptake activity in Nostoc ANTH
durim‘: the first and rhe second  phase  was
35 and 7.3 nmol mg’ min'CA/ a, mxpwuvc y. The
uptake rates for the same compound in ;‘«?amgvrladw
sp. cells were 42 and 15.77 smol mg™ min™ Ch a
during the first and second phase, respectively. The
addition of NO;™ and NH.” in the growth-medium led
to severe repression of the methylammonium uptakz,
i both the cyvanobacteria. Overall, the data showed
that nitrogen starvation increascs ammonium transport
activity in both the strains.,

Studies on the uptake of glutamine in Nostoc
ANTH and Mastigocladus sp. also showed a biphasic
nature where an initial rapid phase represented

intracelllar  accomulanon. followed by a slower
seconal  phase  epresemting  assimiladon.  The

shatamine uptake pates were higher In glutamine-
grown celfs than in Ny-grown cells. Soch an increase
in the raws was significantly inhibited by the addition
of chloramphenicol, an inhibitor ot protein synthesis
(Fig. 1) Ak, DCMU and CCCP inhibited the
glutamine uptake in both the steains (Table 3.

Table 3-—The effect of DCMU and CCCP on |MCl-glutamine
uptake by Nosior ANTH and Mastigochidus sp,

Cl-Glutamine uptake
{nmol I K4 2-;_1‘1“::11111“ taken up
g minT Chia)

Growth-medism

Nosine ANTH - Masiigoecladus sp.

Control 44022 12171 265
Control + DUMU (10 1 21 8% 1.0 12120
Control -+ CCCP (253 nM) 38201 2187218
£00
% 500 - LA
al
o g 0k o -
35
2 s -
o > r A
5t
EE W
=
k=
2 LB

¥

*2

Ture imind

Fig 1] *Cl-Glutarsine uptake in Neswe ANTH grown in Ny
(25 C. ) and ghaamine-mediwm (23°C, &) and Akustigocladas
y 25°C, ®), gheaninc-medivm (45°C, ¥ and
yv-chioramphenicol {¢3. {(NChgrown
ells were washed and  transferred 10 Ny and
ghatamine-mediom (M ghutamine) and iocobated 48 by a
25°C for Nevioo ANTH and ar 45°C for Mastigockidus sp. Cells
were then harvested, washed and rewuspended i HEPES buffer
and wsed for Ll’lldn“n(‘ uptake @ described in Matedals and
Merhads, The sslues are means of nwo mdepondent experiments,
cach with two replicates).

Akinete Differentiation

The interest in akinete s potential as
inoculum 10 be used 1o populate dce ficlds with
competent cyanvbatterial SITHINS. Akinecie
differentiation i1 Nostoo ANTH stuted onfy when the

was for
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Na-medium was used to grow the cells jacked either
sulphate or phosphate. the former limitation leading to
quicker and higher extent of akinete differentiation
{(within 3-4 d as against 8-9 d). In comtrast, akinetes in
Mastigocladus sp. differentiated with i 10 d simply
when grown in D-Ny-medium at fower temperature
(25°C; Table 4). By 40™d, the akinetes percentage of
Nogioe ANTH in sulfate hmited Ne-medium and
Mastigocladus sp. in normal D-No-medium  were
98 and 80%, respectively at 25°C. Some degree of
akinete differentiation {~20%) was also observed by
40% d in ‘Mastigocladus sp. grown at 43°C probably
due to exhaustion of media nutrients,

Artificial Association of Rice Plants with Cynobacteria

To test whether these two cyanobacteria can be
used as biofertilizer, Mastigocladus sp. and Nostoc
ANTH were incubated with rice seedlings. There was
considerable ussociation of both these cyanobacteria
at room temperature (25°C). However, when
“incubated at 45°C, Nostoc ANTH died after 24 h.
Interestingly. Mastigocladus sp. showed significant
association with rice roots even at 45°C for prolonged
period. Ny-fixation activity was measured after 7 d of
incubation. It was higher in associated cells of both
the cyanobacteria. This actvity was 16.28 and
12 nmol C-H, produced p g b Chi a, respectively in
associated z2ud free-living cells of Nusioc ANTH a
25°C. The corresponding values for Mastigocludus
sp. at 45°C same were 6.27 and 4.62 nmol CH,
produced pg ' b Chl a.

Discussion

Morphologically, . Nostoc ANTH and
Mastigociadus sp, are different cvanobacterial genera:
. Nostoc ANTH without branching and Mastigecladus
sp. with wue branching. Growth experiments
conducted beyond 33°C led 1o cell death In Nosioce
ANTH. However, there was increase in growth,
heterocyst frequency and nitrogenase activity in
Mastigocludns sp. at 45°C and beyond, indicating its
thermophitic nature. Both the cvanobacteria were able

to utilize. NO;™, NOo7, NH;™ and glutamine as sole N

source for growth but these were inhibitory 1o
heterocyst differentiafion and nitrogenase  activity.
These cbservations_are similar to earlier reports in
other cyanobacteria™ . In scneral, the appearance of
the Mastigocladus sp. was more yellowish than of the
Nostoc ANTH. This could be due to the fact that the
media composition used for growth of Mastigocladus

wtion in Nospoc
medhum apd
and 437C

ime course of pkinete differc
i i sulfate  Holing
Muastizecladi sp. in normal D-N; medion (25 €

Akincte fiequency (1)

Time Nogtor ANTH Masrigocladus sp.
«d} :

5°C 25°C 43°C
Y LERY 0.0 0.0
3 R =10 0.0 .0
10 59+1.0 120406 0.0
20 78x 1.0 300 1.3 0.0
30 N=x10 320x26 .0
46 98 + 1.0 80.0 £ 4.0 0 x1.0

sp. lacked in one or more nutrient(y) that otherwise is
available to the organism in the hot spring.
A comparison  of  Theterocyst  frequency  and
nitrogenase activity in the two cyancbacterial genera
at their respective growth temperatures showed that
Nostoc ANTH had higher nitrogenase activity even
though heterocyst frequency was  higher in
Mastigocladus sp. probably due to more efficient
N,-fixing andfor C-fixing machinery in the former.

Further, investigations into nitrogen metabolism
aspects of the two isolatey established that nitrate and
nitrite uptake rates were inducible by NO; and
repressible by NHs™ However. nitrate uptake rates of
Mastigociadus sp. were much higher (~10-fold) than
of Noswe ANTH. As is the case with other
cyanobacteria®™, the severity of inhihition by NH*
was more pronounced in Mostoe ANTH. However. in
contrast 1o a complete repression of nitrate and nitrite
uptake by NH," in other cyanobacteria™, it was only
partial in Mastigocladus sp.

Again, NR activity followed the trend of other
cyanobacteria  for  being  NH,"  repressible-
depressibk:"”'"‘, and NO;° and NH had visible
inductive and repressive effects, respectively on the
NiR activity of Nestoe ANTH. In contrast, these
effects  were neghgible (<10%) 1 casc  of
Mastigocludus sp. bEven though this report on NiR
activity in Nosfoc  ANTH is similar o other
cyancbacteria | it is in complete contrast with regard
to Mustigocladus sp. Such observations may be of
importance, as  Mastigocladus  sp. under feld
conditions may bc able 1o adapt in a much better way
against the nitrate-based chemical fertilizers load in
the fields.

Encrey-dependent  cellular  accumulation  of
glutamine, us evident by inhibitory effects of DCMU
or CCCP oun glutamine uptake as well as the
comparable  effects  on  GS  activity and
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methyvlammonivm upteke e the presence of fixed

both  the cvanobucteria, are
consisteni  with the ewlier vwepoerts on ather
cyanobacteria” 7 Thus, the comparative ';fa:(‘?v of
various aspects of nitrogen metabolism i Aostoc
ANTH and Mastigorladus sp, showed that the two
isofates from this region have similarities i dwe
process apart from minor differences possibly due to
their orizin from different femperatore and nowiem
regings.

Survival, nitregen fixation and adapuability of
various merabolic processes 1o different temperatures
prompied  further  investigations  mto both  the
cyanohacteria Tor their ability to weeoviote and also fix
atmospheric N in the associaled state with selected
crop planss. As tice is the prime cash crop of the
region und eyancbocteria wme kaown © thrive well In
the waterlogged rice flelds, anificiad
studies  ware  camied  oul osing those
cvanohacierial species with the rice soediing
Nostoc ANTH showed sigmificant association with
rice roats up W a femperature range of ~337C und not
bevond, Me stigociadus sp. showoed sssotiation even
at temperatures boyond ~337C tor prolonged peried.
The extent of nitrogen {Ixation was alsoe slmost one
and hadffold higher in the sssociated cyvanobaciona
compared o the frec-biving cultwres, Thin fuct
wmpied as o prosume that in {uture blofestilizer
rescarch. these two cyanobacterial solates con be
exploited as the potential biofenilizer candidutes in
Varying lemperitarg regines,

Therefore, Nosfor ANTH with fis
getivity could be the effective
fields of fomperate regions, while Wariynelo
coudd bBe for wopicel  ce
temperatures vl
moere ~tudios are reeded ©
potentinl of bhoth
biofeniiizer

in the
of cyanobacienal

genorally the inogidum

s‘,m‘u;zez's LOMICCS I

associgtion

g0 high ay 40-43°C0 However,
isgortain the N-transfer

i o0 s s

thee

current biolertibizer prog
wmovutum s Al pmhig m.ous
COMprises iresh
cvanobacterium cells whar these perish in
the pucking, sorage awnd disiribution, During the
carrent fﬁiii‘-’.'i‘s". one ipteresting obsorvapon was the
abiliny and case with which bath thexe cyuncbacteria
differentisted high  percemtage  of  akinctes. As
can withstond ady envivonmental
conditions. they can also m«\‘,a,;} mi;vpi better than
fresh cvanobacterfal inoculy 5

st of

‘i‘ g 10 the

strews dduring the Raying  perind. Theretore,

ahinctes can be viewoed as the potontisl candidat
{‘(*-'miam rice fiekds with F\?;—U(;zw syanobacioria,
wid dfm g Kie the fow survival rate of inoculum in
4‘1L rice fields, Alse. once they are in the field
conditfons ovor a1 considerible perlod of tine as
akinetes, they probably would be botier (sdx:pi o
compeie with the nanvul popaiations  of  other
wicrobeys 1t the fekds. As roported earlicr™ ™. Nostoc
(TH can fix niftrogen o sssociaied staie in NOx
i therefore, it can be used along

Al
medium in dark and e
with nitrate based chenmical tenifizers i the feld
Currenily. we are looking inwo various aspects of \
Fixauon in Mavigocieduy sp associated with

yoots 1 different Nemedin 1o weertain the {lexibiliy
‘ fixing  ability i the  ovanobacterium ang
whether § { CTH. Mastigociadus sp. can
also be HHror dn rice fields in the
presence of nitrate based chomieal fertilizers. Funber,
we e looking o developing wohnology 1o induce
guick spm‘uimim 1 these cvancbucionia tn an attlempt
to sludy the stability of the akinees when qored over
s longer period of ume, their officiont germination
into visghie cyanobacteriol colls und the rerention of
~--':'mrz<.j ability of culture~. It the long-term stornge
i~ vinble for akinctes, U will certaindy open up the
;xm;i‘smtv ol casy umspovtation and distribution of
desived eyanchacterial inocsium as akinetes from the

o

,§ ¢ of onigin 10 the arces o) appiication, Further,
wd nfmi

p

y by developed 10 ongineer dircci
‘u’\e \%r“m» cndowed with enhance
crop plants mr &

: i:.ﬁ‘g‘;‘{
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Engineefiﬁé Conditions for Bulk Spore Production for
Apphcatmn as Biofertilizer Inoculum in Paddy’
Cultivation

Amrita Bhattach
Depactirent of Biochemistry. North Eajter

raee > ‘With an attcamir-to-alleviate thie problems froed e
grent hiolertilizer programme:. different alternatives are bemg
o dftte; In the present st dit pateatial ule of spores a3
irbilizer and thieir travsfer 1o fhe Relds on a bigdégradable Base.
i paper) bias been dualntet,

s« Blofertilizer, Cyanohidteria; tmvsbilization, lnseuli

1. I¥FROBUETION

‘bae:tez:xa ﬂwwmg in crap f elds ate the prodﬁctfon and
!ca’se QI' mh:bﬁors of plam pathegens -and thz: 'xmehoratzan oE‘

gﬁs Fations. Hence specnﬁc; Stedins Ay be needed fm‘
glicylar-rop fi élds to be ised as biofertilizer depending upon.
sse. conditions [8]. Temperature also plays important rofe in
f;rdmg the optimum nitrogen fixing: abxhzy of a cyanobactenai

the mesophilic

.

iperatuce range of 20%30%C. Therefare,

1 Diégernber. 2007

. Most cyanobacteria h'we optimum N-fixing ability in 2

i am’té Mavashree B Sylem®
il University, Shiflong- 793022, Meghalava. India.

ymebactena ay sot bc the sl séirce of biofertilizer in
wopital rice fi elds where: diy time lemperdtures cafi Sodr
aipihere between 35:45°C as this adversely affects their
metabolic processes {9} I the. current bivfertifizer progranime
usé of freé-tiving cyanchaciéria-pases maay problems mciudmv
low:-survival rates of inoculum. adapfability of cyanmbacterm-
inocttated in the flelds with regards to competition with the
presxisting natral popufationsand inconpatibitity. with cliemical
fertitizers and fow nitrogén refease. Therefore. in order to
populate paddy {ields thh \H' ixing cyanobacteria, alternatives to
_ fresdliving cultures as inoculum: negd 1o be nivestigated. In this

~ccmtext, cyanobamer:al spoares ceuld provide & deﬁmte solution
inee: &d

_ -adverse canditions and
~ ¢ prohferan n whén conditions afe
favorable, prov:ded protocal for quick and easy induetion of
sporutanon in desired cyanobacteria s i place. This couild also
tackle the low survival raig of inoculuin in the-crop fields.

Keeping such fietars into econsideration, organising have

Heen isofated from different ccological niches with varied

climatic-conditions. These were then pirified and comparéd with -
réspect to their sporufation abilify. Cyanebacterial strains which:
exhibited quick and profuse sporulafion pattern *were then.
immiobilized and stored away on low grade filter paper: These

- were regeperated at regular intervals and assessed for their -

viability and regeneration potential ag well as for retefition of
thigir ability to associate with rice rgo1s, with an aim to enunrerate

- {hsic use as potential biofestilizer in rice fields of different

tempera\:ure 2ones,
IL MA?ER?ALS AND METHODS

A Strains and Culture Condiltions

Nostoc ANTH was isclated from: tlie undersurface of the
gametophytic thatli of Anthoceras punctatus collected from the .
North Eastern Hill University -campus, Shillong and purified .
underzxenic conditions, These were giown in batch cultures and. -
maindined in BG-{1, 4t 25°C swith a photon fluence rate of 50
pmel m? st 10,

408
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C angy  Ssthyabomna Univursizy, Jeppraw Nagor, (_'hcmmi. India.

i'\‘xu_m N eam!ayf\ lndm lhsc. was also wrown in, bmch gulmrm
- and mmnhmcd m D- medium at 459C w uh a photon fluence rate
<30 umobart s 10

The other- !‘vmmc xsohm,s had. been collectcd from soil
samples of Uttar Pradesh and Uttarakhand. These were purified
and maintained in batch culmres in BG-1 g4l 25°C withi @ photoy
fleence rate-of 5O pmol w &7 {10).

Unless stated gtheywise. § day old cultur§ were used ia all
the experiients. ,

8. Enlure Condition Jor Sporuliiion

The cyanobscrerialcoltures were indiicéd- m 5
I, wedis deficient in sulfur, However. § :
suppleented with cquimolair concentration-of ‘MgCly: to counter
balance the reducing concentration of 1 MgS0,. These weie then
mafiitained i the Suftufe room at 2532°C. [ [12}: Fusther,
soiie of these: cuhurds were kept at lower temperature and in

uiﬁ't”e i BG

darkto assess the inpactofthese factors in md‘ucmg Spemlanon.

C Chioropliyll Mevsurement
Chiorophyll evwas messured-according to MagKinney {13].

2. Hetergcyst Fmguenqx
' fre:

calls ’by blxgl{t :mcmsz:npy usmﬁ an Dtympus BX 66 U“ht.

mneroscope,

& Nrtragénase Assay

ph;é using. tha aceiyfene reduction assay
W’i\ p!accd ina iS ml serum vml ami

mcub‘ated ar f houxt at 25&2°C w:th constam shakmg ’l‘he»

f uced in cach vraf was determmed usmg @ 'l"racor

de:ector

E. Co-culthmon of Rice: zI ‘C}'anobacterm

10 :days old rice seedlings were transforred to lSml culture-. .

tiibes after washing with distilled water, Suitable media was
added into each tube and seedlings carsfully placed with, the
rools’ dnpped in the-viedium yanobac{emal cultures were then
inoculated i these:tulics, These Were maintained under sunabie
growih conditions [9].

"IN, RESULTS
Cyanobacteridl samples were collected from  various

Jocations within the couwnty (Table 1). At the start of the
experiment, sforufation was induced in the cultures by

1

i - ¥ . . R B ¥ ’ o -‘d
inoculating them i a sulfate deficient média. A, 1000X dilute

.spore ample was then plated in a series of peiri plates,. SmOL

spore colonics which developed in the plates were: !hcr
inoculated in suitable Haquid media and allowed to grow. AJ
studies were perfmmed on the 8" day after inoculation using

specific concentratfon of initial inoculum for both the fme'hvmx
and regenerated spore:sample(s). The immobilized spore semple;
werg regeéncrated at regular intervals (! month) and assessed fu
their vzabmty and rétention of associative ability.

N.B. * i the figures indicate the Spores of the cc)rrc:spondmg

sanipiés.

SAMPLES COLLEGTRTY FRON DIFFERENT LOCATION‘%
SAMPLES WHICH HAS C,BEF\! SELECTED FOR THE PR

TABLE 1

“Sralas

SJ, TSR |  Coltectiont Sites
hi'g es - L Y
CF ] AWl Vosiot*ANTH Meghalaya: *
2  Nokloesp: Muoehalayg -7
3 .- Nestor'sp Meahalaya
E] . Hosoesp ‘Menlialaya’
3 . Waslorsp _Meghalays
G . . Nestadsp Meghalaya
7 = Nogersp: Meghajaya
T8 e SGSIOE S Meghalays’
i) Nodatsy Meshnlaya’ -
1 An{z.’mma o Meshalays
i1 i ‘Meilalaya
12 Assamy
3 Wiest Bengal -
ks Manigur {7
15 : Uttarakhand
15 . Nostocsp tyirakhand -
¥ - Nasteesp: Lintarakhand -+
18 S Nadogsp Litar Pradesh
g . Nosleesp. Ltior fradesh
3 . Nostocsg Uttdr Pradish

A. Sporulation

Sporulativi in all the samples was conr' rmed by

ebservanons

B. Growth
Figure 1

faund to behigher

) comparitive growth of the freeslis
regenerated spore samplcs The growth rate was catcﬁ}ate,
term$ of increase. it {he: chiarophyll @ concenteation: and;
inithe (egenerated spore samples,

C. Heterocyst Frequenty

Heteroeyst frequenty- of-the regenerated spore samples w v
also fouad to be higher then the free~hvmg counterparts for ¢

the samples stud:eci L (Fi fgure 2}.
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{§ Comparisan of growthiof Tree-fiving samplies and their regencrated spores.
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tcteroorst
freduehcy (946)
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fe%encfa(ed spuges

§Mrragenase Acuuzzy
Nitrogenase-activities of all the free-living samples and'th ‘ir
g'cs exhibited a similar trend of mc:‘eascd ACHVILY Jit 3
?@gles (Fzgurg 3.

vh c K‘ L 3 LL- Q Q’ "';" "(‘U‘

“Samples
?z!g 3: Comparison ofn itrogenise aétyities of freé-living sampies-md thieir
§ . regengrated spc:cs

%(rtg“cml Assoeiation of Cyanaéacter:a with Rice Plants

*’I‘o test whether the cyanobacteria under study can be used as
& m ritizér, the stiaing were incubated with rice seedimc All
a. straifns  exhibited conidirable assocxatlon at room

%@ccsmben 2007

&

Procesdings of Internatiomi Conference oit Apphied BinEngisecring (CAD 071

t

femperature (25:2°C) and their nitragenase aclivity in the
assuciated state was 2-3 fotds higher than in case of free-living
cultures. This résult i3 similar to the earlier report on Mostoc
ANTH [15}. Interestingly, Mustigocladus sp and two of the
Nostoe species which had originally been isolawed from higher
temperature zones showed association with rice voots even at
higher x;m_peramre. Regenerated spore sample(s) of the-
cyanobacterial strains also revealed associative ability with riee
roots further suppoiting the iden (Hat spores could bie used as
cyanobacterfal incculum g crop fields. :

TV, BHSCUSSION

Curignt bgot‘ermlzer pmgramme {dces. several challénges in
fié distribution of cyanobacterial inoculum owing ta fow survival
tates of the'inoculum during packing, transpori and distribution
of'the saimg ta crop fields. It is in this context that cyanobacterial
spores: promise tos effer easier and effective alternative-of viable
inoculum to agriculfural ficlds. Spores per so are adapted ‘to
withstand-adverse environmental conditions and are capable of
Jmmediate proliferation on return of faverable conditions.
Keeping this.in mind..the present study was an attenipt to-explore
the posszbtlltv of using cyanobactetial spares; as well as those
immobilized on a bmdenradabre base (filter paper). 45 maculum
For pessrbl‘ N-fi xm?r asscmamns with rigg pl ; & wafer

E:emff bm ¢y
hencc produ

- nto ﬁlter papg,r was a refat:vely easy and
convénient imethid since it adsorbed on the strip of paperquickly
and 150 difed up Tast. This reduces the chances of cantamination
during drying the paper smgs
Induction of sporalation in a sulfate deficient media seemed -

effective for all the eyanabacterial samples studied. However,
various other modifications were also experimented {o evaluate
their  impact on ihduction of sporulation. These included
maintaining the samples in temperatures other than their ideal
growing temperatare and also maunmnmg in datk conditions,
ThEse studies revealedd that-variation in temperature along with-a -
nufrient deficiency did have a role in inducing, faster sporulation,-
especially inthose samples that had originally been isolated from__
a higher temperatureizones. Mastigocladus sp growing ideally-at

45°C and above exhibited immediate sporulation (within 3-4

days) when maintained at 25°C or below. This was true for two
¢ the other Nostoc isolates which had also been collécted from'd
higlier temperature region, The sporulation efficiency of these
samples was further ealianced when the samples weré maiitaiiied
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in sulfate deficient medid, at a fower temperatvte (10-12 "C)“ and
in dark.

“When"tlie spores 6f different cyanabacterial samples were 2,
studied with respect 10 their viability. regeneration, N-fixing and
associative abilily it Was 2 consistent observation that they -all
exhibited profuse and immediate. germination and subsequent
growth an return of favorable gtowth conditions: This way: an:
encouraging finding. Which supported our ides of the pob?ntlal
use of spores as Moctifany, The grovwih, heterooyst freqi

L3

nitrogenase activities-ofall spore Samples stidied reveated higher 4.
ef i“ cfwcues* as cempamd to zhutr fre;-hvm« caumarparis Thus,

From our eaapanmenzs We ebserved that nmmoommmn on
filer paper-did ot have any adverse effocts on the viabill
regeneration. of 't}ie spmes np "m at least 69 monﬂzs; 'I‘hxs

eds 1o besmentioned that developmentof nther .
ety cals Tor san’:mtmn af sparu!atmmdeserves ?urﬂxev
Tnviestigation. ’ c
memoés fot § B ‘*ai
samp}es and also ﬁm:img o ‘ma&nhzmv bases that wo ddbe 10,
adegradal & .cr the purpoﬁa af

Acz{mw;mﬁsmmr : 11,
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~ A Study on Cyanobacterial Compatibility with
Nitrogen based Fertilizers and Their Transfer to Paddy
Fields on a Biodegradable Material.

Natasha A. Nongrum, Luxemburgh Hynniewta, Amrita Bhattacharjec, B. Bashisha Nongbri and Mayashree B. Syiem
Departinent of Biochemistry, North Eastern Hill University, Shillong-793022, Meghalaya,

Abstract-Tmmobilization of potential cyane-bacterial biofertitizer
straing on low cost filter paper has proved to be both economienl and
feasible. Since complete climination of nitrogen based fertilizers
from any cultivation is pot possible, it becomes important to evaluate
the compatibility of cyanebacteria to be used as biofertilizer with
such chemical fertilizers. Present study indicates eyansbacterial
compatibility with nitrate based fertilizers under Iasboratory
conditions and survival of immobilized cyanobacteria up te 4-5
months on low cost filter paper.

Kevwords- Biofertilizer, Cyanobacieria,
Inoculum, Mitrogen fixation

{mnobilization,

1. INTRODUCTION

Microorganisms are regarded to have imunense potential to
provide solutions to food, industrial, environment and health
probiems. Among these, cyanobacteria are microorganisms that
have photosynthetic efficiencies comparable to those of higher
plants and are the most prolific producers of biomass. Being
autotrophs they are preferable to bacteria and fungi, for a variety
of applications such as production of biorass and high value
metabolites, clean up of oil spills and landfill pollutanss,
bioleaching and biofertilizers ere[1].

The existence of cyanobacteria in rice ficlds have been known
for a fong thme and their abundance was first reported by Fritsch?.
The potentiat use of cyancbacteria as biofertilizer particularly in
rice fields have been looked into for many decades{3,4]. it has
been estimated that cyanobacteria contribute 20-80 KgN/ha/crop
on turnover of their blomass in the rice fields{5-8LRecent
research on biofertilizer has also shown that rice fields populated
with free living cyanobacteria have incressed rice vield[9-13].
The popularity of cyanobacteria as potential biofertifizer lies in
the faci that the cysuobacteria are photoautotrophic biclogical

nitrogen fixers that naturally populate rice fields. However,

distribution of cyvanobacierial inoculum have serious drawback as
fresh culture distributed ay inoculum perish during packing and
transportation. Hence, there is & need to develop proper form of
inoculum that could withstand the stress prescuted duting
distribution  and  application period. Immobilization of

3-7 December, 2007,

cyanobacterial strains in porous and solid matrix has shown 1o be
a convenient way of storing and transporting  desirable
cyanobacterial strains for various purposes mciudmg using them
as inoculom in crop fiekds,

However, cyancbacteria alone cannot mect the total fixed
nifrogen demand of high yielding modem varieties of crop and
therefore complete elimination of nitrogen based fertilizers from
any cultivation is not feasible. For the presemt study,
cyanobacterial strains were isolated from rice fields, colloroid
roats of cycas plants as well as from Adnthoceros punctatus
gametophytic thalli and were fested for their ability to colonize
rice roots. Further, they were tested for their compatibility with
different nitrogen based chemicals. The results are discussed in
the following sections. '

1, MATERIALS AND METHODS

For the experimental purpose, different strains of
cyanobacteria were isolated from rice fields, colloroid roots of
cycas plants as well as from the Anthoceros punciatus
gametophytic thalli. Batch cultures of Nostoc like strains were
grown og BG1ly at 2542°C and at a photon fluence rate of 50
umof m7s? unless stated otherwise, 6 days old cultures were used
in ali the experiments{14],

A. Germination of Rice Seeds

Rice seeds (varieties RCPL-1-87-8, DR-92 & VL Dhan- 81)
were surface sterilized by washing with distilled water, followed
by 1% (V/V) sodium hypochlorite solution for 5 minutes, These
seeds were then thoroughly rinsed in sterile distilled water. Seed
gerimination was carried out on autoclaved perlite in glass
beakers. The perlite was irnigated with a 10-fold dilution of
autoclaved BO-11l; medium containing 2md NaNO; (nitrate
medium) which was buffered with eguimolar concentration of
HEPES. Germination was carried out in culture room under
fluorescent light {photon fluence rate of S0 pmol m™' s7) at 25°C,
at saturating relative humidity,
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B. Screening for Symbioic Compeience with Bice Plantiets
Rice seedlings grown for 10 days were uprooted from the

perlite and washed with distilled water and resuspended in 5¢ ml
capacity tubes containing 10 ml of autoclaved BG-11, medium
containing 2mM NaNO; (+N) and BG-11; (-N) medium. The
cyanobacteria used for inoculation to the media were grown for 6
days in bawch cultures and harvested by centrifugation. The
cyanobacterial inocula were added to a final concentration of 1ug
chlorophyil 2 (Chl @ mi™). Co-cultivation was carried out for at
25°C with the plant rools exposed to light. After eight days of co-
culturing, the rice scedlings were harvested and the roots were
-excised. These were washed for 1 minute in an ultrasonic bath to
remove loosely associated cvanobacteria and then chlﬁrophyi? a
in roots,

C. dssociative Nitrogen Fixation Study

Nitrogenasc activity was measured using acetylene reduction
technigue as degcribed by Stewart er af {15] 10 days old rice
seedlings were uprooted from the perlite and washed with
distilied water and then suspended in 50 ml capacity tubes
containing 30 ml of 10-fold diluted BGiiy. + 2mM NaNO,
{Nittate-media), BG11, + 2mM NHy' (Ammonia-media), BGI Iy
(-N} medium. The cyancbacteria used for inoculation to the
media were grown for 6 days in batch cultwres, and harvested by
centrifugation. The cyanobacterial inocula were added 1o a final
concentration of lug chiorophyll a (Chl @) ml”. Co-cultivation
was carried out g1 25°C with the plant roots cxposed to light.
Afier co-culture of eight days, the rice seedlings were harvesied
and the roots were excised. The roots were then washed for 1
mimtte in an ultrasonic bath to remove loosely associated
cyanobacteria o measure nitrogenase activity.

D. Fmmobiiizution an Low Grade Filter

Low vcost filier paper was cut ipto thin siwips and
cyanobacterial culture was immobilized on these strips. It was
then dried in oven at £20°C overnight and stored,

£. Growih Measurements

Growth was measured as increase in chiorophyll a content of
the sample cultmre using the spectrophotomettic  method
described by McKinney [16].

F. Hetervcyst Frequency
Heterocyst frequency was caleulated as percentage of total
cells by using an Olympus BX 60 light microscope.

G, Nitrogenase Activiry

Activity of nitrogenase enzyme (EC 1.18.6.1) was estimated /n
vive by gas chmmalogrdphy using the acetylene reduction assay.
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Sml liquid culture was placed in a 15 mi serum vial and 1 ml air
was replaced by 1 mi of pure aceivlene. These vials were
tncubated for Thr at 25:2°C with a Porapate *T column and a
flame ionization detector {15].

H. Absorption Specira of Phvcobiliproteins

The phycobiliproteins were extracted in 0.05 M phosphate
buffer saline pH 7.0 by sonication. The solution containing
phycobiliproteins were placed in lem light path cuverte and
absorption spectra of sarmples were determined in the wavelength
615 nm, 652 nm, and 56” nm for PC, APC, and PE respectively
(17

HLRESULTS AND DISCUSSION

A Isolation, Purification, Cultivation of Cyanobacteria and Their
Colenization/ Association Study on Rice Reots

Ten different strains of cyanobacteria that were isolated and
purified from rice fields, colloroid roots of cycas plants as well as
from Amhoceros punctatus gametophytic thalli were studied for
their colonization and association with rice roots. All ten strains
show varying degree of colonization. The colonized roots were
washed in ultrasonic bath for one minute and were
microscopically observed for remains of any tightly associated
cyanobacteria, Only four strains designated as NA, AC, RFT and -
RF2 showed tight association with rice roots (Table ).

B Adssociative Nitrogen Fixation Study

The four isolates that showed tight association was further
studied in regard to their mtmgen fixing ability in associated
state. This was done 0n g® day and expressed as nmol C H,
produced ;xg Chl a h'The four strains showed successful
association in the presence of nitrate (2mM) and in the presence
of ammonia {0.2mM) however, there is dissociation of the
colonization in the presence of higher concentration of amonia
(2mM). Associative nitrogenase activity of the light exposed
cyanobacteria in nitrate media was between 30 - 50% of the
nitrogenasc activity in nitrogen deficient media, The regenerated
samples showed nearly the same results compared to the control
samples (Fig. 1).

. Growih Measuremenis

Growth was measured on the 8% day as jncrease in Chiorophyil
a content of the four tightly associated isolates and was found to
be highest for RF2 (control as well as regencrated sampie) with
an initial inoculum of gl ' for all the samples (Table IT),

D. Heteracyst Frequency

Heteroeyst frequency ranged from 6.9 1o 7% in the freeliving
samples. When immobilized samples were regenerated, prolific
heterovyst differentiation was sesn in all the regenerated cultures
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with immobilized cells showing 100% recovery in heterocyst
frequency by 8" day (Fig. 2). The recovery in heterocyst
frequency was seen even after 5 months of tmmobilization on
dried filter papers,

TABLEI

TEN DIFFERENT STRAINS OF CYANG- BACTERIA AND THEIR
COLONIZATION POTENTIAL,

8 no | Samples | STEE Colommention | 505
i XA Neswe ANTH . » -
2 AL Anadoona oyeedes - i -
3 RF 1 Nowtse > -
2 AR 2 Rioe e
5 RE 3 £ = T
@ R]F 4 -
7 R¥ 3 ~LFo~ +
& RF & DR
g RF 7 -Bo- i
X RF % -Do-

TABLE. {I
GROWTH EXPRESSED AS INCREASE TN CHL 4 CONTENT (/ML) OF
CONTROL AND REGENERATED CULTURES.

St ae Basvp-fos {hl g Gugiraly Lol a (pg/mi}
Control Regenerated
i NA 1483
A AC 124
3. RF { 2,008
4. RE 2 3.556
3.5 -
-
Ef 3 .
-~ 5 i
2 2
e - " 2
2ops 1
«t M Yo _\2“
by ) )
: s 28
2 05 .
E '3 &

"(NA DNA ¢AC FAC cRFI fRF! oRF2 fRF2
Fig. 1. Assuciative nitropen fixation axpressed as amel Cobloproduced pg 't chla
W, ¢~ control, - filter paper, NA- Nosioe ANTH, AC. dnabaena cycadeae, RE-1
Rice field inolate 1, RF.Z Rice Held isolate 2,

76
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& 14

g 734

& 72

g 71
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o ?“

£ 69-
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£ 65

'Eé‘?' 5 - 3. 5 ‘
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Fig, 2. Hewrooyst freguency of free Hying control and regenerated samples from
' filter paper. :

$-7 December, 2007,

Proceedings of Internguonal Conference on Apphed Bivlingineermg (<CAB 07).

£ Nitrogenase dctivity

Nitrogenase activity measured as nmoles CH, produced pgmi
‘ebl a b of cultusres regencrated from immobilized samples was
roughly 70-85% of control cultures by 8% day. (Fig. 3)

F Abscrption specira of phycobiliproteins

The  phycobiliproteins  are  accessory  pigments  of
photosynthesis.  Phyeocyanin, phycoerythrin as  well a3

alophycocyanin were measured as an indicator of proper growth
in the cyanobacteria taken for the study. When compared to
phycobiliprotein content of free-living cultures, the immaobilized
samples were seen to retain the total phycobiliprotein content in
the immaobilized samples. The phycobiliproteins was expressed as
mg ml” (Fig. 4).
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Fig. 3. Nitrogenase activity of free living control and regenerated samples from
filer paper.

B s15am
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sueentration (sng/ml)
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C

Fig. 4. Absorption spectra of phycobiliproteins of froe living control and
rogenerated saniples from Glter paper.

99



Sathvabama University, Jeppiaar Nagar, Chennai, India,

iCABD7

IV DIsCUsSION

Cyanobacteria thrive in water logged conditions that prevail in
rice fields and thelr beneficial influcnce on soil quality and crop
productivity has been known for decades. They are seen to
colonize rice roots and submerged shoots. However,
cyanobacterial nitrogen fixation is adversely affected by presence
of any fixed nitrogen sources in the surrounding, But, 10 increase
the 'rice productivity, cyanobacteria cannot be completely
depended upon as they cannot meet the total nitrogen requirement
of the whole crop and therefore, fixed nitrogen in the form of
fertilizer has to be applicd in the fields,

This study is an attempt fo understand the cyancbacterial
performance in the presence of nitrogen-based fertilizers in rice
fields. The associative nitrogen fixation studies showed
comparatively tight association between the four strains of
cyanobacteria Le. Nosfoc ANTH (NA), dnabeena cveadese
{AQ), rice ficld isolates 1 and 2 {RF! and RF2) and the rice roots
in the presence of nitrate (2m). However, in presence of lower
concentration of ammonia (0.2mM) colonization was seen but at
higher concentration of ammonia there was dissociation and the
cyanobacteria was seen to settle in the botiom of the wbes. The
associative nitrogenase activity was found 1o be 30-50% of the
nitrogenase activity in nitrogen deficient media.

Immobilizations on filter paper has proved o be both
economical and desirable and being degradable in nature it is
easily dispersed in the waterlogged conditions especially in rice
fields. The comparative study between the free-living control
samples with regenerated sanples was shown to be similar with
ncarly 100% recovery of all characters. The heterocyst frequency,
nitrogenase  activity and  phycobiliprotein  coment of the
regenerated samples from preserved filter paper strips were
comparable to the control cultures up to six months. The
heterocyst frequency of RFland RF2 was similar with RF2
having frequent occurrence of double or ‘multiple heterocysts,
This may account for lower nitrogenase activity of RF2 compared
to RF{. This observation is similar fo eardier report [18] where it
was shown that restricted carbohydrate input to double or
multiple heterocysts may be the cause of lower mtrogenase
activity due 1o less availability of energy.
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