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Cyanobacterial diversity of any ecosystem represents existence of life forms under
unique environmental and climatic conditions. Hence, in any cyanobacterial collection, it is
imperative to have members belonging to all such distinct niches as it enables a researcher to
study these specially and specifically adapted organisms. Moreover, cyanobacteria in recent
times have gained substantial attention as attractive subjects of research in diverse areas of
human benefit, ranging from agriculture to production of compounds of pharmacological
importance; thus drawing considerable research interest towards evaluating their application
potential. However, one of the many problems in any such laboratory is the occurrence of
frequent contaminations in cyanobacterial cultures which stem from the fact that large
collections of cyanobacteria with similar requirements for growth are maintained in close
proximity within culture rooms. There are other associated problems of cyanobacterial culture
maintenance under laboratory conditions. The prominent among them are mis-nomenclature
and/or loss of cultures, space limitation within the culture rooms as well as increased chances of
loss of characters that are not under selective pressure. In addition, routine batch culturing
popularly engaged in maintaining microbial cultures is cumbersome, tedious and time consuming
process requiring major inputs of chemicals and consumables. All these considerations
necessitate the use of appropriate preservation methods which would enable long term storage of
cyanobacterial isolates in an axenic form without reduction or loss of desired characters.
Appropriate preservation methods would not only ensure the reduction of work load on
researchers engaged in maintenance of a sizable collection of cyanobacteria, but also
substantially minimize the chances of contamination between cultures. A major feature of such a
study would be to evaluate the efficiency of techniques in preserving distinct groups of

cyanobacteria and find whether any specific requirements exist for such preservation. The time



period up to which a particular method of preservation is reliable must also be deduced to predict
the safe duration of storage for cyanobacterial samples using such a preservation protocol. These
deliberations formed the main focus of this present study.

During the initial phase of the study cyanobacterial samples were collected from forty
one distinct locations from ten different states (Meghalaya, Assam, Manipur West Bengal, Uttar
Pradesh, Uttarakhand, Delhi, Rajasthan, Punjab and Haryana) falling under diverse climatic
conditions. 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 special ecosystem, Jakrem hot springs in Meghalaya and Garampani hot
spring in Assam. Several cyanobacterial isolates were collected from rice fields within and
outside the state. Also included are representations from members of polluted coal mining areas
and highways. 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.

All existing methods of cyanobacterial maintenance and preservation such as batch
culturing, maintaining on agar slants as well as entrapment in calcium alginate beads and
preservation using cryoprotectants were studied exhaustively and then compared with each other.
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. During the course of the
study, several modifications were introduced in various protocols to make them more user-

friendly and applicable. 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 for e.g. the fibers of betel nut cover, 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 carrier material can be used indisputably without compromising
cyanobacterial attributes and viability was also determined.
The methods that have been used for preservation are:
1. Inoculation in agar: improvisation of agar slant method into dehydrated agar
cubes for longer and convenient storage.
2. Immobilization
(a) In calcium alginate beads
(b) In foam cubes
3. Cryopreservation
(a) Preservation by maintaining in 15% glycerol
(b) Preservation by keeping in 5% DMSO
Agar: The existing method of making agar slants was modified to make agar flakes for
convenient storage of cyanobacteria. The concentration of agar was increased (2.5%) and agar
containing embedded cyanobacteria was cut into cubes. These cubes were air dried and stored in
sterile glass vials at room temperature. 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 reduced the chances of contamination. Experiments on regenerated
sampled proved that all groups of cyanobacteria could be stored on agar flakes for at least a

period of 18-24 months.



Calcium alginate beads were prepared in BG-11, for entrapment of the heterocystous and
supplemented BG-11, media (with 5SmM NaNO;) for the non-heterocystous cyanobacteria. For
Mastigocladus laminosus, D- medium was used. Preservation in calcium alginate proved to be
most promising and dependable for long term storage of cyanobacteria. 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. Large
quantities of samples could be stored in small vials thus lessening the space required for
maintenance.

Commonly used packing foam is often a waste material readily found in laboratories.
Foam cubes were cut into suitable sizes and dense cyanobacterial cultures were poured on them.
These were dried and stored. Experiments proved that cyanobacteria could be preserved in this
matrix at least for a period of 18 months which makes this protocol highly cost effective.

Cryoprotectants (15% glycerol and 5% DMSO) can maintain cyanobacteria for a long
period of time in their native form if kept at temperature close to -80°C. Our study demonstrated
that ordinary refrigerators could also be employed to store cyanobacterial samples. However, the
viability was retained only for a short duration of 6-9 months for Nostoc muscorum, Anabaena
variablis and Gloeocaosa sp. This method was found to be inconsistent for Mastigocladus
laminosus (a thermophile) and Plectonema boryanum (non-heterocystous cyanobacteria). The
use of ordinary refrigerators was tried to find a preservation protocol for laboratories that are not
highly equipped. Even though these methods were not highly efficient, they could still be safely
used for preservation of cyanobacteria under six months.

One of the observations of this study was that 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 a) was a prerequisite to ensure longer duration of viability of preserved
cyanobacteria. Also it was found that non-heterocystous cyanobacteria needed additional
supplementary nitrate in the media.

Further, no deleterious impact of preservation was observed on the genetic makeup of
cyanobacteria. PCR studies with STRR1A primers established that there was no change in the
banding pattern of cultures regenerated after three years of preservation in calcium alginate
beads when compared to their banding pattern in free-living controls.

RVI;, assessment studies which are employed to evaluate the relative viability of dried
cyanobacterial biomass for their application as biofertilizer were also conducted. These studies
revealed retention of viability of samples which were proposed to be projected as biofertilizer. In
the present study, RVI,; was calculated for the two members belonging to filamentous
heterocystous group, Nostoc muscorum and Anabaena variabilis. Results obtained showed that
entrapment in alginate was a superior method for long term preservation of cyanobacteria.

This Ph.D. work mainly concerns preservation and conservation of cyanobacteria.
Effective preservation and conservation would benefit future researchers as the preserved
material could be the starting point and valuable time, effort, energy and cost of chemicals
involved in isolation, purification and maintenance could be reduced to a great extent.

Keeping various field applications of cyanobacteria in mind, a major segment of this
study was dedicated towards finding economically feasible, environment friendly and
biodegradable immobilizing bases that could hold cyanobacterial cells long enough to transfer
them as biofertilizer/bioremediator inocula to desired sites. Non-toxicity and ability to retain

cyanobacterial viability for a period of time were prerequisites in selecting these matrices.



Consequently, fibers of betel nut covers, soil, Luffa cylindrica, charcoal chips were chosen.
Experiments using Luffa cylindrica was abandoned as its holding capacity was much less due to
its porous texture. Soil was found to be the best for short term preservation in terms of duration
as well as retention of native characters of immobilized cyanobacteria. Fibres of betel nut covers
were found to be almost as efficient. These are biodegradable waste material generated in large
quantities as betel nut is consumed extensively in the northeastern states of India. Thus, a
technology utilizing these could be an environment friendly and economically feasible option.

People of Meghalaya are avid orchid growers and charcoal chips are used for growing
orchids in pots. Our study revealed that heterocystous cyanobacteria could remain viable for at
least a period of six months on charcoal chips when used as a base for immobilization. In
addition, better growth was observed in orchid plantlets on such charcoal pieces. Thus, such
blended charcoal chips could be projected as a rich potting material for orchids and has the
potential of being exploited at a commercial scale.

As rice fields host a diverse consortium of cyanobacteria, and thus several cyanobacterial
isolates were collected from diverse rice fields. Every collection from rice fields yielded one or
more cyanobacteria even though most rice fields in the state of Meghalaya recorded acidic pH
and cyanobacteria are known to prefer neutral to alkaline pH. All individual cyanobacterial
isolates were assessed for their ability to colonize rice roots and it was found that they were
capable of colonizing rice root and submerged shoots albeit to varying degrees. Association of
cyanobacteria with roots resulted in better growth of rice seedlings. In addition, associated
cyanobacteria showed increase in nitrogenase activity. From the collection, RF7, RF16 and NAI
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 from associated cyanobacteria to rice seedlings
was obtained using 5'°N analysis.

Cyanobacterial growth was compromised to a certain extent in increasing concentration
of Cd and Zn in their surroundings. However, cyanobacteria were capable of removing these
metals from the medium. 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% in growing root
and 22% in shoot lengths of rice plantlets.

It is known that many cyanobacterial strains produce spores when challenged with
adverse condition. These spores can remain dormant for long periods of time and germinate back
to viable filaments profusely upon return of favorable growth conditions. Thus, spores are a
natural means of preservation in spore forming cyanobacteria. In the last segment of this study,
experiments were designed to bring about quick and profuse sporulation in agriculturally
important cyanobacteria. Simple modifications in media composition and/or alteration of ideal
growth temperature led to induction of sporulation. These spores could 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 colonize rice
roots forming positive association. Thus, bulk spore production in desired cyanobacteria could be
achieved by the modifications mentioned in the text. These spores could be used as biofertilizer

inoculum in rice cultivation. As rice fields are ideal for cyanobacterial growth, these spores



would rapidly germinate to viable filaments populating the fields with desired strains of
cyanobacteria.

To conclude, this study was carried out to evaluate the efficiency of some commonly
employed methods in preserving cyanobacterial strains. In our knowledge no consolidated study
has been taken up to evaluate the time up to which a protocol employed for preservation could
maintain cyanobacteria without compromising their viability and characters. This thesis details
the exhaustive study conducted on various protocols identifying the time frame up to which any
cyanobacterium can be preserved using a specific procedure and give a comparative account of
all the benefits and drawbacks of these methods in one place. The best method for a particular
group of cyanobacteria and safe time period of storage can be extracted from this study. This
thesis also indicates the possibilities of extending the knowledge generated about preservation
and storage into using indigenously available material for commercial exploitation in agriculture

and floriculture.

M. SRATY [UH’OS%



STUDIES ON PRESERVATION AND
CONSERVATION OF CYANOBACTERIA

BY
AMRITA BHATTACHARJEE

DEPARTMENT OF BIOCHEMISTRY

SUBMITTED IN PARTIAL FULFILMENT OF THE REQUIREMENT OF
THE DEGREE OF DOCTOR OF PHILOSOPHY

IN BIOCHEMISTRY

NORTH EASTERN HILL UNIVERSITY
SHILLONG. INDIA. 2010.



DS
579.39
BHA



Sfax: +91 364 2550108
Phone: 0364 2722126 (0), 2221481 (R) email: mayashreesyiem@yahoo,co.in

NORTH-EASTERN HILL UNIVERSITY

Dr. Mayashree B Syiem Department of Biochemistry
Associate Professor Shillong-793022
Meghalaya, India

I certify that the thesis entitled “Studies on preservation and conservation of cyanobacteria”
submitted by Ms. Amrita Bhattacharjee for the degree of Doctor of Philosophy to the North-
Eastern Hill University, Shillong embodies the record of original investigation carried out by
her under my supervision. She has been duly registered and thesis presented is worthy of

being considered for the award of Ph. D degree. This work has not been submitted by her for

W

any other degree ofthis or any other university.

Plce: Shillong Signature of the supervisor

bate: é/ 3Z/ 2010 Dr. Mayashree B Syiem
Department of Biochemustry

Forwarded by: North Eastern 1hll University

Shillong - 793022

Shillong



THE NORTH EASTERN HILL UNIVERSITY

DEPARTMENT OF BIOCHEMISTRY

STATEMENT

I, Amrita Bhattacharjee, hereby declare that the subject matter of this thesis is the
record of the work done by me, that the content of this thesis did not form the basis of the
award of any previous degree to me or to the best of my knowledge to anybody else, and
that the thesis has not been submitted by me for any research degree in any other

University/Institute.
This work is being submitted to the North-Eastern Hill University for the degree of
Doctor of Philosophy in Biochemistry.
\MM\M&

Amrita Bhattacharjee

Candidate

W=

Dr. Mayashree B Syiem

Supervisor

Department of Biochemistry o wree B Syiom
Dr. Mayasarce
Department of Biochemistry
North Eastern Hill University
Shillong - 793022



s thesis is dedicated to my mc&ﬁ/c déﬂ(%&
dfcwm’a'/% beside me and to the ever-ingpiring
/aw/% IMemories qﬂ my baba.



Acknowled gements
Abbreviations
List of tables

List of figures

Chapter 1
Introduction

1.1 Cyanobactera
1.2 Vegetative cells
1.3 Heterocysts
1.4 Akinetes

1.5 Hormogonia

1.6 Importance of cyanobacteria

1.7 Maintenance and preservation of cyanobacteria

1.8 Present study

Chapter 2
Materials and methods

2.1 Collection of cyanobacterial strains

2.2 Isolation and purification of the collected samples

2.3 Sterilization

2.4 Growth parameters

241 Chlorophyll @ measurement

Pages

~N W~

11- 26

27 -39



25
2.6
2.7

2.8

29

2.4.2 Protein estimation
2.4.2.1 Extractionofprotein
2.4.2.2 Estimation of protein

Oxygen exchange

Heterocyst and akinete frequency

Enzyme assays

2.7.1 Nitrogenase activity

2.7.2 Glutamine synthetase (transferase) activity
2.7.2.1 Extraction of enzyme

2.7.2.2 Assay of glutamine synthetase (transferase) activity

2.7.3 Nitrate reductase activity

2.7.3.1 Nitrite estimation
2.7.4 Nitrite reductase activity
Immobilization

2.8.1 Incakium alginate beads

2.82
2.8.3

In foam cubes

In agar cubes

Preservation using cryoprotectants

29.1

Preservation in 15% glycerol

2.9.2 Preservation in 5% DMSO

2.10 Testing for viability of the immobilized cyanobacteria

2.11 Culture condition for akinete differentiation

2.12 Culture condition for akinete germination

2.13 Germination of rice seeds

2.14 Co-cultivation of rice and cyanobacteria

2.14.1 Screening for symbiotic competence with rice plantlets

2.14.2 Associative nitrogen fixation study

2.15 DNA fingerprints

2.16 Metal sorption studies by cyanobacteria

2.17 Scanning electron microscopy



Chapter 3
Collection, isolation and purification of
cyanobacteria 40 -50

3.1 Introduction

3.2 Isolation and purification of cyanobacterial samples
3.3 Identification of cyanobacterial samples

3.4 Maintenance of cyanobacterial cultures

3.5 Results and discussion

3.6 Summary

Chapter 4
Preservation of cyanobacteria using
different laboratory methods 51-115

4.1 Introduction
4.2 Preservation in modified agar
4.2.1 Results
4.2.1.1 Growth
4.2.1.2 Heterocyst frequency and nitrogenase activity
4.2.1.3 Photosynthesis and respiratory activities
4.2.1.4 Glutamine synthetase (transferase), nitrate reductase and nitrite
reductase activities
4.3 Immobilization in calcium alginate beads
4.3.1 Results
4.3.1.1 Growth
4.3.1.2 Heterocyst frequency and nitrogenase activity
4.3.1.3 Photosynthetic and respiratory activities
4.3.1.4 Glutamine synthetase (transferase), nitrate reductase and ntrite
reductase activities

4.4 Immobilization in foam cubes



44.1 Results
44.1.1 Growth
4.4.1.2 Heterocyst frequency and nitrogenase activity
4.4.1.3 Photosynthetic and respiratory activities
4.4.1.4 Glutamine synthetase (transferase), nitrate reductase and nitrite
reductase activities
4.5 Cryopreservation using 15% glycerol and 5% DMSO
4.5.1 Results
4.5.1.1 Growth, heterocyst frequency and nitrogenase activity
4.5.1.2 Photosynthetic and respiratory activities
4.5.1.3 Glutamine synthetase (transferase), nitrate reductase and nitrite
reductase activities
4.6 Calulating the retained viability index (RV1;)
4.6.1 Results
4.7 Assessment of genetic stability of preserved cyanobacteria
4.7.1 Results
4.8 Discussion

4.9 Salient findings

Chapter 5

Development of alternative methods of preservation: Relevant to
field applications of cyanobacteria 116- 132

5.1 Introduction

5.2 Methods
5.2.1 Organisms
5.2.2 Cultivation and concentration of cyanobacteria
5.2.3 Immobilization on luffa (Luffa cylindrica)
5.2.4 Immobilization on betel nut covers (snep kwai)
5.2.5 Immobilization on charcoal pieces

5.2.6 Enrichment of soil with cyanobacterial cultures



5.2.7 Regeneration studies on the immobilized samples
5.3 Results and Discussion

5.3.1 Growth

5.3.2 Heterocyst frequency and nitrogenase activity
5.4 Conclusion

5.5 Salient findings

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’ 133-153

6.1 Potential applications of cyanobacteria in agriculture and environment

6.2 Screening of cyanobacteria for biofertilizer application

6.3 Preservationof RF7, RF16 and NA1I on fibres of betel nut cover

6.4 3'"°N analysis as evidence of N-transfer from associated cyanobacteria (RF7) to rice
seedlings

6.5 Results and discussion

6.6 Assessing heavy metal removal ability of indigenous cyanobacteria

6.7 Screening of some indigenous cyanobacterial isolates for heavy metal removal
potential

6.8 Results and discussion

6.9 Development of an innovative approach for using immobilized cyanobacteria (on
charcoal) as potting supplements for orchid cultivation

6.10 Salient findings



Chapter 7

Projecting spores as a means of preservation for many
sporulating cyanobacterial strains: standardization of procedures
for bulk spore production in desired cyanobacteria for use as biofertilizer
inoculum in rice cultivation. 154 -167

7.1 Cyanobacterial spores
7.2 Methods
7.2.1 Organisms and growth conditions
7.2.2  Induction of sporulation
7.2.3 Spore counting
7.2.4 Spore storage
7.3 Results
7.3.1 Storage time and spore germination
7.3.2  Growth, heterocyst frequency and nitrogenase activity
7.3.3 Glutamine synthetase (transferase) and nitrate reductase activities
7.3.4 Rice root colonization studies
7.4 Discussion

7.5 Salient findings

Summary 168- 172

References 173 -188

Curriculum vitae

Publications



ACKNOWLEDGEMENTS

This thesis has been a reality thanks to many angels in my life. I express my
immeasurable gratitude to all of them. In particular, I thank God for all His love and
blessings.

1 express my sincere gratitude to my most esteemed mentor Dr. Mayashree B Syiem
for her incomparable and endless guidance throughout this project, whose persistent support
made this thesis possible. I also extend my earnest thankfulness to Prof. Amar Nath Rai, my
co-guide for having faith on me and being a source of constant inspiration and
encouragement.

I extend my sincere thanks to my teachers Prof R. Lalthantluanga, Prof A. Alam,
Prof. R. Sharma, Prof. R. N. Sharan, Dr. D. Syiem, Dr. A. K. Singh, Dr. L. Kma and Dr. P.
K. Ambasht for their support and encouragement and also to Dr. S. Bhan and Mr. T.
Tripathi.

My sincere thanks go to Mr. M. B. Singh. Bah Bani, Pynkup for always helping me
whenever | needed them. [ am grateful to my friend Dihan for helping me believe that |
could accomplish a scientific endeavour and introducing me to the field of research. My
heartfelt thanks goes to all my friends and lab mates for standing beside me and supporting
me at all times. Special thanks to Natasha and Lux for supporting me during my tough
times. Sincere thanks to all my seniors and friends in the Department for all their love and
pleasant cooperation.

Last but not the least thanks to my mother for her unending support and relentless
patience: no dream would have been realized without you. Big thanks to my husband,
Avishek Purkayastha, for having faith in me and being a source of sunshine in my life.
Heartfelt thanks to Prof. G. Subramanian for always instilling confidence in me and helping
me sec the silver lining of every dark cloud. Thank you Sir.

My gratitude goes to each and everyone who has in any way helped me during my
research years and made it possible for me to realize this dream.



ABBREVIATIONS

ADP Adenosine 5'- diphosphate

AAS Atomic absorpsion spectroscopy

ATP Adenosine 5'- triphosp hate

°C Degree centigrade

CoHy Acetylene

CaHs Ethylene

Chla Chlorophyll a

d Day(s)

DMSO Di methyl sulfoxide

g Gram

h Hour(s)

HF Heterocyst frequency

HEPES 4-(2-hydroxyethyl)- 1 -piperazine ethane
sulphonic acid

kDa Kilo Dalton

M, Molecular weight

1 Litre

min Minute(s)

ml Mililitre

mM Mili molar

uM Micro molar

pmol Micro mok

N Nitrogen

N2 Dinitrogen

nmol Nano mole

PCR Polymerase chain reaction

PS Photosystem

psi Pounds per square inch

pm Revolutions per minute

Tris 2-amino-2-hydroxymethyl propane-1,3-diol

wt Weight

\ Volume

% Percentage

Y0 Parts per million



Table: 3.1
Table: 3.2

Table 4.1 a:
Table 4.1 b:
Table 4.1 c:

Table 4.1 d:

cubes.

Table 4.1 e:
Table 4.2 a:
Table 4.2 b:
Table 4.2 c:
Table 4.2 d:
Table 4.2 e:
Table 4 3 a:

Table 4.3 b:

Table 4.3 c:

Table 4.3 d:

Table 4.3 e:

Table 4.4 a:

Table 4.4 b:

Table 4.4 c:

Table 4.4 d:

Table 4.4 ¢:
Table 4.5 a:

LIST OF TABLES

State wise number of collection sites of cyanobacteria.
Cyanobacterial samples collected from different ecosystems during the course of
study.
Photosynthesis and respiration of Nostoc muscorum immobilized in agar cubes.
Photosynthesis and respiration of Anabaena variabilis immobilized in agar cubes.
Photosynthesis and respiration of Mastigocladus laminosus immobilized in agar
cubes.

Photosynthesis and respiration of Plectonema boryanum immobilized in agar

Photosynthesis and respiration of Gloeocapsa sp. immobilized in agar cubes.
Enzyme activities of Nostoc muscorum regenerated from agar cubes.

Enzyme activities of Anabaena variabilis regenerated from agar cubes.

Enzyme activities of Mastigocladus laminosus regenerated from agar cubes.
Enzyme activities of Plectonema boryanum regererated from agar cubes.

Enzyme activities of Goleocapsa sp. regenerated from agar cubes.

Photosynthesis and respiration of Nostoc muscorum immobilized in calcium
alginate beads.

Photosynthesis and respiration of Anabaena variabilis immobilized in calcium
alginate beads.

Photosynthesis and respiration of Plectonema boryanum immobilized in calcium
alginate beads.

Photosynthesis and respiration of Mastigocladus laminosus immobilized in calcium
alginate beads.

Photosynthesis and respiration of Gloeocapsa sp. immobilized in calcium alginate
beads.

Enzyme activities of Nostoc muscorum regenerated from calcium alginate beads.
Enzyme activities of Anabaena variabilis regererated from calcium alginate beads.
Enzyme activities of Plectonema boryanum regenerated from calcium alginate
beads.

Enzyme activities of Mastigocladus laminosus regenerated from calcium alginate
beads.

Enzyme activities of Gleocapsa sp. regenerated from calcium alginate beads.

Photosynthesis and respiration of Nostoc muscorum immobilized in foam cubes.



Table 4.5 b:
Table 4.5 c:

Table 4.5 d:

Table 4.5 e:
Table 4.6 a:
Table 4.6 b:
Table 4.6 c:
Table 4.6 d:
Table 4.6 ¢:
Table 4.7 a:
Table 4.7 b:

Table 4.7¢c:

Table 4.7 d:

Table 4.7 e:

Table 4.8 a:

Table 4.8 b:

Table 4.8 c:

Table 4.8 d:

Table 4.8 e:
Table 49 a:

Table 4.9 b:

Table 4.9 c:

Table 49 d:

Photosynthesis and respiration of Anabaena variabilis immobilized in foam cubes.
Photosynthesis and respiration of Plectonema borvanum immobilized in foam
cubes.

Photosynthesis and respiration of Mastigocladus laminosus immobilized in foam
cubes.

Photosynthesis and respiration of Gloeocapsa sp. immobilized in foam cubes.
Enzyme activities of Nostoc muscorum regenerated from foam.

Enzyme activities of Anabaena variabilis regererated from foam.

Enzyme activities of Plectonema boryanum regenerated from foam.

Enzyme activities of Mastigocladus laminosus regenerated from foam.

Enzyme activities of Gloeocapsa sp. regenerated from foam.

Photosynthesis and respiration of Nostoc muscorum preservation in 15% glycerol.
Photosynthesis and respiration of Anabaena variabilis preservation in 15%
glycerol.

Photosynthesis and respiration of Plectonema boryanum preservation in 15%
glycerol.

Photosynthesis and respiration of Mastigocladus laminosus preservation in 15%
glycerol.

Photosynthesis and respiration of Gloeocapsa sp. preservation in 15% glycerol.
Photosynthesis and respiration of Nostoc muscorum preservation in 5% DMSO.
Photosynthesis and respiration of Anabaena variabilis preservation in 5% DMSO.
Photosynthesis and respiration of Plectonema boryanum preservation in 5%
DMSO.

Photosynthesis and respiration of Mastigocladus laminosus preservation in 5%
DMSO.

Photosynthesis and respiration of Gloeocapsa sp. preservation in 5% DMSO.
Enzyme activities of Nostoc muscorum regererated from preservation in 15%
glycerol.

Enzyme activities of Anabaena variabilis regenerated from preservation in 15%
glycerol.

Enzyme activities of Plectonema boryanum regererated from preservation in 15%
glycerol.

Enzyme activities of Mastigocladus laminosus regenerated from preservation in

15% glycerol.



Table 4.9 e:

Table 4.10 a:

Table 4.10 b:

Tablke 4.10 c:

Table 4.10 d:

Table 4.10 e:

Tablke 4.11 a:

Tablke 4.11 b:

Table 6.1:
Table 6.2:

Table 6.3:

Table 6.4:

Table 6.5:

Table 6.6:

Table 6.7:

Table 6.8:

Table 7.1:

Enzyme activities of Gloeocapsa sp. regenerated from preservation in 15%
glycerol.
Enzyme activities of Nostoc muscorum regenerated from preservation in 5%
DMSO.
Enzyme activities of Anabaena variabilis regenerated from preservation in
5% DMSO.
Enzyme activities of Plectonema boryanum regenerated from preservation in
5% DMSO.
Enzyme activitis of Mastigocladus laminosus regenerated from
preservation in 5% DMSO.
Enzyme activities of Gloeocapsa sp. regenerated from preservation in 5%
DMSO. ‘
Effect of preservation on Nostoc muscorum as indicated by retained
viability index (RV1).
Effect of preservation on Anabaena variabilis as indicated by retained
viability index (RVIp).
Cyanobacterial isolates selected for the study.

Successful colonization ofrice roots by different cyanobacteria.

Comparative root and shoot lengths and their respective dry weights of rice
seedlings grown in presence and absence of cyanobacteria.

Chlorophyll a, nitrogenase activity and associated nitrogenase activity of
cyanobacteria (RF7, RF16 and NAI) regenerated after one year of
preservation on betel nut fibres.

8N values of N,-fixing RF7 (free-living and regenerated) in association
with rice seedlings compared to unassociated rice plants.

Cyanobacterial isolates collected from coal mining sites in Meghalaya.

Metal ions removal by cyanobacteria.

Comparative root and shoot length of rice plantlets grown in cadmium
supplemented medium, with and without cyanobacteria.

Samples identified for the study and their associative capability with rice

roots (onday 10).



Table 7.2:
Table 7.3:
Table 7.4:

Table 7.5:

Percent sporulation (on day 30) of the selected cyanobacterial isolates.

Best sporulating strains.

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

Nitrogenase activity of sekected high sporulating cyanobacterial strains in

their free- living and in associated state with rice roots.



Fig2.1:
Fig 2.2:
Fig 2.3:
Fig 3.1:
Fig 3.2
Fig 3.3:
Fig.3.4:
Fig4.1:

Fig 4.2:

Fig 4.3:
Fig 4.4
Fig 4.5:
Fig 4.6:

Fig4.7:

Fig 4.8:
Fig 4.9:
Fig 4.10:
Fig4.11:

Fig 4.12:

LIST OF FIGURES

Collection of cyanobacterial samples.

Rice seedlings grown inside culture room conditions.

Co-cultivation of rice and cyanobacteria.

Purification of cyanobacterial samples by pour plate and serial dilution
method.

Light microscopic pictures of some purified cyanobacterial isolates.
Maintenance of cyanobacterial cultures.

Overall generic diversity and % abundance of various cyanobacteria in the
collection.

Cyanobacterial cultures immobilized in agar cubes and their subsequent
regeneration.

Growth curves of (a) Nostoc muscorum (NM) (b) Anabaena variabilis (AV)
(¢) 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.

Heterocyst frequency of samples regenerated from agar flakes (a) Nostoc
muscorum (b) Anabaena variabilis (c) Mastigocladus laminosus
Nitrogenase activity of samples regenerated from agar flakes (a) Nostoc
muscorum, (b) Anabaena variabilis (c) Mastigocladus Ilaminosus (d)
Plectonema boryanum and (e) Gloeocapsa sp.

Immobilization of cyanobacteria in calcium alginate beads.

Scanning electron micrograph of cyanobacterial cells immobilized in
calcium alginate bead (1 year old sample).

Growth curves of (a) Nostoc muscorum (NM) (b) Anabaena variabilis (AV)
(¢) 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.

Heterocyst frequency of samples regenerated from calcium alginate beads
(a) Nostoc muscorum (b) Anabaena variabilis (¢) Mastigocladus laminosus
Nitrogenase activity of samples regenerated from calcium alginate beads (a)
Nostoc muscorum (b) Anabaena variabilis (¢) Mastigocladus laminosus (d)
Plectonema boryanum and (e) Gloeocapsa sp.

Immobilization in foam cubes.

Scanning electron micrograph of cyanobacterial filaments immobilized on
foam cubes.

Growth curves of (a) Nostoc muscorum (NM) (b) Anabaena variabilis (AV)
(¢) Mastigocladus laminosus (ML) (d) Plectonema boryanum (PB) and (e)
Gloeocapsa sp. regenerated from immobilization in foam cubes as compared
to their free-living counterpart.



Fig4.13:

Fig4.14:

Fig4.15:

Fig4.16:

Fig4.17:
Fig4.18:

Fig4.19:

Fig 4.20:

Fig4.21:

Fig5.1:

Fig 5.2:

Fig5.3:

Fig5.4:

Fig5.5:

Heterocyst frequency of samples regenerated from foam cubes (a) Nostoc
muscorum (b) Anabaena varwabilis (¢) Mastigocladus laminosus
Nitrogenase activity of samples regenerated from foam cubes, (a) Nostoc
muscorum (b) Anabaena variabilis (c¢) Mastigocladus laminosus (d)
Plectonema boryanum and (e) Gloeocapsa sp.

Growth curves of (a) Nostoc muscorum (b) Anabaena variabilis (c)
Mastigocladus laminosus and (d) Plectonema boryanum regenerated from
preservation in 15% glycerolas compared to their free- living counterpart.
Growth curves of (a) Nostoc muscorum (b) Anabaena variabilis (c)
Mastigocladus laminosus and (d) Plectonema boryanum regenerated from
preservation in 5% DMSO as compared to their free- living counterpart.
Heterocyst frequency of samples regenerated from 15% glycerol (a) Nostoc
muscorum (b) Anabaena variabilis (c) Mastigocladus laminosus

Heterocyst frequency of samples regenerated from 5% DMSO (a) Nostoc
muscorum (b) Anabaena variabilis (c) Mastigocladus laminosus

Nitrogenase activity of samples regenerated from 15% glycerol, (a) Nostoc
muscorum (b) Anabaena variabilis (c) Mastigocladus laminosus (d)
Plectonema boryanum and (e) Gloeocapsa sp.

Nitrogenase activity of samples regenerated from 5% DMSO, (a) Nostoc
muscorum (b) Anabaena variabilis (c) Mastigocladus laminosus (d)
Plectonema boryanum and (e) Gloeocapsa sp.

PCR profile of cyanobacteria regenerated from calcium alginate beads.
Immobilization of cyanobacteria in Luffa cylindrica (a) Dried Luffa
cylindrica (b) washed and claned cubes of Luffa cylindrica (c) cubes
containing cyanobacterial cultures (d) cyanobacterial cells immobilized on
Luffa cylindrica.

Immobilization of cyanobacteria on fibres of Areca catechu (a) dried Areca
catechu (betel nut) (b) fibres of betel nut (¢) washed and cleaned fibres of
betel nut (d) cyanobacterial cultures inoculated on to fibres of betel nut (e)
dried immobilized cyanobacteria packed in sterile plastic bag (f) scanning
electron micrograph of immobilized cyanobacteria on fibres of betel nut
cover.

Immobilization of cyanobacteria on charcoal pieces (a) charcoal pieces
inoculated in cyanobacterial culture (b) dried cyanobacteria on charcoal
pieces (c) packets containing charcoal immobilized cyanobacteria.

Scanning electron micrograph of cyanobacteria regenerating from
immobilized fibres of betel nut.

Growth curve of Nostoc sp. regenerated from (a) ‘snep kwai’ (b) Luffa
cylindrica (¢) soil and (d) charcoal.



Fig 5.6:
Fig5.7:
Fig 5.8:

Fig5.9:

Fig 5.10:

Fig6.1:
Fig6.2:
Fig6.3:
Fig6.4:

Fig6.5:
Fig6.6:

Fig6.7:
Fig6.8:
Fig6.9:
Fig6.10:

Fig 7.1:

Fig7.2:
Fig7.3:

Growth curve of Anabaena sp. regenerated from (a) ‘snep kwai’ (b) Luffa
cylindrica (c) soil and (d) charcoal.

Percent difference in heterocyst frequency of Nostoc sp. regenerated from
(a) "snep kwai’ (b) luffa (c) soil and (d) charcoal.

Percent difference in heterocyst frequency of Anabaena sp. regenerated from
(a) ‘snep kwai’ (b) luffa (c) soil and (d) charcoal.

Nitrogenase activity of Nostoc sp. regenerated from (a) ‘snep kwai’ after one
year of preservation (b) from luffa after nine months of preservation (c)
from soil after one year and six months of preservation and (d) from
charcoal after one year of preservation.

Nitrogenase activity of Anabaena sp. 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.

Rice root colonization by cyanobacteria.

Positive influence of cyanobacteria on the growth of rice plants.

Light microscopic pictures of Anabaena sp. (a) and Nostoc sp. (b) selected
for the study.

Scanning electron micrograph showing the effect of heavy metal Cd stress
(a) and Zn stress (b) on cyanobacteria.

Metal ions removal by (a) Nostoc sp. and (b) Anabaena sp.

(a) Effect of cadmium toxicity on rice seedlings (b) protection to toxicity
offered by presence of cyanobacteria.

Plantlets of orchid being grown on charcoal chips containing immobilized
cyanobacteria.
(a) Orchid plantlets growing on un-supplemented charcoal (b) better growth
of orchid plantlets growing in presence of immobilized cyanobacteria on
charcoal

Cyanobacteria adhering on the roots of orchid plantlets.

(a, b) Healthy orchid plantlets growing in presence of cyanobacteria (c, d)
poor growth of orchid plantlets on un-supplemented charcoal.

Sporulation in cyanobacteria (a) Differential degree of sporulation observed
in experimental samples (b) effect of phosphate limitation on cyanobacterial
cultures (c) effect of sulfate limitation on cyanobacterial cultures (d)
complete sporulation in some cyanobacterial strains.

Sporulation in Mastigocladus laminosus due to temperature difference.

(a) Germination of spores on nutrient agar plates (plate 1 shows spore
germination while plate 2 represents a control plate), (b) Profuse
germination of Mastigocladus filaments from spores.



Fig: 7.4:
Fig7.5:

Fig7.6:

Chborophyll a concentration (pg ml') of the regenerated cyanobacterial
samples as compared to their free-living batch cultures.

Heterocyst frequency of the regenerated cyanobacterial samples as
compared to their free- living batch cultures.

Nitrogenase activity of the regenerated cyanobacterial samples as compared
to their free-living batch cultures.

10



Chapter 1
Introduction

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
(Hoffmann 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 al 2000; 2002).

Cyanobacteria are remarkably capable of efficiently combimning 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 known 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 all 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 environments 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
muiticellular 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; Adams and Duggan 1999).

1.2 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 pigments called the phycobilliproteins located in the
phycobilisomes, which are attached to the surface of thylakoids serve as sites of stored N
sources under conditions of N-deficiency (Tandeau 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 bisphosphate 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 elctron transport chain. Carbon dioxide fixation
occurs through the Calvin cycle (Carr and Whitton 1982).

In nitrogen fixing non-heterocystous cyanobacteria, the enzyme nitrogenase which
plays the crucial roke in nitrogen fixation is expressed in vegetative cells under unique
conditions. The enzyme is extremely sensitive to oxygen (Fay 1992), and this is manifested
both at the level of synthesis and activity (Gallon and Chaplin 1987; 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 (Wok 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 process of nitrogen fixation. Absence of
nitrogen sources triggers 5-10% of the vegetative 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, nitrite, ammonia and some amino acids the
differentiation of heterocyst is repressed in all heterocyst forming cyanobacteria (Wolk 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 a2f
tetramer (M, 226.8 kDa) and its o and B units are encoded by the nif D (Lammers and
Hasselkorn 1983 ; Golden et 2l 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 nif H gene. In heterocyst, the nif HDK is
contiguous but in vegetative cells an 1 1kb DNA fragment interrupts nif 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 nif 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 (Ethai 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 celis under
anaerobic conditions. A vanadium-dependent nitrogenase encoded by vuf 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 1987). Oxidative pentose phosphate pathway is a major contributor of reductants
(Smith 1982; Wolk et al 1994). The immediate ekctron donor to nitrogenase s 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,
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an autoregulatory gene her R is induced in regularly spaced cells (pro heterocysts) 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 differentiation (Zhou et al 1998a; b). Transcription of het R is indirectly
controlled by the product of nzc A gene, which is found to be wide spread in cyanobacteria
(Frias et al 1993; Herrero et al 2001). The ntc 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
regions of xis A (an exciases gene necessary for the formation of heterocysts), gln A (gene
encoding glutamine synthetase), rbc! S (encoding Rubisco), nif H (encoding dinitrogenase
reductase) and ntc A (encoding Ntc A itself) (Frias et al 1994; Wei et al 1994). nrc 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) nrc A also responds to redox status (Jiang et al
1997). Many genes essential for heterocyst differentiation and development have been
dentified and characterized on the basis of various phenotypes exhibited by heterocyst
formation defective mutants. Two other important genes for heterocyst development are hep
P (Fermandez- Pifias et al 1994) and het C (Khudyakov and Wolk 1997). Insertional
inactivation of ket P prevents the formation of pro heterocysts and strains with multiple
copies of 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 her M (also known as Ag/ B) and Agl K. hg/ 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 inhibitory signal for maintaining the pattern of spaced

heterocyst (Yoon and Golden 1998).

1.4 Akinetes

Some members of Nostocaceae, Rivulariaceae and Stigonemataceae 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 (Nichok
and Adams 1982) and their shape varies considerably (e.g., spherical in Anabaena CA but
elongated in A. 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 Rai
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 (K yndiah and Rai 2007).
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1.5 Hormogonia

Hormogonium represents a transient morphological stage in developmental cell cycle
of some filamentous cyanobacteria and is observed upon the transfer of stationary phase
cultures to fresh medium. Hormogonia differentiation occurs from vegetative cells in
filamentous cyanobacteria (both heterocystous and non-heterocystous). 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 in temperature, light
spectral quality and altered N-metabolism are involved in hormogonia differentiation.
Removal of NaNOj; 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 is 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 1996; 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. The 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 cyanobacteria are
photoautotrophic biological nitrogen fixers that naturally populate rice fields. It has been

estimated that cyanobacteria contribute 20-80 KgN/ha/crop on turnover of their biomass in

18



the rice fields (Venkataraman 1981; Albrecht et al 1991; Roger and Ladha 1992; Ladha and
Reddy 1995). Recent research on biofertilizer has also shown that rice fields populated with
free- living cyanobacteria have increased rice yield (Watanabe et al 1951; Venkataraman
1972; Roger and Kulasooriya 1980; Metting 1988; Whitton 2000). The growing realization
about the harmful effects of the long-term use of chemical fertilizers, herbicides and
pesticides on human health has intensified research on biofertilizers 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 Nostoc, Anabaena, Aulosira,
Tolypothrix, Cylindrospermum, Gloeotrichia, Gloeocapsa, Anabaenopsis, Camptylonema,
Scytonema and Westiellopsis are widespread in Indian soils and rice fields and contribute
greatly to soil fertility (Nayak and Prasanna 2007). Cyanobacteria 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; Karthikeyan 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 food and animal feed,
in bioremediation of toxic compounds, in biocontrol of pests, production of commercial and
laboratory chemicals, restriction enzymes, pharmacological tools (Chapman 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 ofdiseases like cancer,

asthma, diabetes (Skulberg 2000), and in waste and effluent water treatment including the
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removal of harmful dyes from textile effluents (Fatma 1999; Prassana et al 2000; Shah et al
2001; Sadettin and Domez 2006) etc. In the last fow years, these organisms have been
dentified 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 (Papendorfet al 1998, Bhadury
et al2004; Singh et a12005; 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 oik
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 El-Bestway 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 biological hydrogen
as a fuel are its eco-friendly nature, efficiency, renewability and the absence of carbon
dioxide emission during 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 is defined as the process whereby

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 become
one of the developing 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 possiility 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 conditioner production, fine
chemical production and recovery of metals (Prasanna et al 2008). Major metal pollutants
which are commonly found in industrial wastes are Cu, Zn, Ni, Co, Pb, Cr and 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: Shah etal 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 diverse fields of
applications. Hence different cyanobacterial strains need to be characterized for ther
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 microorganisms, in order to enable
successful and effective maintenance of these organisms in the laboratory conditions.

The most common procedure for maintaining cyanobacteria is by serial transfer of
actively growing cultures to a fresh media on a regular scheduk under suboptimal
conditions (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 into 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 extracted 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 temperature for many pathogens and agar is
generally resistant to breakdown by bacterial enzymes. The use of agar in microbiological
media significantly contributed to the advance of microbiology, paving the way to study
pure cultures. Agar is a gel at room temperature, remaining firm at temperatures as high as
65°C. Agar melts at approximately 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 shelf-life and the jelly-like consistency of agar changes over a
period of time thus, subjecting 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 obtamned 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 population) (Day 2006).

Cryopreservation of cultures is another dependable method of preservation.
Cryopreservation is employed for a wide range of aigal species with optimum results. High
success rates are obtained with cyanobacterial cultures. These procedures can be categorized
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 cuiture
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 simpk
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.

Dormant resting cells 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 Present study

A laboratory working with microbes accumulates a large number of strains that
needs to be maintained for considerable period of time, even when not under active research.
Isolation, purification 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-
nomernclature 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
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objective, it becomes crucial to develop techniques that enable preservation 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 culturing, maintaining on agar slants as well
as preservation in cakium 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 bete] nut cover, 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
carrier 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 ficlds, tree barks, stagnant water holes, river banks, irrigation
canals as well as, water bodies adjacent to rice fields. 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 pmol m?s™'. After 8-
10 days, the visible cyanobacterial filaments were purified using repeated pour plate and
serial dilution method on 1.2% nutrient agar until single colonies of axenic cultures were
obtained. The cyanobacterial colonies were identified by light microscopic observation
using Olympus BX S1 light microscope. The purified cyanobacteria were grown in BGl 1o,
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BGT1ly + SmM 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 umol m?s! (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,HPO,4.3 H,O 40.0
MgSO4.7H,O 75.0
CaCh. 2H,;0 36.0
Citric acid 6.0
Ferric ammonium citrate 6.0
Na2C03 20
EDTA (disodium salt) 1.0

Micronutrients Grams/ L
H;BO,; 2.86
MnChL.4H,0 1.81
ZnSO4.7H20 0.22
NazMOO4.2 Hzo 0.39
CuS0O4. 5H,O 0.079
Co(NO3),. 6 H,O 0.0494

For NO3y medium. 5 mM NaNOj and for NH;" medium, 2mM NH4Cl was used.

Table 1 b: Composition of D-medium

Macronutrients Grams/L
Nitrilotriacetic acid (NTA) 10
NaNO; 70
KNO; 10
Na;HPO;4 11
MgS04.7H,O 10
CaS0,;.2 O 6
NaCl 0.8
FeCl; 0.03
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Micronutrients Grams/L
H;BO; 2.86
MnCh.4H,0 1.81
ZnS04.7H,0 0.22
Na2M004.2 HzO 0.39
CuS0Oy4. SH;O 0.079
Co(NO3). 6 H,O 0.0494

For N> medium, NaCl and KCI were used in place of NaNO3 and KNO3

2.3 Sterilization

All glassware were washed thoroughly using lboratory detergent and rinsed with
double distilled water before drying in the hot air oven. Sterilization of glssware and

culture media was done by autoclaving at 121°C (15 psi) for 15 minutes.

24 Growth parameters
2.4.1 Chlorophyll a measurement

Growth of the cyanobacterial cultures was measured as increase in chlorophyll a
(MacKinney 1941). 5 ml of each sampl was centrifuged and equal volume of 100%
methanol was added to the pellet. Chlorophyll a 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 g
content. Chlorophyll a concentration was measured spectrophotometrically at 663 nm by
using the formula: Chlorophyll a (pg/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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24.2.1 Extraction of protein

Sml of cyanobacterial culture was centrifuged and the pellet resuspended in 1 ml
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 CO;3 n 0.1 N NaOH.

B. 1% sodium potassium tartarate solution.

C. 0.5% CuSOy solution.

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

E. IN Folin- Ciocalteu’s phenol reagent.

F. Standard protein solution: Bovine Serum Albumin (BSA) solution was prepared in
the range of 10- 100 pg mr’.

Procedure

5ml of reagent D is mixed with Iml of cyanobacterial protein 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 o f cyanobacterial 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 5 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 cakulated 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 mi
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 m2s™!, at 25°C with constant shaking. 1ml 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 80/100)
and a flame ionization detector. Nitrogenase activity was expressed as nmol C,Hs produced

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

2.7.2.1 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 sifu 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 salt),
60 umol hydroxylamine and 30 umol glutamine. This reaction mixture was incubated in the
dark for 10 minutes at 30 °C. The reaction was terminated 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-glutamyl hydroxymate mi.

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-HCI buffer (pH 7.5),
0.1 M NaCl, 0.3 M sucrose, | mM KNQO3, ImM EDTA and SmM 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 Iml: 20 mM KNO;, 100mM Glycine-KOH (pH 10.5), 4 mM methyl
viologen, 10mM sodium dithionate freshly dissolved in 0.1 ml 0f0.23 M NaHCO3. After 10
minutes of incubation in dark at 30 °C, the reaction was terminated by adding 0.2 ml of 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 in 3 M HCL
B. 0.02 % (w/v) N- (I- 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 soilution. The reaction mixture contained in addition to
permeabilized cells in a final volume of 1 ml: 2.5 mM KNG;, 90 mM Tris-HCI buffer (pH

7.5), 3 mM methyl viologen, 20mM sodium dithionate freshly dissolved in 0.3M NaHCO:s.
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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 ug ml') 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 autoc laved.
Excess media was drained in the laminar flow. 30 ml exponentially growing culture
(chlorophyll a content of 10 pg ml™') was 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 (chlorophyll a content of 10 pg 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 soifution in a laminar flow cabinet. Calcium
alginate beads thus formed were left in the same solution for hardening at 4°C for |hour.
The beads were then harvested and washed with sterile water followed by media. These

were then keft 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 mi of exponentially growing culture (chlorophyll a content of 10 ug mi') was
concentrated to 10 ml. Whole 10 ml cukure 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 in sulfate were supplemenied with equimolar concentration of MgCh to

counter balance the reducing concentration of MgSO,4 (Wolkk 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 (varieties 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
solution fbr S minutes. Sterilized seeds were thoroughly rinsed in sterile distilled water. Seed
germination was carried out on autoclaved perbite m glass beakers. The perlite was nrigated
with a 10-fold dilution of autoclaved BG-I1; medium containing 2mM NaNO; (nitrate
medium) which was buffered with equnmolar concentration of HEPES. Germination was
carried out in culture room under fluorescent light (photon fluence rate of 50 pmol m™ ') at

25°C, at saturating relative humidity (Sywem 2005).
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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
mtroduced 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 tpug mi'. Co-cultivation was carried out at 25°C with the

plant roots exposed to light.

Fig 2.3: Co-cultivation of rice and cyanobactera.
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 m 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 a 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 4

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. N itrogenase activity was expressed as nmol CHy
produced. pg ! chlorophyll a.h.

2.16 DNA fingerprints

PCR-based DNA fingerprint profiles were generated using STRR 1A as primer (3'-
CCCCTRACCCCTRACC-S") 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 (LDso) 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. These were then washed in 0.1 M sodium cacodylate buffer.

Samples were dehydrated at 4°C by the following steps
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30% acetone i5 minutes x 2 changes
g

50% acetone 15 minutes x 2 changes
70% acetone {5 minutes x 2 changes
80% acetone 15 minutes x 2 changes
90% acetone 15 minutes x 2 changes
95% acetone 15 minutes x 2 changes
100% acetone 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.
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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 different water
bodies, including stagnant water holes, river banks, irrigation canals as well as, water bodies
adjacent to rice fields and roadsides. Since many cyanobacteria that are capable of entering
symbiotic associations are known to undergo extensive morphological, 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 Garampam 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 autoch ved sanple containers. These samples were inoculated
in media under culture room conditions. Samples collected from hot springs were inoculated
in BG 11, as well in D-media and were kept at 25+2°C and alo at 40°C to isolate any
cyanobacteria that are thermophilic in nature. After 8-10 days, visble cyanobacterial

filaments were then picked from the medmm and purified using repeated pour plate and

serial dilution method until axenic cultures were obtamed (Fig 3.1).

=

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

33

The cyanobacterial colonies were identified by light microscopic observation using

51 light microscope. Purified cultures were used for the purpose of

Olympus BX

dentification.

42



Fig 3.2: Light microscopic pictures of some cyanobacterial isolates that were purified from
the collection. (i, iii, iv, vii, ix -4nabaena sp.. i v, vi, xit - Nostoc sp.; vii- Anabaena
cvcadeae; x- Nostoc muscorum; xr+ Nostoc ANTH: xii, xiv- Cvlindrospermum sp.; Xv-
Tolvpothrix sp.; xvi-Plectonema borvamum . xvi- Microcysis sp.: xviik Gloeocapsa sp.; Xix,
xx- Calothrix sp.; xx+ Mastigocladus lammosus; xxii, xxili- Fischerella sp.; xxiv-
Westieollopsis sp.; xxv- Stigonema sp.. xxvi. xxvi- Scytonema sp.).

3.4 Maintenance of cyanobacterial cultures

The purified cultures were mamtamed m BG 11y media as batch cultures at 25+2°C
and at a photon fluence rate of 50 umo! 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 pumol m? s (Castenholz 1981). This temperaturc 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 nside the culture room

3.5 Results and discussion

Cyanobacteria were randomly collected from forty one locations of ten different

states (Tabl: 3.1).

Table: 3.1 State wise number of collection sies of cyanobacteria

SL No. States c‘;mr;;:es pH Range
1 Meghalaya 16 52-7.0
2 Assam 10 42-58
3 Manipwr 2 54-68
4 West Bengal 3 55-6.8
5 Uttar Pradesh 3 6.5-9.5
6 Uttarak hand 2 56-7.1
7 Delhi 1 7.5-283
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 eight isolates were purified which



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

heterocystous, filamentous branched heterocystous and thermophilic cyanobacteria. Table

3.2 gives details of cyanobacterial collection for the study.

Table 3.2: Cyanobacterial sampls 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 RF 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
g RFS Rice fields. Near NEHU Campus. Calothrix sp.
Meghalaya
Rice fields. Near NEHU Campus.
9. RF9 Meghalaya Nostoc sp.
0. RF10 Rice fields. Near NEHU Campus. Nostoc sp.
Meghalaya
11. RF11 Umkhen. Jaintia Hills. Meghalaya. Tolypothrix sp.
12. RF12 Umium. Ri Bhoi. Meghalaya. Nostoc sp.
13. RF13 Nongstoin. West Khasi Hills. Meghalaya. | Anabaena sp.
14. RF 14 Mawphlang. East Khasi Hills. Meghalaya. | Nostoc sp.
15. RF15 Syntu Ksiar. Jaintia Hills. Meghalaya. Anabaena sp.
16. RF16 Syntu Ksiar. Jaintia Hills. Meghalaya. Nostoc sp.
17. RF17 Syntu Ksiar. Jaintia Hills. Meghalaya. Anabaena sp.
18. RF18 Syntu Ksiar. Jaintia Hills. Meghalaya. Nostoc sp.
19. RF19 Syntu Ksiar. Jaintia Hills. Meghalaya. Nostoc sp.
20. RF20 Syntu Ksiar. Jaintia Hills. Meghalaya. Gloeocapsa sp.
21. RF2] Syntu Ksiar. Jaintia Hills. Meghalaya. Anabaena variabilis
22. RF22 Rice fields. Guwahati, Assam Nostoc sp.
23. RF23 Rice fields. Guwahati, Assam Nostoc sp.
24. RF24 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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27. RF27 Rice fields. Bagori Assam Nostoc sp.

28. RF28 Rice fields. BagoriAssam Calothrix sp.

29. RF29 Rice fields. Dergaon, Assam Westiellopsis sp.

30. | RF30 | Rice fields. Dergaon, Assam Cylindrospermunm

Sfertilisma

31. RF31 Rice fields. Golaghat, Assam Anabaena sp.

32. RF32 Rice fields. Golaghat, Assam Plectonema sp.

33. REF33 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. RE 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. Manjpur Fischerella sp.

41. RF41 Rice fields. Imphal Manipur Fischerella sp.

42, RF42 Rice fields. Imphal Manipur Anabaena oryzae

43. RF43 Rice fields. Imphal. Manipur Tolypothrix 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 Cy llnfirosp ermum

muscicola.

48. RF41 Rice fields. Manipur Cylindrospermum sp.
Coal mining site. Cherrapunjee. East

49. Ml khasi hills. Meghalaya. Anabaena sp.
Coal mining site. Cherrapunjee. East

0.1 CM2 i hills. Meghalaya. Nostoc sp.

51 CM3 Coal mining site. Jowai. Jaintia Hills. Nostoc sp.
Meghalaya.
Coal mining site. Ladrymbai. 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. Tl Tree bark. Shillong Nostoc sp.

59. 12 Tree bark. Shillong Nostoc sp.

60. 13 Tree bark. Assam. Scytonema hofmanai
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61. T4 Tree bark. Assam. Scytonema sp.
62. UP1 Mustard field Meerut, (Uttar Pradesh) ;iap h alosiphon
aminosus
63. UP2 Mustard field Meerut, (Uttar Pradesh) Nostoc sp.
64, UP3 Adjoining the highways, Roorkee, Uttar Nostoc sp.
Pradesh
65. UprP4 Wheat fields on the Delhi-Agra highway Anabaena sporides
From waters close to the banks of the .
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. Uttarak hand. 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 Uttarak hand. Nostoc sp.
71. Kl Stagnant water, Road side, Kolkata. 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. K> body in a residential area, Kolkata. Nostoc sp.
Water sample from ornamental water
76. Ko 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 Mustard fields adjoining the highways. Anabaena sp.
Haryana
79, 0 Mustard fields adjoining the highways. Nostoc sp.
Haryana
80. 03 Water holes adjoining highways. Nostoc commune
Haryana
81 1 Water holes adjoining highways. Nostoc sp.
Haryana
32 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, . oy
86. Raj4 Rajasthan. Microcystis sp.
. Water sample Heritage park. Pilani, . .
87. Raj5 Rajasthan, Microcystis sp.
. Soil Sample Heritage park. Pilani, . .
88. Raj6 Rajasthan. Microcystis sp.
. Water sample Heritage park. Pilani, . .
89. Raj7 Rajasthan, Microcystis sp.
90. NAI From Anthoceros punctatus (NEHU) Nostoc sp.
91. NA2 From Anthoceros punctatus (INEHU) Nostoc ANTH
9. ACI F rom 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
%. FS 3 life sanctuary. Karbi Anglong. Assam. Nostoc sp.
Garampani hot spring. Garampani wild -
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 cven that of Anabaena sp. Finding 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 in all other samples.
Ths may represent a unique scenario where profuse Microcystis bloom completely wiped
out all other forms of cyanobacteria in the collection sites. The overall generic diversity and

percent abundance of various cyanobacteria 1s depxcted in Fig. 3.4.

& Anabaenasp

3.06% 085
1.02% . '10"'
2.04% {1.02% B Aphanotheceae sp

1.02%\

= Calotinx sp

8 Cyhndrospeamumsp
% Fishcherella sp

= Gloeocapsasp

& Hapalosphon sp

=\ astigocladus sp

1.02% Microeystis sp

& Nostoc sp

L1.02%

« Oscillatoriasp

Phormudmuumsp

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

The main objective behind isolation of cyanobacteria from different regions was to
obtain a set of diverse cyanobacterial stramns whose composition has been shaped by
different environmental condittions. 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 given 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.
¢ A total of ninety eight cyanobacteria were isolated and purified.
® These include members of both aquatic and terrestrial habitats.

® 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 anticancer (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 Pabbi 2004 ; Chunlkuchanon
et al 2003), with potential applications in Spain (Fernindez-Valiente et al 2000) and more
recently in South America (Irisarri et al 2001). They are involved in the production of many
commercial and laboratory 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 complx organic
compounds such as surfactants and herbicides (Yan et al 1998; Radwan and Al-Hasan 2000;
Raghukumar et al 2001; Mansy and El-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 years, 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
al 2004; Dahms et al 2006; Singh et al 2005).

Considering 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, purification 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 strains 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 characters using these preservation techniques has not been
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 introduced in some of these techniques. At the end of the
study, the preservation techniques 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) Incalkium alginate beads
(b) In foam cubes
3. 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 selkected characters of
these organisms were studied in the regenerated samples. The preservation methods were

systematically evaluated for their efficiency in preserving organisms under study.

4.2  Preservation in modified agar

Cyanobacterial cells were kept on slants 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).



4.2.1 Results

Growth, heterocyst frequencies, nitrogemase 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 regencrated
samples showed comparable chlorophyll @ content to their free-living batch cultures during

ther exponential phase of growth.

(2) ®)
b -
LN ._i:‘& » ""1
() » NG 4
’:@ =L "

¥
Freshly embedded’
cyanobacterial filament

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
seen under scanning clectron microscope (d) Scanning electron micrograph showing
regeneration 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 43°C for all studies. An initial inoculum
of 0.4ug/miwas 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
comparison of chlorophyll a content on day ten among the cultures regenerated after 1%, 2nd
and 3" years of preservation showed that growth was decreased by ~15%, 27% and 62%
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% 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 well, however complete recovery was
seen upon subsequent transfers. A comparison of chlorophyll ¢ among all groups of
cyanobacteria under study regenerated after one year of preservation showed best
regeneration capability in Plectonema boryanum, closely followed by Anabaena 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 of ther control cultures upon successive sub culturing,
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4.2.1.2 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 (c) Mastigocladus laminosus [ In fig. column [ 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 (Fig 4.3 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 (Fig4.3 a, ¢).

Fig 4.4 shows the nitrogenase activities of the regenerated cultures of the
experimental cyanobacterial samples under study. 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 Nostoc 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 Gloeocapsa 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 @ and nitrogenase activity in
regenerated cultures, Plectonema boryanum among the cyanobacteria studied performed

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

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

Control L Reg

enerated sample

Control

Regenerated sample

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

Respiratory oxygen consumption (nmol O2

consumed pg' chla h')

Ist year 437+ 3.1 42729 413 +£3.2 395 +2.5
2"d year 439+2.8 403 £2.6 425£3.3 388 +2.5
3rd year 446 +2.6 397 2.6 417 £3.1 317 1.9

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

cubes.

Control Regenerated sample Control Regenerated sample
(Photosynthetic oxygen evolution (nmol O, | Respiratory oxygen consumption (nmol O2
evolved pg' chla h') consumed pg' chla h™)

1st year 442 £33 421 +3.2 417 £2.5 402 +2.4
2"d year 440 3.5 421 +3.2 415£2.5 375+2.4
3 year 440 +4.1 387 +3.4 413 £2.7 354 +2.3

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

agar cubes.

Control

Regenerated sample

Control l Rege nerated sample

Respiratory oxygen consumption (nmol O

(Photosynthetic oxygen evolution (nmol O,

evolved pg”’ chla h')

consumed pg' chia h')

Ist year 281 +4.1 247 £3.5 398 +£2.3 346 £2.5
2"d year 278+4.3 239 +3.3 394 +2.5 342 425
3 year 281 +4.2 229 4+3.3 390+2.7 33227

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

cubes.

Control Regenerated sample Control l Regenerated sample
(Photosynthetic oxygen evolution (nmof O, | Respiratory oxygen consumption (nmol 0,
evolved pg"' chia h™') consumed pg' chla h™)

Ist year 402 +£2.8 387+3.1 378 2.1 369 £2.6
2 year| 400+28 385 +3.0 373 2.1 354+2.4
3“f year 400 £2.5 379 +2.8 374 £2.5 323422
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Table 4.1 e: Photosynthesis and respiration of Gloeocapsa sp. immobilized in agar cubes.

Control Regenerated samplk Control Regenerated sample
(Photosynthetic oxygen evolution (nmol O2 Respiratory oxygen consumption (nmol 0O,
evolved pg' chla h') consumed pg' chla h')
Ist year 396 +2.1 393 +£2.5 342 +£3.2 345 +3.3
2 year | 395424 385 +2.5 340 +3.5 351 +3.4

Table 4.1 a, b, ¢, d and e represents 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
on day six in regenerated samples at the end of the third year of preservation revealed that 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 follbwed 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 as 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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4.2.14 Glutamine synthetase (transferase) (GS), nitrate reductase (NR)

and nitrite reductase (NIR) activities

Table 4.2 a: Enzyme activities of Nostoc muscorum 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 i (nmo !l NO . transferase activity activity
y-glutamy { 2 2 activity (nmol y- { (1 NO INO
hydroxy mate formd/m/ consumefi/mm/ glutamy! ( 2 (nmo 2
formed/ min mg protein) | mg protein) hydroxy mate formed/min/m | consumed/mir
/mg protein) formed/min /mg | & Protein) mg protein)
protein)
Ist
yesar 767+ 5.5 2.4 +0.1 547+ 3.2 722 £5.3 1.9 +£0.04 530+3.2
nd
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£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
actilvity (nlmol (nmol Noz— (nmol Noz- tmr;sfcr’::se | activity _ activity »
-glutam activity (nmo
lYlygdroxy r>;1ate formed/ rr}in/ consumeSi/min/ y-glutgmyl (nmol NO? (nmol NO: .
formed/ min mg protein) | mg protein) hydroxy mate formed{ min/m consume@/mm
/mg protein) formed/min /mg | & protein) mg protein)
_protein)
ylesir 765+ 5.6 2.5+0.11 554 £3.4 712 £5.6 1.6 £0.07 532+2.5
nd
2 year 757 £5.7 2.3+0.12 547 +3.3 707 +£5.8 1.4 £0.05 524 +2.7
3rd 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 lamnosus regenerated from agar cubes.

Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity acti ity synthetase reductase reductase
actll\ ity (nlmol {(nmol N07 {nmo NO transfcrzzse | activity activity
y-glutamy L2 2 activity (nmo
hydroxymate | formed/mm/ | consumed/min/ | o oy iamy) (nmol NO, (nmol NO,
formed/mmn mg protemn) | mg protem) hy droxy mate formed/min/m | consumed/min/
/mg protem) formed/min /mg g protein) mg protein)
proten)
yles;r 2346 + 123 8.79+13 157.43 £1.4 2113 £122 8.23 £1.1 151.16 +1.2
nd
2 2337 + 122 8.71 1.2 152.42 £1.2 2112 £126 8.12£1.1 143.78 £1.2
year
3rd year 2343 + 125 8.71 £1.5 151.21 1.2 1987 +125 7.11 £1.2 123.41 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 Glutammne Nitrate Nitrite
transferase activity activity synthetase reductase reductase
acnlvny (n lmol (nmol N02 (nmol N02 transfera;se | activity activity
y-glutamy activity (nmo
hydroxymate | formed/mm/ | consumed/min/ |\ oy iamy | (nmoI NO, (nmoINO,
formed/ min mg protemn) | mg protemn) hydroxy mate formed/mm/m | consumed/min/
/mg protein) formed/min /mg g protein) mg protein )
protemn)
yleS;r 729 £3.2 2.1+l 521 £2.3 721 £3.1 2.10.7 518 £2.1
nd
2 729 £3.4 2.1x0.8 520 £2.2 720 £2.9 1.8+0.9 505 +2 1
year
rd
3 year 725 +£3.4 2.1 0.8 S17+£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.

Control Control Control Regenerated Regenerated Regenerated
Glutamme Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamme Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actul\ ity (nlmol (nmol NO7 (nmol Noz transterase | activity activity
~-glutam < activity (nmo
Iwgdrox_\, Enate formed/min/ | consumed/min/ y-glutgngvl (nmol NO, (nmol NOZ
t(;rmed/mm mg protem) [ mg protemn) hydroxy mate formed/mm/m | consumed/min/
/mg protem) formed/ min /mg g protewn) mg protein)
protem)
Ist
year 329 +£3.1 1.1 £0.5 221 £1.1 320 +3.8 1.1+0.4 220 £1.1
nd
2 329429 1.1+0.5 220 +1.1 320 +2.7 1.2 £0.3 217 0.7
year

Table 4.2 a, b, ¢, 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.

43  Immobilization in calcium alginate beads

Exponentially growing cultures of cyanobacteria was used for immobilization in
cakium 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 5mM NaNOQj; for the 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 cakium alginate as preserving material for

cyanobacteria.
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b
Fig 4.5: Immobilization of cyanobactcria m cakium alginate beads (a) large number of
dried beads containing different cyanobacterial stramns were stored in eppendorf tubes (b)
regeneration of cyanobacteria from one year old dried beads. The picturc was taken after
eight days of transferring the beads to fresh medum.

43.1 Results

All cyanobacteria under study exhibzed almost complete retention of characters
when regenerated from immobilizaton m calcnmm alginate. Freshly regenerated samples
showed slightly reduced activities which completely recovered upon transfer to new media.
No significantly perceptible changes were observed m the preserved cells. The results
presented here are for cultures that were regencrated after one, two and three years of

preservation.

43.1.1 Growth

Filaments were scen emerging out of the alginate beads within 5-10 days after
preserved beads were introduced 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.

(b)

s s srreres R

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
alginate 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.

67



8 i 9
7 \ 8 9
7 /
6
¥ g 6 i
L =
= 5 / s,
E !’ﬁ‘ - e~ CNM ] « CAV
2 T —~bNM 1 E 4 —#-bAV1
g bNM?2 § 3 bAv2
o
& ~ bNM3 52 ——-bAV3
H
§ 1
S
° 0
5 o s 10 15
0 5 10 15 Time (deys]
Thne (days) @ teer) ®
8 9
7 8
3 gf‘ ‘_E" 7 f/"
£ 6 b4
3 F 2,
g ° - §
0 voem £° 7 © e
g ¢ -3 bML1 s /*j{ - bPB1
52 P § 3 .
2 N :/ bML2 2 e bPB2
£ 2 - bML3 = 2 . bPB3
6 - B 6 15
L b 1 s
[ [
o 3 10 15 [ 5 10 15
Time {days) @ Tina {days) @
C.
12
= 10
E
s /
2 8
g &
E 6 ,(” - v oceR
: P * bGwp1
&
8 a &, bGsp.2
o "
5 5 < bGsp3
2 ,&/m/ -
MW
o
1] 5 10 15
Tume
{days) ©

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 cakium 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].



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 dehydrated cyanobacterial filaments embedded in the
inner matrix of the calcium alginate bead (Fig 4.6 ¢, d). When introduced in the suitable
liquid media the dried beads swelled up and green cyanobacterial filaments were seen
emerging out of the beads into the media (Fig 4.6 ¢). Profuse 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 a was considered as a parameter in measuring growth in cyanobacteria.
Fig 4.7 gives detailed growth profiles 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 preservation 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 2nd 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 |

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 Nosfoc
muscorum and Mastigocladus laminosus. Decline in nitrogenase activities of A4nabaena
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 cakium alginate as a preserving material present less stress on the

immobilized organisms (Fig4.9).
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Fig 4.9: Nitrogenase activity of samples regenerated from calcium alginate beads (a) Nostoc

muscorum (b) Anabaena variabilis (c) Mastigocladus lammosus (d) Plectonema boryanum

and (e) 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 |
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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 photosynthetic 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% (Tablk 4.3 d). In Gloeocapsa sp. a reduction
was observed only on the third year of preservation (Table 4.3 €). Even though we observed
decline in these activities in the immediate cultures regenerated from dehydrated state after
prolonged storage, we must mention that none of these activities were compromised in a
long term basis. All activities approached their original values in succeeding sub cultures.

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

Control l Regenerated sample Control l Regenerated sample
(Photosynthetic oxygen evolution (nmol | Respiratory oxygen consumption (nmol O,
0, evolved g chla h') consumed pg”' chla h')
Ist 437 43.1 43243.1 413432 397423
year
nd
2 439 £3.0 427 +2.7 415+3.2 388 +2.3
year
ra
3 439 +2.8 420+2.8 413+3.3 380 £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
0, evolved pg' chia h')

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

Ist 440 43.1 435 43.2 423423 425422
year
nd
2 435 +3.3 437 +3.1 420 +2.2 423 +2.2
year
d
3 435 +3.4 432 £3.1 420 £2.1 424 £2.1
year

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

Control | Regenerated sample

Control | Regenerated sample

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

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

Ist 402 42.7 385 +3.1 378 42.1 37742.5
year
nd
2 400 +2.6 379 3.1 373423 369 +2.4
year
rd
3 400 £2.6 377 2.7 374 £2.3 370 +2.2
year

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

Control | Regenerated sample

Control i Regenerated sample

(Photosynthetic oxygen evolution (nmol
O, evolved pg' chia h™)

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

ylesgr 280.55 +4.1 242.11+3.3 397.56 £2.5 346.17 2.7
nd
2 277.56 £4.2 231.12£3.1 394.15+£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 oxygen evolution (nmol | Respiratory oxygen consumption (nmol 0,
O, evolved pg"' chla h™) consumed pg” chia h™)
ISt} 396421 387 42.3 342432 340 +3.3
year
nd
2 395 +2.0 385+2.5 340 +£3.3 354 +£3.5
year
T
3 395 +2.0 379 +2.6 340 +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 cakium alginate beads. The stress due to prolonged dehydration
as a result 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 maximum
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 was 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% inhbition of
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NR activity in this organism. In Mastigocladus laminosus, NR activity was 3-4 fold higher

than rest of the 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
activity (nmol (nmol NO; (nmo' NOJ tmqsfemse activity ) activity )
zvg (;lrl(t)i;,nz;te forme.d/ min/mg consumefl/min/ ??;l]nlttgn(,;,l |m0 ‘ (nmol NO; (nmol Noz )
formed/min protein) mg protein) hydroxy mate forme.d/mm/mg consumeg/mm/
/mg protein) formed/ min protein) mg protein)
/mg protein)
yleS;r 767 £5.3 2.4 0.1 5477 £3.2 735 +£5.2 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 £3.1
year
T
3 763 £5.2 2.3 0.8 546 +3.1 727 £5.2 2.1+0.07 532 +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
activity (nmol (nmol NO . (nmo 1 NO ) transferase activity activity
y-glutamy | 2 2 activity (nmol : .
hydroxy mate for@d/mln/mg consumed/min/ y-glutamy | (nmol NO; (nmo! NO, .
formed/ min protein) mg protein) hydroxy mate formed/min/mg | consumed/min/
/mg protein) formed/min protein) mg protein)
/mg protein)
ylesatr 765 £5.5 2.510.11 554 £3.2 726 +£5.6 1.8 £0.07 541 £2.3
nd
2 757 £5.3 2.320.12 547 £3.2 724 £5.5 1.5+0.09 540 £2.5
year
rd
3 763 £5.3 2.3+0.12 545 £3.3 720 +5.4 1.4 +0.09 540 2.5
year
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Table 4.4 ¢: 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 Glutammne Nitrate Nitrite
transferase activity activity synthetase reductase reductase
activity (nmol (nmo 1 NO (nmo 1 NO transferase activity activity
y-glutamy | 2 2 activity (nmol
hydrovy mate formed/min/mg | consumed/mm/ y-glutamy | (nmoINO, (nmoINO,
formed/min protemn) mg protein) hydroxy mate formed/min/mg | consumed/min/
/mg protemn) tormed/min protein) mg protein)
/mg protein)
ylesz:r 729 £3.3 21411 521 +£2.6 720 £3.1 2.1 +0.7 515 +£2.0
nd
2 729 £3.5 2.1+0.8 520 £2.5 720 £2.7 21+0.6 510 1.8
year
rd
3 725 £3.5 2.1+0.8 51725 715 +2.8 1.7 £0.5 510 £1.7
year

Table 4.4 d: Enzyme activities of Mastigocladus

alginate beads.

lammosus regenerated from calcium

Control Control Control Regenerated Regenerated Regenerated
Glutamine Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamme Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actllv1tty (n lmol (nmoI NO, (nmol N02 tratnsierz:se | activity activity
v-glutamy 2 activity (nmo
hygdroxy mate formed/mn/mg | consumed/min/ | o1 tamy | (nmol NO, (nmol NO,
formed/mm protein) mg protem) hydroxy mate formed/min/mg { consumed/mm/
/mg protem) formed/ min proten) mg protein)
/mg protemn)
Ist
yesar 2346 124 8.79 1.1 157.43 £1.5 2326 £122 8.54 +1.1 150.14 1.2
nd
2 2337 £125 87113 152.42 £13 2324 +125 8.52+1.3 150.12 £1.3
year
rd
3 2343 £122 8 71+1.3 151.21+£1.3 2320 £122 8.52 +1 1 143.54 £1.3
year
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Table 4.4 e: Enzyme activities of Gleocapsa sp. regenerated from cakium 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 (n]mol (nmol Noz- (nmol NOJ tragsferase | activity activity
v-glutamy : - activity (nmo : :
hy droxy mate formed/min/mg | consumed/min/ | \ oy iimy | (f‘m l NO? (nmolNO, .
formed/ min protein) mg protein) hydroxy mate formed/min/ mg consumefi/mm/
/mg protein) formed/min | Protein) mg protein)
/mg protein)
yl:';r 329 £3.1 1.1+£0.5 221 £1.1 323 £3.1 1.1 +0.8 220 +2.1
nd
2 329+2.8 1.1+0.5 220 £1.1 320 +2.8 1.1+0.5 215 2.1
year
d
3 32542.5 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 ofbetter performance by such immobilized cyanobacterial cells

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

1997). Therefore, we have indluded 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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Fig 4.10: Immobilization in foam cubes. (a) cubes moculated with fresh cyanobacterial
culture (b) regencration of cyanobacterm from one year old dried foam. The picture was
taken after two days of transferring the cubes to fresh medium.

(d)
Fig 4.11: Scanning e¢lectron 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) healthy cyanobacterial filaments obtained filaments.

Fig 4.11 shows scanning eclectron 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 from foam after four days.

4.4.1 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 (¢) 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

Heterocystfrequency (%)
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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 frequency 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 except 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 (e) Gloeocapsa sp. [ In fig. column [ represents the control, column 2 ,3 and 4
represents samples regenerated at the end of one, two and three years respectively. ]
4.4.1.3 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 alginate 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' chlah') O, consumed pg' chla h')

Ist year 437 +3.3 444 £2.7 413 +3.5 411 £2.2

2 year 439 +2.8 424 423 41533 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 consumption (nmol
(nmol O_ evolved pg” chla h') O, consumed pg' chiah')
Ist year 442 +3.2 437 £3.2 417 £2.3 410 £2.1
2" year 440 43.1 42543.3 415 £2.5 395 2.2
3" year 440 +3.1 415433 41342.7 367 2.4

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

cubes.
ContmlJ 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 402 £2.5 374 £2.7 378 2.1 377 +£2.5
2" year 400 +2.3 35723 373 2.1 346 +2.3
3" year 400 +2.3 33242.1 374 2.2 32123

Table 4.5 d: Photosynthesis and respiration of Mastigocladus laminosus 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™' chia h')
Ist year 280.55 +£3.9 242.11 £3.5 397.56 £2.3 346.17 £2.1
T year 277.56 £3.3 231.12+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
(Photosynthetic  oxygen evolution | Respiratory oxygen consumption (nmol
(nmol O_ evolved pg” chia h') O, consumed pg"' chla h)
Ist year 396 +1.7 393423 342134 345 £3.3
2" year 395 +1.6 385 £2.3 340 £3.3 351 3.2




44.1.4

(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
Glutammne Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
trans ferase activity activity synthetase reductase reductase
actllwtty (nlmol (nmol N02 (nmol NO7 tratnsierzzse | activity activity
y-glutamy 2 activity (nmo
hydroxy mate formed/min/mg | consumed/mm/ y-glutamy | (nmol NOZ (nmol N02
formed/min proten) mg protein) hydroxy mate formed/min/mg | consumed/mm/
/mg protein) formed/ min protem) mg protein)
/mg protein)
ylesz;[r 767 £5.3 2.4+0.1 547+3 1 745 45.1 2.4 £0.07 531 43.1
nd
2 763 £5.2 2.3+0.13 54243.1 635 5.0 2.0 £0.07 520 43.1
year
[}
3 763 £5.2 2.310.9 546+2.8 600 £5.0 1.5 +0.08 500 £3.0
year
Table 4.6 b: Enzyme activities of Anabaena varwabilis regenerated from foam.
Control Control Control Regenerated Regenerated Regenerated
Glutammne Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamme Nitrate Nitrite
transferase activity activity synthetase reductase reductase
act11v1tty (n lmol (nmol NOZ (nmo1 NO_ transferzzse | activity actvity
y-glutamy “ activity (nmo nmol NO 1NO
hydroxy mate formed/mmn/mg | consumed/min/ | o1 amy (nmoINO, (nmol NO,
formed/mmn protein) mg protein) hy droxy mate formed/min/mg | consumed/mn/
/mg protemn) formed/min protem) mg protein)
/mg protein)
yles; 765 £5.5 2.5+098 554 £3.3 762 £5.5 22+09 52343 1
nd
2 757 5.4 2.3 +0.11 547 £3.2 727 £5.6 1.6 +0.78 54243 1
year
rd
3 763 £5.5 23014 545 +£3.2 654 £.5 1.1+0.79 500 £3.0
year
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Table 4.6 c: Enzyme activities of Plectonema boryanum regenerated from foam.

Control Control Control Regenerated Regenerated Regenerated
Glutammne Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activity activ ity synthetase reductase reductase
actllvny (n lmol (nmo N02 (nmol NO) transferezse | activity activity
y-glutamy < activity (nmo mo! NO mol NO
hydroxy mate formed/mn/mg | consumed/min/ | . oy iamy | n p (n p
tormed/mmn protem) mg protein) hydroxy mate formed/muin/mg | consumed/min/
/mg protem) formed/min protem) mg protemn )
/mg proteimn)
y)esz:r 729 £3.1 2.10.7 521425 720 +£3.2 2.1+0.5 517 £2.1
T
2 729 £3 3 2.1+0.7 520 +2.4 703 £3.5 15+40.5 479 2.0
year
EH
3 725 £3.5 2.1+0.5 517 £2.5 654 £3.5 1.0 £0.3 432 +2.0
yecar
Table 4.6 d: Enzyme activities of Mastigocladus laminosus regenerated from foam
Control Control Control Regenerated Regenerated Regenerated
Glutamme Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutammne Nitrate Nitrite
transferase activity activity synthetase reductase reductase
act1[v1ty (n lmol (nmol Noz (nmo1 NO transferase 1 activity activity
-glutas 2 ctivity (nmo
Eygdrox;nr}],nte formed/min/mg | consumed/mimn/ 3-gl‘l,1]t;’n§; ! (nmol NO, (nmol NO,
formed/mmn protem) mg protein) hydroxy mate formed/min/mg | consumed/min/
/mg protein) formed/ min protemn) mg proten )
/mg protem)
Ist
year 2346 +125 8.79+£1.5 157.43 £1.5 2124 +£122 812412 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
year
rd
3 2343 £123 8.71+1.3 151.21 1.5 1794 £127 7.53£12 126.41 +£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 reductase
actllw Ry {n lmol (nmo N02 (nmol NOz tratnsfter;:se | activity activity
-glutann activity (nmo
;Ylygdlrloxy mate formed/mm/mg | consumed/mmn/ y-glutzi/mv I (nmol N()z (nmo I NO,
formed/min protem) mg protein) hy droxy ;nate formed/min/mg | consumed/min/
/mg protem) formed/ mn protem) mg protemn)
/mg protein)
yLS;r 32043.3 1103 221 £1.1 321 43.1 1.140.5 220 +1.1
nd
2 32929 11+0.5 220 +1.3 31943.5 1.1+05 215 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 activitics 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 glycerol 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 permeates 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% glycerol is adequate for most materials (Kartha and Engelmann 1994).

For the present study, cyanobacterial isolates were preserved 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 investigated. 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.

4.5.1 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 in 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 10t 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 () Gloeocapsa sp.
(Gsp) regenerated from preservation in 5% DMSO as compared to their free-living
counterpart. [/n 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/ml was 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 ¢). 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 of ~20%, ~25% and ~40% in the heterocyst frequency of its sampls 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% respectively 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 (Fig4.18 a, ¢).
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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
1 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 |
represents the control in each case; columns 2, 3 and 4 represent samples regenerated after
1% 2" and 3" years of preservation respectively]

Fig 4.19 and 4.20 shows the nitrogenase activities of cyanobacterial samples
regenerated from preservation in 15% glycerol and 5% DMSO respectively. A close ook 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 Mastigocludus 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% respectively when regenerated samples were compared

to their control cultures from first year to third year of preservation.
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muscorum (b) Anabaena variabilis (¢) Mastigocladus laminosus (d) Plectonema boryanum
and (e) Gloeocapsa sp. [In fig, column [ represents the control in each case; columns 2, 3
and 4 represent samples regenerated after 1%, 2™ and 3™ years of preservation respectively]
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Fig 4.20: Nitrogenase activity of samples regenerated from 5% DMSO (a) Nostoc
muscorum (b) Anabaena variabilis (c) Mastigocladus laminosus (d) Plectonema boryanum
and (e) Gloeocapsa sp. [In fig, column 1 represents the control in each case; columns 2, 3
and 4 represent samples regenerated after 1°, 2" and 3 years of preservation respectively]

15% giycerol 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-culturing
the biomass yield remained low. The preservation under these conditions may be dependable
only upto a period lss than 12 months for Nostoc muscorum, Anabaena variablis and
Gloeocaosa sp. Even during this period there was noticeable decrease in growth. 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 at ultra low
temperature. 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 well 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.

45.1.2  Photosynthetic and respiratory activities

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

Control | Regeneratedsample | Control | Regenerated sample
(Photosynthetic oxygen evolution (nmol | Respiratory oxygen consumption (nmol
O, evolved pg' chla h) O, consumed pg~ chla h')
Ist year 437 +£3.3 321 £2.8 413 +3.2 311 £2.5
znd year 439 +3.1 317 £2.7 415+3.3 208 +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 pg” chla h™) O, consumed pg" chla h™)
Ist year 442 +£3.3 33043.2 417 £2.7 311 £2.4
2" year 440 +3.5 323 43.2 41542.7 300 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 consumption {nmol
O_evolved pg' chia h') O_ consumed pg' chiah')
Ist year 402 +2.8 354 £2.8 378 £2.5 345 £2.5
2" vear 400 +2.8 351 +2.9 373 +2.6 340 +2.4
3" year 400 +2.3 339 £3.2 374 42.6 321 42.2

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

15% glycerol.
Control J Rege ne rated sample Control ] Regene rated sample
(Photosynthetic oxygen evolution (nmol | Respiratory oxygen consumption (nmol
O2 evolved pg' chia h') 0O, consumed pg' chlah')
Ist year 280.55 +4.1 227.13£3.3 397.56+2.3 331.16 £2.3
2 year | 277.564.2 220.1243.5 394.1542.5 329.37+23
3rryear 280.14 +4.2 220.16 +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

l Regene rated sample

Control

Regenerated sample

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

Respiratory oxygen consumption (nmol
O, consumed ug' chlah')

Tstyear 07521 354323 378523 345429
2" year 400 +1.8 351 12,3 373 2.3 340 2.8
37 year 400 +1.7 33942.2 374 42.1 321 42.8

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' chlah') O, consumed pg ' chla h')
Ist year 437 43.0 382 +2.7 413 £3.1 327 +2.4
2 year 439 +3.1 377 +2.5 415 3.2 320 +2.5
3 year 439 +3.2 354 +2.5 413 +3.1 270 2.7
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Table 4.8 b: Photosynthesis and respiration of Anabaena variabilis preservation in 5%

DMSO.
Control | Regenerated sample Control j Regenerated sample
(Photosynthetic oxygen evolution {nmol | Respiratory oxygen consumption (nmol
O, evolved pg' chla h') O, consumed pg"' chla h')
Ist year 442 +3.5 397 +£3.2 417 £2.5 354+2.3
2" year 440 £3.6 381 3.3 415+2.3 33142.2
3'd year 440 £3.3 372434 413 £2.1 325+2.1

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

DMSO.
Control J Regenerated sample Control J Regenerated sample
(Photosynthetic oxygen evolution (nmol | Respiratory oxygen consumption (nmol
O, evolved pg" chla h') O, consumed pg" chla h™)
Ist year 402 £2.5 387 £3.1 378 £2.1 369 £2.4
2nd year 400 £2.7 385+£3.0 373 £2.1 354 £2.3
3" year 400 £2.5 379 2.7 374 £2.4 323 2.3

Table 4.8 d: Photosynthesis and respiration of Mastigocladus laminosus 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 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 T Regenerated sample

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

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

Ist year 396 +2.1 387427 342 43.1 354 +3.3
2" year 395 +2.3 385 2.5 340 +3.3 354 43.2
3" year 395 42.3 379 425 340 +3.3 333 43.1

Effect of long term cryopreservation on photosynthetic and respiratory activities

using 15% glycerol and 5% DMSO manifested as a slight decrease in these activities, which
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as in previous cases recovered almost to 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
respration was more promounced 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 properties. 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 exhibted 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 erspiration in_-’
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the samples regenerated directly after storage for 1* and 2™ years.

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

and nitrite reductase (NIR) activities

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
actilvity (ﬂlmOl (nmo NOJ (nmol NO_ tratr}s ierase | activity activity
-glut 2 2 ctivity (nmo
;llygdlrloii/nri,me formed/min/mg | consumed/min/ 3—gllultgrr§y I (nmol NO, (nmol NO,
formed'/min protein) mg protein) hydroxy mate forme@/min/mg consumefj/min/
/mg protein) formed/min protein) mg protein)
/mg protein)
ylesz:r 767 £5.3 2.4 +0.11 547 +3.1 627 £5.3 1.1 £0.14 420 £3.3
nd
2 763 £5.2 2.340.15 542433 590 5.5 0.95+0.13 407 £3.4
year
d
3 763 £5.2 2.3+0.13 546 £3.3 524 £5.5 0.82 +0.13 400 £3.4
year
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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 Glutamme Nitrate Nitrite
transferase activity activity synthetase reductase reductase
activity (nmol (nmo1 NO (nmol NO trans ferase activity activity
y-glutamy | 2 2 activity (nmol mol NO mol NO
hy droxy mate formed/min/mg | consumed/min/ |y o1 1amy | (n 5 (n 5
formed/ mm protein) mg protem) hy droxy mate formed/min/mg | consumed/mn/
/mg protein) formed/min protem) mg proten )
/mg protemn)
Ist
year 765 £5.6 2.5+0.14 55433 631 +5.7 1.1+0.13 479 £3.1
nd
2 763+5.5 2340.17 547 £3.2 592 £5.6 0.98 £0.12 462 +3 |
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 ¢: Enzyme activities of Plectonema boryanum regenerated from preservation in

15% glycerol.
Control Control Control Regenerated Regenerated Regenerated
Glutamme Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamme Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actvity (nmol (nmol NO (hmo 1 NO transferase activity activity
y-glutamy | 2 2 activity (nmol
hy droxy mate formed/mm/mg | consumed/min/ y-glutamy | (nmol NO; (nmo NO:
formed/mm protein) mg protemn) hydroxy mate formed/min/mg | consumed/mn/
/mg protemn) formed/min protein) mg protein)
/mg protein)
Ist 729 +£3.2 2.110.7 521 +£2.5 700 £3.1 1.8 £0.5 507 £2.3
year
nd
2 729 £3.2 2105 520 £2.3 678 £3 1 1.5+0.4 507 +2.2
year
rd
3 725 +3.4 2.120.5 517423 642 +3.2 10+0.4 482 £2.2
year
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Table 4.9 d: Enzyme activities of Mastigocladus lammosus regenerated from preservation
in 15% glycerol.

Control Control Control Regenerated Regenerated Regenerated
Glutamme Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transferase activ ity activity sy nthetase reductase reductase
actll» ity (nlmol (nmol N02 (nmol NO transferz(xse | activity activity
y-glutamy 2 activity (nmo
hy drox, mate formed/min/mg | consumed/min/ r-glutamy | (nmo I NO, (nmol NO,
formed/ mun protein) mg protein) hy droxy mate formed/min/mg | consumed/mn/
/mg protem) formed/min protein) mg protem)
/mg protemn)
Ist
year 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
year
rd
3 2343 +122 8.71 £1.3 151.21£1.2 1947 +121 5.1%101 106.41 +£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 Glutamme Nitrate Nitrite
transferase activity activ ity synthetase reductase reductase
activity (nmol (nmo [ NO (nmo | NO transferase activity activity
y-glutamy | 2 2 activity (nmol (nmo | NO (hmo ! NO
hydroxy mate formed/min/mg | consumed/min/ y-glutamy | > 2
formed/mmn protem) mg protein) hy droxy mate formed/min/mg | consumed/mm/
/mg protem) formed/ min protein) mg protem)
/mg protein)
;/Z;r 329 +3.0 1.1£0.3 22111 300 £3.1 1.1£0.1 201 £1.0
nd
2 329 +£3.1 1.1+0.3 220 +1.2 289 £3.3 0.85£0.1 195 1.1
year
rd
3 325 3.1 1.1 £0.5 217 1.1 267 £33 0.93 £0.1 195 £1.1
year
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Table 4.10 a: Enzyme

activities of Nostoc muscorum regenerated from preservation mn 5%

DMSO
Control Control Control Regenerated Regenerated Regenerated
Glutammne Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamine Nitrate Nitrite
transterase activity activity synthetase reductase reductase
actllv 1tty (nlmol (nmo1 NO_ (nmol N02 tralnsierzzse | activity activity
-glutamy 2 activity (nmo
zygdrox} mate formed/min/mg | consumed/min/ y—glut;m} | (nmol NO, (nmol NO,
formed/mmn protein) mg protein) hy droxy mate formed/mmn/mg } consumed/mm/
/mg protemn) formed/min protemn) mg protein)
/mg protein)
Ist
year 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 2.310.15 546 +£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% DMSO.
Control Control Control Regenerated Regenerated Regenerated
Glutamme Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamme Nitrate Nitrite
transferase activity activity synthetase reductase reductase
actllvxtty (nlmol (nmol NOj (nmol N07 tratnsiera(lse | activity activity
-glutam 2 2 activity (nmo
zygdroxy r}nate formed/min/mg | consumed/mn/ V-glutgmy | (nmol NO, (nmoi NO,
formed/ min protein) mg protem) hy droxy mate formed/mm/mg | consumed/mimn/
/mg protein) formed/min protein) mg proten )
/mg protein)
Ist
year 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
year
rd
3 763 +£5.7 2.3+0.13 545 +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
Glutamme Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamme Nitrate Nitrite
transferase actn ity activity synthetase reductase reductase
act11v1tt) (nlmol (nmoll NOz (nmoll NOZ tratnsft‘erase | actvity activity
-glutam activi
;Y\ygdroxx r)na\e formed/mm/mg | consumed/mimn/ Y-glut;ngllmo (nmoll NOZ (nmol NOg
formed?mm protemn) mg proten) hy droxy mate formed/min/mg | consumed/mn/
/mg protein) formed/mmn protein) mg protein)
/mg proten)
Is
ye;:r 729 £3.4 2.1%1.0 521 +27 723 +£3.1 2.1 £0.7 518 £2.2
nd
2 729 £3.2 21106 520 £2.4 720 +2.8 1.8 +0.8 505 £2.2
year
d
3 725 3.5 2.1 0.6 51722 689 +£2.8 1.0 £0.8 478 £2.2
year

Table 4.10 d: Enzyme activities of Mastigocladus laminosus regenerated from preservation

in 5% DMSO.
Control Control Control Regenerated Regenerated Regenerated
Glutammne Nitrate Nitrite sample sample sample
synthetase reductase reductase Glutamme Nitrate Nitrite
transferase activity activity synthetase reductase reductase
activity (nmol (nmol N02 (nmol NOq transferase activity activity
zﬁil:;iymynéte formed/mm/mg | consumed/min/ 3211‘;2“2;{“0 l (nmol NO2 (nmol NO2
formed/min protein) mg protemn ) hy droxy mate formed/min/mg | consumed/mmn/
/mg protemn) formed/mmn protem) mg protein )
/mg protein)
ISt 23462125 | 879+13 | 157.43+15 | 2217+122 8.6%1.1 143.16 £1.2
car . . . . .
y ar
2 23374124 | 87113 | 15242414 | 22154126 85¢11 143.78 +1.2
year
rd
3 2343122 8.71+1.3 15121 1.4 | 2109+125 78+l 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 Glutamme Nitrate Nitrite
transferase activity activity synthetase reductase reductase
activity (nmol (nmo1 NO (nmo 1 NO transferase activity activity
y-glutamy | 2 2 activity (nmol IN I NO
hydroxy mate formed/min/mg | consumed/mmn/ |y oyygamy] (nmol NO, (nmol NO,
formed/min protemn) mg protein) hy droxy mate formed/min/mg | consumed/mn/
/mg protemn) formed/min protein) mg protein)
/mg protein)
Ist
year 329+3.3 1.1 0.5 221 £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 +£0.4 217 1.1 297 £2.9 1.1 0.5 217 £1.1
year
4.6  Calculating the retained viability index (RVI,)

The tolerance of filamentous heterocystous cyanobacteria to the stress afforded by
preservation methods on different solid matrices was evaluated using the retained viability
index (RVIjp) as describe by Silva and Silva 2003. Cell viability was estimated by the RV
using the following expression: (B9-Bgy)/By where By is the initial biomass dry weight and
Bio the biomass dry weight after 10 days of incubation. Positive values of RVI g indicate net
yields of actively growing biomass, while negative values correspond to cases with partial
survival or total death of cyanobacterial biomass RVIj¢ gives meaningful insights on the

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

4.6.1 Results

The concept of RVl 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 evaluate the impact of
desiccation and preservation on particular cyanobacteria of agronomical importance. In the
present study, RVIjp was calculated for the two members belonging to filamentous
heterocystous group, Nosfoc 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
RVl1;p, 20 mg of powder biomass were suspended in 20 ml of medium and poured onto Petri
dishes followed by incubation for 10 days 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
cakulated using the expression given above. 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.

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 (RVlg).

SL | Preservation | Storage condition Retained viability index (RVI,,)
no. | method(s)

6 months 12 months | 24 months | 36 months
Serial Continuous
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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Desiccated. room

3 Agar cubes temperature, 2.2 2.1 1.0 0.87
dark
Room

4 Foam cubes temperature, 2.0 1.8 1.0 0.75
Dark

Table 4.11 b: Effect of preservation on Anabaena variabilis as indicated by retained
viability index (RV1Io).

SL | Preservation | Storage condition Retained viability index (RVI,,)
no.| method(s)
6 months 12 months | 24 months | 36 months
Serial Continuous
1 subcultures iltumination, 43 4.2 4.1 4.0
(control) 25+2°C
. Desiccated, room
2 |, ﬁzt“;“t‘)‘e“a i | temperature, 36 35 3.4 33
g dark
Desiccated, room
3 Agar cubes temperature, 2.2 2.2 1.5 1.3
dark
Room
4 Foam cubes temperature, 33 2.5 2.0 1.3
Dark

Table 4.11 a and b shows the RVI;¢ 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 cakium alginate beads. When the

RVIj 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

which also revealed that calcium alginate beads preserve cyanobacteria better than most

other matrices. A reduced value of RV1;y was obtained in samples regenerated from foam

and agar cubes after 12 months of preservation. Hence the finding here from RV, 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

(Fig4.21).

u 3 14 5 6 7 8 19 Lo u2

Fig 4.21: PCR profile of cyanobacteria regenerated from calcium alginate beads. [ In 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 efficiency 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 cyanobacterial
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
conducted 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 chlorophyll a content, heterocyst frequency, nitrogenase activity,
photosynthetic and 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 cyanobacteria that were included for study, Anabaena
variabilis recorded best performance, followed by Nostoc nuscorum, Plectonema boryanum,
Mastigocladus laminosus and Gloeocapsa sp. It may be concluded that cyanobacteria may
be safely stored/preserved using this method at least for a period of24 months.

A major finding of this work was the excellent performance of cakium 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 held true even for samples that were
stored 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 convenient for long term preservation of
cultures in axenic conditions without losing any viability or essential characters in the
samples preserved. This gives liberty to a researcher from maintaining 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 similar organisms and mis- labelling or loss of cultures due to

overcrowded racks. This not only reduces the work load involved in regular batch culturing
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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 foam 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 cyanobacteria. 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 (-80°C) using cryoprotectants. However, this requires sophisticated ultra
refrigeration systems. Since domestic refrigerators are cost effective and are part of most
laboratories, the role 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 loss 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 (RVIjo) gives an indication of viability of dried
cyanobacterial samples after extended periods of storage. However, RVIljo is generally
estimated for samples which are projected as biofertilizer. Thus, retained viability indices
for desiccated stored Nostoc muscorum and Anabaena variabilis samples were calkulated
keeping in mind that these two cyanobacteria 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 the addition of supplementary amounts of
nitrate 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
e This chapter dealt with evaluation and assessment of some existing methods of

cyanobacterial preservation. The emphasis was to find the suitability of the methods

113



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 changes 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
handling, 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 kast a period of 18-24 months.

Cakium alginate proved to be most promising and dependable in long term
preservation of cyanobacteria. Cyanobacterial samples thus stored retained therr
viability for very long periods without any loss of characters that are indispensablk
for independent survival Also, large quantities of samples could be stored as
cakium 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. [t 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
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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 time.

e 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.

e The initial amount of inoculum played a very determining rok 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.

e Non-heterocystous cyanobacteria needed addition of supplementary nitrate in the

media.
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Chapter 5

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

5.1 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 effluent 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,
immobilized cyanobacteria in dry form are an attractive alternative to wet live cells for
transport and 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 et al 1997, Prasanna et al 1998).

This Ph.D. work mainly concerns preservation and conservation of cyanobacteria.
Effective preservation and conservation would certainfy 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 feasibke 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 (Areca catechu) as carrier material.
Rationale for choosing these materials was that they are biodegradable natural substances
that are locally available. This chapter 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 CM9
(Nostoc sp.) from chapter 3, table 3.2. RF'7 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 11 media. 100 ml
each of exponentially growing (15 days old) cyanobacterial culture with chlorophyll a
concentration of 10 pg ml"' 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 smali
pieces (Fig 5.1 b). The concentrated slurry of cyanobacterial was then poured over and
mixed properly using sterilized forceps and kft to dry under aseptic conditions inside the
laminar flow cabinet (Fig 5.1c, d). Once the cyanobacterial cultures dried, the fibres were

packed into polybags.
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Fig 5.1: Immobilization of cyanobacteria in Luffa cylindrica (a) dried Luffa cylindrica, (b)
washed and cleaned cubes of Luffa cviindrica, (c. d) Luffa cylindrica cubes containing
cyanobacterial cultures.

524 Immobilization on betel nut covers (‘snep kwai’)

Betel nut (Areca catechu), *sncp kwai” {Fig 5.2 a) were cut into uniform sized pieces
and the fibers were looscly scparated from cach other (Fig 5.2 b). These were washed
thoroughly several times, rinsed with suitabk media and then dried at 35°C in the oven (Fig

5.2 ¢). Inoculation and packaging were done as in the case of luffa (Fig 5.2 d).
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Fig 5.2: Immobilization of cyanobacteria i fibres of Areca catechu (a) Dried Areca catechu
(betel nut) (b) fibres of betel nut (c) washed and ckaned fibres of betel nut (d)
cyanobacterial cultures inoculated 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 charceal pieces

Small size charcoal pieces were washed and dried before autoclaving. Concentrated
cyanobacterial slurry was poured on these pieces as in the case of ‘luffa’ and ‘snep kwar’.

However, cyanobacterial filaments were not retained ¢ffectively 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 g mI''. Autoclaved charcoal pieces were then dipped in to the conical
flasks containing the cultures (Fig 5.3 a). These were retricved after being left for four days
in the flasks. The excess media was drained off and the chips were left to dry. This
adjustment 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 dred pieces of charcoal contaming the immobilized cyanobacteria were

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

Fig 5.3: Immobilization of cyanobacteria on charcoal pieces (a) charcoal pieces inoculated
in 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 remove
pebbles and other organic substances such as roots, kaves ctc. 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 mI™"). 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’ after one year of preservation.

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 a (MacKinney 1941). Their heterocyst frequency was counted under
a light microscope and expressed as percentage of total cells. Acetylene reduction activity
by nitrogenase enzyme (EC/.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
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Fig 5.5: Growth curve of Nostoc sp (Nsp) regenerated from (a) ‘snep kwar’, (b) Luffa
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Fig 5.6: Growth curve of Anabaena sp. (Asp) 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 m 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 prese rvation on
these bases was similar to the control cells. Nostoc cells could survive even longer duration
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 wurned 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 regeneration potential upto a period of one year. The growth in cells regenerated
from luffa and charcoal seem to follow a parallel trend of being 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 concentration of 10pg ml! 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.

532 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 cells in case of ‘snep kwai’ (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 activity 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)
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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, (c ) 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;
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, I 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: N itrogenase 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 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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54 Conclusion

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
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 relatively 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 carriers 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.

55 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 holding 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
cyanobacteria. 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 on 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 alternatives 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 solution of these

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 prevailing 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 life 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 Sample identified as

Rice fields Near NEHU Campus Anabaena oryzae

1 RF 1
Meghalay a

2 RF 2 Rice fields Near NEHU Campus Plectonema borvanum
Meghalaya
Rice fields Near NEHU Campus

3 RF3 Meghalaya Vostoc sp
Rice fields Near NEHU Campus Anabaena oryzae

4 RF4
Meghalay a

_ Rice fields Near NEHU Campus

5 RF5 Meghalay a Aphanothece sp
Rice fields Near NEHU Campus

6 RF6 Mecghalay a Nostoc sp
Rice fields Near NEHU Campus Anabaena sp

7 RF7
Meghalaya
Rice fields Near NEHU Campus

8 RF8 M eghalay a Calothrix sp
Rice fields Near NEHU Campus

A

9 RF9 Meghalay a ostoc sp
Rice fields Near NEHU Campus

10 RE10 Meghalaya Vostoc sp

11 RF11 Umkhen Jaintia Hills Meghalay a Tolvpotht ix sp

12 RF12 Umium RiBhot Meghalay a Nostoc sp

- Nongstoin West Khasi Hills

13 RFi3 Meghalay a Anabaena sp
Mawphlang Fast Khas1 Hills \

14 RFI14 Meghalay a osfoc sp

15 RFI> Svntu kstar Jaintia Hills 4nabaena sp
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Meghalaya.

Syntu Ksiar. Jamtia Hills.

16 RF16 Meghalaya Nostoc sp.
Syntu Ksiar. Jamtia Hills. Anabaena sp.
17 RF17 Ssghalaya
ntu Ksiar. Jantia Hills.
18 RF18 i{yeg]alaya IYostoc sp.
Syntu Ksiar. Jamtia Hills.
19 RF19 Meghalays. Nostoc sp.
Syntu Ksiar. Jamtia Halls.
20 RF20 Meghalaya Gloeocapsa sp.
Syntu Ksiar. Jamtia Hills. o
21 RF21 Meghilaya Anabaena variabilis
22 RF22 Rice fields. Guwahati, Assam Nostoc sp.
23 RF23 Rice fields. Guwahat1i, Assam Nostoc sp.
24 RF24 Rice fields Somapur Assam Anabaena sp.
25 RF25 Rice fields. Sonapur Assam Plectonema sp.
26 RF26 Rice fields. Sonapur Assam Nostoc sp.
27 RF27 Rice fields. Bagon Assam Nostoc sp.
28 RF28 Rice fields. Bagon Assam Calothrix sp.
29 RF29 Rice fields. Dergaon Assam Westiel lopsis sp.
30 RF30 Rice fields. Dergaon. Assam CRsirospermm
fertilisma
31 RF31 Rice fields. Golaghat, Assam Anabaena sp.
Jakrem hot spring West Khasi Hills. . ;
32 HSI Mechulays Mastigicladus laminosus
33 NAl f}‘”{}“{b ‘,‘;"m’ 05 punclalus Nostoc sp.
34 Na2 g%f{if;‘m’ oS precizn Nosioc ANTH
From Anthoceros punctasss
35 NA3 (Mawphiang) Nostoc sp.

A visual screening established that all 35 sclates showed colonization of rice roots

to varying degrees (Fig 6.1).

Fig 6.1 : Rice root colonization by cyanobacteria
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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 chlorophyll 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 5?'0'/‘0‘):’):: nmol C;H, activity nmol C,H;
no. number identified as d He'e ht produced/ pg chl a/h | produced/ pg/g root dry
ry weight) (freediving) weight/h
| RF1 Anabaena oryzae 432 5 7132
2 RF3 Nostoc sp 505 63 822
3 RF4 Anabaena oryzae 412 43 591
4 RF6 Nostoc sp 378 38 512
5 RF7 Anabaena sp 682 70 10 62
6 RF8 Calothrix sp 565 64 8 60
7 RF9 Nostoc sp 398 49 572
8 RF13 Anabaena sp 518 62 843
9 RF14 Nostoc sp 501 60 787
10 RFI6 Nostoc sp 619 78 976
il RF19 Nostoc sp 583 68 874
Anabaena
12 RF21 variabilis 467 49 613
13 RF22 Nostoc sp 453 52 687
14 RF23 Nostoc sp 466 59 759
15 RF24 Anabaena sp 379 49 S73
16 RF26 Nostoc sp 475 59 691
17 RF 27 | Nostocsp 498 65 740
18 NA | Nostoc sp 663 74 1033
19 NA 2 Nostoc ANTH 493 71 7 84
20 VA 3 Nostoc sp 488 64 774
Mastigocladus "
21 HSI laminosus 324 31 4 66

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 isolates were collected from rice fields that recorded pH in
the acidic range (6.2 for solate RF7 and 6.8 for RFI6). 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 association had significant beneficial impact on the overall growth of rice

seedlings (Fig 6.2).

Fig 6.2: Positive influence of cyanobacteria on the growth of rice plants

Seven experimental set ups each comprising ten seedlings were used to study the
effect of rice-cyanobacteria co-cultivation 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 paralle]l 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).

Sl no Root lengths ( ¢m) Shoot lengths (¢cm) Root dry weight (g) Shoot dry weight (g)
-C +C -C +C -C +C -C +C
1 5.5 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
5 4.2 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 Awerage Average Awerage Average
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 abl to 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
cyvanobacterial isolates RF7, RFI16 and NAIl were immobilized on betel nut covers (5 ml
cyanobacterial culture with chlorophyll a content of 10 pg ml' 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, RF16 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 (ug/g root dry activity activity nmol C; H,
weight) nmol C; H, produced/ pg/g root
produced’ ug chi dry weight/h
a/h (free-living)
1 RF7 Anabaena sp. 696 7.32 10.55
2 RFI16 Nostoc sp. 612 7.56 9.48
3 NAl Nostoc sp. 668 7.23 10.19
64 &"N analysis as evidence of N-transfer from associated

cyanobacteria (RF7) to rice seedlings

The knowledge of symbiotic association where there is beneficial exchange of
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 8'°N:
8'*N (%0) = [(R sunpe/R stancara)-1] X 100
Where R = "N/ "N ratio and the standard is the dinitrogen of air, defined as having a &
value of zero.

It is well established that soil N has higher abundance of '°N than atmospheric N
owing to BN being sekctively 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 from 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 Kohl 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 11y 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 regenerated cyanobacterial samples. In Table 6.5, natural 8'°N abundance of rice
seedlings grown with or without RF'7 are presented to compare cyanobacterial contribution
to the nitrogen budget of rice plants.

Table 6.5: 5'°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 3"°N value (%)
Unassociated Rice seedlings 4.82+0.12
Associated Rice seedling with free-living RF7 1.65+0.18

Rice seedling 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 ablk to form tight association with the
roots (Table 6.2). And such association ld 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 associated partners to bring about positive influence on growth of
rice plants. Of the twenty one tightly associating cyanobacteria, RF7, RF16 and N4l showed
distinctly higher associtive 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%c 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. 8'°N
value of 1.98%o obtained from rice seedlings associated with RF7 sample regenerated from
immobilization on fibres of betel nut outer cover after six month of preservation 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 has been done to
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reduce heavy metals from wastewater by using cyanobacteria (Anjana et al 2007; ElEnany
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 lke cadmium,
lead, chromium from water (Anjana et al 2007; EFEnany and Issa 2000; and Cain et al
2008; Inthorn et al2002). Microbial biomass can passively bind large amounts of metal(s), a
phenomenon commonly referred to as biosorption, thus providing a cost-effective 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 Meghalaya

(Table 6.6).
Table 6.6: Cyanobacterial isolates collected from coal mining sites in Meghalaya.
Sl.no. | Sample no. Origin of sample(s) Sample identified as
1 CM1 Coal mining site East khas1 hills Meghalaya Anabaena sp
2 CM2 Coal miningsite East khasi hills Meghalaya Nostoc sp
3 CM3 Coal mining site Jowar Jantia Hills Meghalaya Nostoc sp
Coal mining site Ladry mbai Jamtia Hills ,
4 CM4 Meghalaya Nostoc sp
Coal mming site Ladry mbar Jaintia Hulls .
5 CM5 Meghalaya Vostoc sp
Coal mining site Khliehriat Jaintia Hills
6 CM6 Meghalay a Anabaena sp
Coal mining site Khlichriat Jaintia Hills
7 CM7 Meghalaya Anabaena sp
Coal minmngstte Khhichnat Jamtia Hills
8 CM8 Meghalaya Anabaena sp
9 CM9 Coal miningsite Jonar Jantia Hills Meghalaya Vostoc sp
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Being isolated from 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 surrounding growth medium. Additionally, we had included zinc in our study as zinc
is a common heavy metal pollutant in the environment. Among the isolates, two ubiquitous
cyanobacterial strains (dnabaena sp. and a Nostoc sp.) were found to be most efficient in metal
removal. These two strains were selected for the study. Atomic absorption spectroscopy
(Perkin Elmer 3110 Atomic Absorption Spectrophotometer, Sophisticated Analytical
Instrumentation Facility, NEHU, Shillong) was used to determine presence 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; EFEnany 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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Fig 6.3: Light microscopic pxtures of 4nabaena sp. (a) and Nostoc sp. (b) sckcted for the
study

For evaluating metal removal potentml of these cyanobacterial strains, exponentially
growing cyanobacterial cultures were concentrated by centrifugation and then were
resuspended in BG 119 medium containing 0.02 mM cadmium sulphate or zinc sulphate.
Increasing concentration of Cd and Zn m the growth medium negatively affected the growth
and other metabolic characters in both the cvanobacterm sps. Presence 0f 0.02 mM Cd ked to
visble fissures on many cyanobacterial celis without altering the cell shape (Fig 6.4 a).
However, same concentration of Zn m the mednum had completely different effect on the
morphology of the cells (Fig 6.4 b). The cells m Zn supplkemented medium showed osmotic
type of stress where many cells had become rounded and deflated. The connections between

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

(b)

Fig 6.4: Scanning ¢lectron 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, distribusion of the removed ions on and within the cells
was calculated using the following method. To find out the amount of heavy metals
precipitated 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 ion 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 intracellular 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
ion 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 m 48 h Cd Zn Cd Zn
(A) Total metal 10ns removed from the medum 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 77 70
(D) Accumulated mtracellularly (of removed metal) 12 23 16 22
(E) Unaccounted metal 10ns 2 2 1 2

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

72h. 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%).
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Fig 6.5: Metal ions removal by (a) Nostoc sp. and (b) Anabaena sp.

W ith the above knowledge of cyanobacteria’s potential in reducing heavy metal load
in the surrounding, experiments were set up to study their potential in 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 mlI”.
0.02 mM cadmium and zinc was found to be toxic to rice plantg. Fig 6.7a shows that
exposure to this concentration of CdSO, ld 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 cadmium toxicity on rce seedlings: (b) protection to toxicity offered
by presence of cyanobacteria

Table 6.8: Comparative root and shoot iength of rice plantlets grown in cadmium
supplemented medium, with and withow cyanobacteria. (Values are mean of three
independent sets of experiments).

Root length (cm) Shoot length (cm)
0.02 mM (B) + 0.02 mM (B) +
Contral (4) cadmium (B) cyanobacteria Control cadmium (B) cyanob)acteria
8.9 5.5 5.6 17.7 11.3 14.7
93 5.2 7.3 16.8 10.2 13.6
10.5 4.6 6.5 17.3 10.6 13.9
10.0 39 5.9 17.9 11.1 14.2
10.6 4.2 55 20.1 12.8 15.0
11.2 6.1 7.3 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 scedlings were compared in absence and

presence of cyanobacteria, the postive effect of cyanobacteria in their vicinity is clearly
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visible (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 lkength
respectively. However, presence of cyanobacteria reduced this inhibitory effect to 35.70%
and 21.89% in the growing root and shoot kengths. 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 biodegradablk 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 for 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.

6.9 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 suitable 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 recent 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 favourable conditions of growth, these immobilized
cyanobacteria proliferated in the medium and were found to retain their nitrogen fixing
ability. Therefore, charcoal pieces along with cyanobacteria coul_d 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 lifespan.
Based on our observations, we have studied performance of cyanobacteria immobilized on
charcoal in supporting better growth etc of orchid plantlets.

Dendrobium aphylum plntlets were germinated from seeds in the culture room
using medium (Murashige and Skoog 1962; Das et al 2007). The plants were hardened
msiude the culture room and finally transferred on to disposable plastic cups containing soil

and charcoal chips (Fig 6.7).

Fig 6.7: Plantlets of orchid being grown on charcoal chips containing immobilized 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

150



containing charcoal with cyanobacteria cells (Fig 6.8 b). The pots were only watered every

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

@ ®)
Fig 6.8: (a) Orchid plantlets growing on un-suppkmented charcoal (b) better growth of
orchid plantlets growing in presence of immobilized cyanobacteria on charcoal.

On close inspection cyanobacterial cells were found adhered to the individual orchid

roots (F1g 6.9).

Fig 6.9: Cyanobacterial filaments adhéring to the roots of orchid plantlets
The overall growth, the root size (length and thickness) and shoot appearance (the
individual leaf size) was higher in the pots with Nostoc cells than in the plants used as

reference without the immobilized cyanobacteria (Fig 6.10 a, b).
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Fig 6.10: (a, b) Healthy orchid plantlets growing in presence of cyanobacteria; (c, d) poor
growth of orchid plantlets on un-supplemented charcoal

6.10 Salient findings

Rice ficlds provide ideal condmons for growth of cyanobacteria. All collections
from diverse rice fields yielded one of more cyanobacteria in the collection even
though most rice ficlds in the state recorded acidic pH and cyanobacteria are
known to prefer ncutral to alkalne pH.

All individual cyanobacterial isoltes were capablk of colonizing rice root albeit
to varying degrees.

Close association of cyanobacteria with rice roots resulted in better growth of
these plants.

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

in acidic rice ficlds.
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Evidence of biologically fixed nitrogen transfer was obtained using 8'°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 Nosroc
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 known to differentiate
morphologically and ultra-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. Buk 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 viabk
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 cultivation.

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
7.2.1 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 (Tabk 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 50pumol 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 ASSOFlatlon with
collected rice roots
1 A RF 16 Nostoc sp. Meghalaya ++
2 B RF2 Plectonema Meghalaya -
boryanum
3 C RF3 Nostoc sp. Meghalaya +
4 D RF4 Anabaena oryzae Meghalaya ++
5 E RFS Aphanothece sp. Meghalaya -
6 F RF6 Nostoc sp. Meghalaya +
7 G RF7 Anabaena sp. Mcghalaya +
8 H RF8 Calothrix sp. Meghalaya +
9 1 RF9 Nostoc sp. Meghalaya ++
10 J REI10O Nostoc sp. Meghalaya +
1 K HS1 Mastigocladus Meghalaya ++
laminosus
12 L RF24 Anabaena sp. Assam -
13 M RF27 Nostoc sp. Assam +
14 N K1 Fischerellasp. West Bengal +
15 0 RF40 &y hndmfp ermm Manipur +
muscicola
16 P Ganga | Anabaena fertilissma Uttarakhand +
17 Q Ganga 2 Nostoc sp. Uttarakhand ++
18 R Ganga 4 Nostoc sp. Uttarakhand +
19 S UpP3 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;-
grown cultures of different cyanobacteria were transferred to sulfate limited BG11o 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 maintained at lower temperature in sulfate deficient media resulted in quicker

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

©) b3 @
Fig 7.1: Sporulation in cyanobacteria (a) Differential degree of sporulation observed in
experimental samples (b) effect of phosphate hmitation on cyanobacterial cultures (c) effect
of sulfate limitation on cyanobacterial cukures (d) complkte sporulation in some
cyanobacterial strains.

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 percentage of total cell population by light microscopic
observation using Olympus BX 51 light microscope.
7.2.4 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 were 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 unfavorablk
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.

. Percent
SI. 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 1 Nostoc sp. 94
8 \ Nostoc sp. 92
9 K Mastigocladus laminosus 98
10 L Anabaena sp. 96
11 M Nostoc sp. 78
12 N Fischerella sp. 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 (%)

I 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 into fresh BG11y 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 colonies
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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Fig 7.3: (a) Germination of spores on nutrient agar plates (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
within 148h. Light was an important factor for spore germination as spores did not
germinate in the dark at all This confirmed the earlier reports by Fay 1969; Yamamoto
1976; Chauvat et al 1982; Reddy et al 1975.

73.2 Growth, Heterocyst frequency and Nitrogenase activity

Fig 7.4,7.5 and 7.6 compares growth as increase in chlorophyll a content, heterocyst
frequency and nitrogenase activity respectively of cultures regenerated from spores to their
free-living counterparts after the spores were stored for one, two and three years in
desiccated state. Measurements were taken on the 8™ day. Hectic growth activities were seen
in all strains 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. However, 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
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Fig: 7.4: Chlorophyll a concentration (pg 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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Fig 7.6: Nitrogenase activity of the regenerated cyanobacterial samples as compared to their
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
A, K, L, Qand 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.]

Nitrogenase activity (nmol C,H,
produced/ug chl a/h)

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 evident 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.

Glutamine synthetase Nitrate reductase
(transferase) T -
(nmol y-glutamyl hydroxymate (nmol product Noz min- mg
formed min”' mg™' protein) protein)
Control A 756 = 8 210+ 0.14
A (1 year) 767+ 7 2,16 £ 0.15
A (2" year) 784+ 5 220+ 0.13
A (3% year) 215 214+ 0.13
Control K 2442 + 121 9.02 + 0.6
K(1* v ear) 2450 + 125 9.14 £ 0.5
K(2" year) 2464+ 123 9.16 = 0.4
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K(3" year) 2121+ 122 9.02 + 0.6
Control L 789+ 9 3.21 £ 1.1
L(1* year) 7999 3.3 1.1
L(2" year) 801+8 3.23 0.9
L(3“ year) 782+ 6 3.29 1.1
Control Q 781+ 5 2.28 0.7
Q(1% year) 780 £ 6 2.35+0.8
Q(2" year) 792+ 8 2.48 £0.7
Q3" 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
T(3 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 Complkex 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
from 10 plants. ++ indicates tighter association between cyanobacteria and rice roots).

S1 no. Samples Strains Colonization | Nitrogenase activity of Nitrogenase
ability free-living cultures activity in
(nmol G, H, produced/ | association with
pg chla/ h) rice roots (nmol
C,H, produced/
png chla/ h)
1. A Nostoc sp. +H 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
(Wok 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
inducing 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 Nosroc 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 temperature (10-12°C). It was a consistent observation during the
study that all cyanobacterial spores exhibited 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 biofertilizer strains as spores in a dry form
could overcome such limitations associated with distribution of viable inoculum. Spores
released to water 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 biofertilizer 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 reflected 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 means 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 Mastigocladus laminosus showing immediate and

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

They can be stored safely for at least a period of at last 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-nomenclture etc. that are
otherwise often encountered during routine batch culturing and maintenance of
strains.

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

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 evaluation 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 groups 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 cakium 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 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/ml chl @) was a prerequisite to ensure longer duration of
viability of preserved cyanobacteria. Also it was found that non-heterocystous
cyanobacteria needed addition of supplementary nitrate in the media.
Naturally available, biodegradable and environment friendly matrices were
experimented to find suitable carrier material for short term preservation of
cyanobacteria. Betel nut covers, soil, Luffa cylindrica, charcoal chips were used for
preservation of cyanobacteria. Among these, dried Luffa cylindrica was found
unsuitable 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 coukd 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 characters of immobilized
cyanobacteria. Fibres of betel nut covers came in close second as base for
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 resulted 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
individual cyanobacterial isolates were capablk of colonizing rice 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 NAI 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 8'°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.

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 upon 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. Nitrogenase activity of these cyanobacteria
was found to be higher in the associative state 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.

172



REFERENCES

l.

10.

11.

13.

Adams D G (1992) Multicellularity in cyanobacteria. In: Mohan S, Dow C and Cole J
A (eds) Prokaryotic Structure and Function: A New Prespective. Society for General
Microbiology Symposium 47. Cambridge University Press. Cambridge, U K. 341-384.

Adams D G (2000) Symbiotic interactions. In: Whitton B A and Potts M (eds) The
Ecology of Cyanobacteria. Kluwer Academic Publisher, Dordrecht. The
Netherlands.523-561.

Adams D G and Carr N G (1981) The developmental biology of heterocyst and
akinete formation in cyanobacteria. CRC Crit. Rev. Microbiol. 9. 45-100.

Adams D G and Duggan P S (1999) Heterocysts and akinete differentiation in
cyanobacteria. New Phytol 144.3-33.

Aiyer R S (1965) Comparative algological studies in rice fields in Keral state.
Agricultural Research Journal of Kerala 3(1). 100-104.

Albrecht S L, Lattore C, Baker J T and Shanmugan K T (1991) Genetically altered
cyanobacteria as nitrogen fertilizer supplier for growth of rice. In: Dutta S K and

Sloger C (eds) Biological nitrogen fixation associated with rice production. Oxford
and IBH Publishing Co. Pvt. Ltd. New Delhi. 163-175.

Anjana K, Kaushk A, Kiran B and Nisha R (2007) Biosorption of Cr (VI) by
immobilized biomass of two indigenous strains of cyanobacteria isolated from metal
contaminated soil. J. Hazardous Materials 148. 383-386.

Arizmendi J M and Serra J L (1990) Purification and some properties of the nitrate
reductase from the cyanobacterium Phormidium laminosum. Biochem. Biophys Acta
1040.237-244.

Armstrong R E, Hayes P K and Walsby A E (1983) Gas vacuole formation in
hormogonia of Nostoc muscorom. J. Gen. Microbiol. 128. 263-270.

Arnon (1977) Decoloration of dye waste water by Oscillatoria. Environ. Sci. 2. 39—
45,

Awasthi M and Rai L. C (2004) Adsorption of nickel, zinc and cadmium by
immobilized green algae and cyanobacteria: a comparative study. Annals of
Microbiol. 54 (3). 257-267.

Awasthi M and Rai L C (2006) Interactions between zinc and cadmium uptake by
free and immobilized cells of Scenedesmus quadricauda (Turp.) Breb. Acta.
hydrochim. hydrobiol. 34. 20-26.

Azam F and Farooq S (2003) An appraisal of methods for measuring symbiotic
nitrogen fixation in kegumes. Pakistan J Bio. Sci 6 (18). 1631-1640.

173



4.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Bauer C C, Ramaswamy K S, Endley S, Scappino L A, Golden J W and Hasekorn R
(1997) Suppression of heterocyst differentiation in  Anabaena sp PCC 7120 by a
cosmid carrying wild-type gene encoding enzymes for fatty acid synthesis. FEMS
Microbiol. Lett.151. 23-30.

Bennett A and Bogorad L (1973) Complementary chromatic adaptation in a
filamentous blue-greenalga. J. Cell Biol. 58. 419-435.

Bergman B, Gallon J R, Rai A N and Stal L J (1997) Nitrogen fixation by non-
heterocystous cyanobacteria. FEMS Microbiol. Rev. 19. 139-185.

Bergman B, Lindblad P and Rai A N (1986) Nitrogenase in free-living and symbiotic
cyanobacteria: immunoelectron microscopic localization. FEMS. Microbiol. Lett. 35.
75-78.

Bergman B, Matveyev A and Rasmussen U (1996) Chemical signaling in
cyanobacteria-plant symbioses. Trends in Plant Science 1.191-197.

Bhadury P and Wright P C (2004) Exploitation of marine algae: biogenic compounds
for potential antifouling applications. Planta 219. 561-578.

Black K, Buikema W J, and Haselkorn R (1995) The hglK gene is required for
localosation of heterocyst-specific glycolipids in the cyanobacterium Anabaena sp
strain PCC 7120. J. Bacteriol. 177. 6440-6448.

Bohme H and Haselkorn R (1988) Molecular cloning and nucleotide sequence
analysis of the gene coding for heterocyst ferredoxin from the cyanobacterium
Anabaena sp. Strain PCC 7120. Mol. Gen. Genet. 214. 278-285.

Bottomley P J and Stewart W D P (1976) ATP pools and transients in the blue-green
alga, Anabaena cylindrical. Arch. Microbiol. 108.249-258.

Bryrant D A (1994) The molecular biology of cyanobacteria. Kluwer Academic
Publisher, Dordrecht. The Netherlands.

Cain A, Vannela R and Woo L K (2008) Cyanobacteria as a biosorbent for mercuric
on. Bioresource Technol. 99. 6578—6586.

Castenholz R W (1981) Isolation and cultivation of thermophilic cyanobacteria.In:
Starr M P, Stolp H, Truper H G,Balows A and Schlegel H G (eds) The prokaryotes:A
handbook in habitats, isolation and identification of bacteria. Vol 1. Springer-Verlag.
Berlin.236-246.

Capone D G, Zehr J P, Paerl H W, Bergman B and Carpenter E J (1997)
Trichodesmium, a globally significant marine cyanobacterium. Science 276. 1221-
1229.

Carr N G and Whitton B A (1982) Cyanobacteria: current perspective. In: Carr N G
and Whitton B A (eds) The biology of cyanobacteria. Blackwell Scientific. Oxford. 1-
8.

174



28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

Carrasco CD, Ramaswamy K S, Ramasubramanian T S and Golden J W (1994)
Anabaena xisF gene encodes a developmentally regulated site-specific recombinase.
Gene Development8. 74-83.

Cawse P A (1967) The determination of nitrate in soil solution by ultraviolet
spectrophotometry. Analyst 92. 311- 315.

Chellappa S L, Marinho I R and Chellappa N T (2004) Freshwater phytoplankton
assemblages and the bloom of toxic cyanophyceae of Campo Grande reservoir of Rio
Grande do Norte State of Brazil. Indian Hydrobiol. 7. 151-171.

Chen H and Pan S (2005) Bioremediation potential of Spirulina: toxicity and
biosorption studies of kead. J. Zhejiang University Science B 6(3). 171-174.

Chunleuchanon S, Sooksawnag A, Teaumoong N, Boonkerd K (2003) Diversity of
nitrogen-fixing cyanobacteria under various ecosystems of Thailand: population
dynamics as affected by environmental factors. World J. Microbiol. Biotechnol. 19.
167-173.

Cohen Z (1999) Chemicals from microalgae. Taylor & Francis Ltd. London, UK.

Corbett L L and Parker D L (1976) Viability of lyophilized cyanobacteria (blue-green
algae). Applied and Environ. Microbiol. 32(6). 777-780.

Daday A and Smith G D (1987) The hydrogenase- nitrogenase relationship ina
symbiotic cyanobacterium isolated from Macrozamia communis L. Johnson. Aust. J.
Plant Physiol. 14.319-324.

Dahms H U, Xu Y and Pfeiffer C (2006) Antifouling potential of cyanobacteria: a
mini-review. Biofouling 22. 317-327.

Danso S K A, Hardarson G and Zapata F (1993) Misconceptions and practical
problems in the use of '° N soil enrichment techniques for estimating N fixation.
Plant Soil 152.25-52.

Das M C, Kumaria S and Tandon P (2007) Protocorm regeneration, multiple shoot

induction and ex vivo establishment of Cymbidium devonianum Paxt. Asian J. Plant
Sci 6 (2). 349-353.

Day J G and Brand J J (2005) Cryopreservation methods for maintaining cultures. In
R. A. Andersen (ed) Algal culturing techniques. Academic Press. New York. USA.
16?—187.

Day J G, Benson E E, Harding K, Knowles B, Idowu M, Bremner D H, Santos L,
Santos F, Fried| T, Lorenz M, Lukesova A, Elster J, Lukavsky J, Herdman M, Rippka
R, and Hall T (2005) Cryopreservation and conservation of microalgae: the
development of a pan-European scientific and biotechnological resource (the COBRA
project). CryoLetters 26. 231-238.

175



41.

42.

43.
44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

De P K (1939) The role ofblue green algae in nitrogen fixation in rice fields. Proc. R
Soc. Lond. Ser B.127 121-139.

De Philippis R, Paperi R, Sili C and Vincenzini M (2003) Assessment of the metal
removal capability of two capsulated cyanobacteria, Cyanospira capsulata and
Nostoc PCC7936. J. Appl. Phycology 15. 155-161.

Desikachary TV (1959) Indian Council of Agricultural Research. New Delhi. 686.

Dodds W, Gudder D A and Mollenbauer D (1995). The ecology of Nostoc. J. Phycol.
31.2-18.

Doi Y (1990) Microbial Polyesters. New York. VCH

Dolly Wattal Dhar, Prasanna R and Singh B V (2007) Comparative Performance of
Three Carrier Based Blue Green Algal Biofertilizers for Sustainable Rice Cultivation
J. Sustainable Agri. Vol. 30(2) 41-50.

Dominic T K and Madhusoodanan P V (1999) Cyanobacteria from extreme acidic
environments. Curr. Sci. 77(8). 1021-1022.

Durner J, Bohm I, Knorzer O C, Boger P (1996) Proteolytic degradation of
dinitrogenase reductase from Anabaena variabilis (ATCC 29413) as a concequence of
ATP depletion and impact of oxygen. J. Bacteriol. 178. 606-610.

Dutta D, De D, Chaudhuri S and Bhattacharya S K (2005) Hydrogen production by
cyanobacteria. Microb. Cell Fact. 4: 36. 1475-2859-4-36.

EFEnany A E and Issa A A (2000) Cyanobacteria as a biosorbent of heavy metals in
sewage water. Environ. Toxicol. Pharmacol. 8. 95-101.

Elhai J and Wolk C P (1990) Developmental regulation and spatial pattern of

expression of the structural genes for nitrogenase in the cyanobacterium Anabaena.
EMBO J 9.3379-3388.

Fatma T (1999) Cyanobacterial and algal metabolism and environmental
biotechnology. Nora Publishing House. New Delhi. 272

Fatma A, El-Gohary and Fayza A Nasr (1999) Cost-effective pre-treatment of
wastewater. Water Sci. Technol. (39) 5. 97-103.

Fay P (1992) Oxygen relations of nitrogen fixation in cyanobacteria. Microbiol. Rev.
56.340-373.

Fernandez- Pinas F, Leganes F and Wolk C P (1994) A third genetic locus required
for the formation of heterocysts in Anabaena sp. strain PCC 7120. .J. Bacteriol. 176.
5277-5283.

Fermandez-Valiente E, Ucha A, Quesada A, Leganés F, Carreres R (2000)
Contribution of N2 fixing cyanobacteria to rice production: availability of nitrogen

176



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

from 15N-labelled cyanobacteria and ammonium sulphate to rice. Plant Soil 221.
107-112

Fillat M F, Borrias W E and Weisbeek P J (1991) Isolation and overexpression in
Escherichia coli of the flavodoxin gene from Anabeana PCC 7119. Biochem. J. 280.
187-191.

Fiore M F and Trevors J T (1994) Cell composition and metal tolrance in
cyanobacteria. Biometals 7. 83—103.

Flores E and Herrero A (1994) Assimilatory nitrogen metabolism and its regulation.
In: Molecular genetics of cyanobacteria. Byrant D A (ed) Kluwer Academic
Publishers. Dordrecht. The Netherlands.487-517.

Freddriksson C, Malin G, Siddiqui P J A and Bergman B (1998) Aerobic nitrogen
fixation is confined to a subset of cells in the non-heterocystous cyanobacteria
Symploca PCC 8002. New Phytol. 140. 531-538.

Frias J E, Flores E, and Herrero A (1994) Requirement of the regulatory protein NtcA
for the repression of nitrogen assimilation and heterocyst development genes in the
cyanobacterium Anabaena sp strain PCC 7120. Mol. Microbiol. 14. 823-832.

Frias J E, Merida A, Herrero A, Martin-Nieto J and Flores E (1993) General
distribution of nitrogen control gene ntcA in cyanobacteria. J. Bacteriol. 175. 5710-
5713.

Fritsch F E (1907) The sub-aerial and fresh water algal flora of the tropics. Annals
Bot. 30. 235-275.

Gallon J R (1992) Tansky Review No. 44. Reconciling incompatible: nitrogen
fixation and oxygen. New Phytol. 122.571-609.

Gallon J R and Chaplin A E (1987) An introduction to nitrogen fixation. Cassell
educational. London. U K.

Gerwick W H, Roberts M A, Proteau P J and Chen J L (1994) Screening cultured
marine microalgae for anticancer- type activity. J. Appl. Phycol. 6. 143—149.

Golden J W, Mulligan M E and Haselkorn R (1987) Different recombination site of
two developmentally regulated genome rearrangements. Nature 327. 526-529.

Golden J W, Robinson S J and Haselkorn R (1985) Rearrangement of nitrogen fixing
genes during heterocyst differentiation in cyanobacterium Anabaena. Nature 314.
419-423.

Gupta A B and Gupta K K. (1972) Effect of Phormidium extract on growth and yield
of Vigna catjang (Cowpea) T 5269. Hvdrobiologia 40. 127-132.

177



70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

Gupta R, Ahuja P, Khan S, Saxena R K and Mohapatra H (2000) Microbial
biosorbents: Meeting challenges of heavy metal pollution in aqueous solutions Curr.
Sci. 78 (8).

H u C, Zhang D, Huang Z and Liu Y (2003) The vertical microdistribution of
cyanobacteria and green algae within desert crusts and the development of algal
crusts. Ecology 60 (2).362-375.

Herdman M (1987) Akinetes: structure and function. In: Fay P and Van Balan C
(eds) The cyanobacteria. Amsterdam. Elsevier. The Netherlands. 227-250.

Herdman M (1988) Cellular differentiation: Akinetes. In: Packer L and Glazer A N
(eds) Methods in Enzymology 167. Academic Press. London. UK. 222-232.

Herdman M and Rippka R (1988) Cellular differentiation:hormogonia and baeocytes.
In: Packer L and Glazer A N (eds) Methods in Enzymology 167. Academic Press.
London. UK. 232-242.

Herrero A, Muro-Pastor M A, and Flores E (2001) Nitrogen control in cyanobacteria.
J. Bacteriol. 183.411-425.

Hoffmann L (1989) Algae of terrestial habitats. The Bot. Rev. 55. 77-105.

Hunt M E, Floyd G L and Stout B B (1979) Soil algae in field and forest
environments. Ecology 60(2). 362-375.

Inthorn D, Silapanuntakul S and Incharoensakdi A (2002) Filamentous cyanobacteria
can efficiently remove cadmium present in aqueous solution at low concentration.
Asian J. Microbiol. Biotechnol. Environ. Sci. 4. 1-6.

Irisarri P, Gonnet S, Monza J (2001) Cyanobacteria in Uruguayan rice fields:

diversity, nitrogen fixing ability and tolkrance to herbicides and combined nitrogen. J
Biotechnol 91. 95-103

J G Day (2006) Cryopreservation of microalgae and cyanobacteria. In:
Cryopreservation and freeze drying protocol. Day J G and Stacey Glyn (Eds). 141

Jaki B, Heilmann J and Sticher O (2000) New antibacterial metabolites from the
cyanobacterium Nostoc commune (EAWAG 122b). J. Nat. Prod. 63. 1283-1285.

Jiang F, Mannervik B and Bergman B (1997) Evidence for redox regulation of the
transcription factor NtcA, acting both as an activator and repressor, in the
cyanobacterium Anabaena sp. strain PCC 7120. J. Bacteriol. 327. 523-517.

Jinqi L and Houtian L (1992) Degradation of azo dyes by algae. Environ. Pollu. 75.
273-278.

Jose L M, Terese H, Aurelia P and Carlos G (2002) Toxicity of Cd to soil microbial
activity: Effect of sewage sludge addition to soil on the ecological dose. Appl. Soil
Eco. 21. 149-158.

178



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

K K Kartha and F Engelmann (1994) Cryopreservation and germplasm storage. In:
Plant cell and tissue culture. Indra K Vasil and Trevor A Thorpe (eds). Kluwer
Academic Publishers. The Netherlands.

Kajiyama S, Kanazaki H, Kawazu K and Kobayashi A (1998) Nostifungicidine, an
antifungal lipopeptide from the field-grown terrestrial blue-green algae Nostoc
commune. Tetrahedron Letts. 39. 3737-3740.

Kannaiyan S (1985) Studies on the algal application for low land rice crop. Tamil
Nadu Agricultural University Bulletin. Coimbatore. Tamil Nadu.

Kannaiyan S, Aruna S J, Merina Prem Kumari S and Hall D O (1997) Immobilized
cyanobacteria as a biofertilizer for rice crops. J. Appl. Phycol 9. 167-174.

Karthikeyan N, Prasanna R, Lata and Kaushik BD (2007) Evaluating the potential of
plant growth promoting cyanobacteria as inoculants for wheat. European J. Soil Biol.
43. 23-30.

Kaushik B D (1991) Cyanobacterial response of crops in saline irrigated with saline
ground water. In: Shastree N K (ed) Curr. trends limnol. Vol 1. Narendra Publishing
House. New Delhi.

Kaushik B D (1994) Algalization of rice in salt-affected soils. Annals of Agri. Res 4.
105-106.

Kaushik B D and Venkataraman G S (1979) Effect of algal inoculation on yield and
vitamin C content of two varieties of tomato. Plant Soil 52. 135-136.

Kaushik S, Sahu B K, Lawania R K and Tiwari RK (1999) Occurrence of heavy
metals in lentic water of Gwalior region. Pollution Res. 18. 137-140.

Kentemich T, Haverkamp G and Bothe H (1991) The expression of a third
nitrogenase in the cyanobacterium Anabaena variabilis. Z Naturforsh 46 C. 217-222.

Khudyakov I and Wolk C P (1997) hetC a gene encoding for protein similar to
bacterial ABC protein exporters, is involved in an early regulation of heterocyst
differentiation in Anabaena sp strain PCC 7120. Bacteriol 179. 6971-6978.

Kiran B, Kaushika A and Kaushik C P (2008) Metal-salt co-tolerance and metal
removal by indigenous cyanobacterial strains. Process Biochem.43(6).598-604.

Kohl D H and Shearer G (1980) Isotopic fractionation associated with symbiotic N,
fixation and uptake of NOj3™ by plants. Plant Physiol.66. 51-56.

Kulasooria S A (1998) Cyanobacteria and Azolla as biofertilizer for rice. In:
Subramanian G S, Kaushik B D and Venkataraman G S (eds) Cyanobacterial
Biotechnology. Oxford and IBH Publishing co. Pvt. Ltd. New Delhi.

Kuritz T and Wolk CP (1995) Use of filamentous cyanobacteria for biodegradation of
organic pollutants. Appl. Environ. Microbiol.61. 234-268.

179



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I1.

112.

113.

Kyndiah O and Rai A N (2007) Induction of sporulation by sulphate limitation in
Nostoc ANTH, a symbiotic strain capable of colonizing roots of rice plants. Indian J.
Biotechnol. 6. 57-62.

Ladha J K and Reddy P M (1995) Extension of nitrogen fixation to rice necessity and
possibilities. Geo. J. 35.363-372.

Lammers P J and Haselkorn R (1983) Sequence of the nifD gene encoding for the a
subunit of nitrogenase from cyanobacterium Anabaena. Proc. Natl. Acad. Sci. USA
80.4723-4727.

Lammers P J, Golden ] W and Haselkorn R (1986) Identification and sequence ofa
gene required for a developmentally regulated DNA excision in Anabaena. Cell 44.
905-911.

Lindbald P (1999) Cyanobacterial H2 metabolism: knowledge and potential strategies
for a photobiotechnological production of H2. Biotechnologia. Aplicada. 16. 141—
144.

Livingstone D and Jaworski G H M (1980) The viability of akinetes of blue-green
algae recovered from the sediments of Rostherne Mere. Brit Phycol. J. 15. 357-364.

Lorenz M, Friedl T, and Day J G (2005) Perpetual maintenance of actively

metabolizing microalgal cultures. In: R. A. Andersen (ed) Algal culturing techniques.
Academic Press. New York. USA. 145-156.

Lowry G H, Rosenbrough J, Farr A L and Randell R J (1951) Protein measurements
with Folin-phenolreagent. J. Biol. Chem. 244. 4436-4440,

MacKinney G (1941) Absorption of light by chlorophyll solution. J. Biol. Chem. 140.
315-322.

Mahesh G and Kannaiyan S (1993) Effect of immobilization of cyanobacteria in soild
matrix on ammonia excretion and nitrogen fixing activity. Biotechnol. Letts. 15 (9)
975-978.

Mallick & (2002) Biotechnological potential of immobilized algae for wastewater N,
P and metal removal: A review. BioMetals 15. 377-390.

Mandal B, Vlek P L G and Mandal L. N (1998) Beneficial effects of blue-green algae
and azolla. Excluding supplying nitrogen on wetland rice field: a review. Biol
Fertility Soils 27. 329-342.

Mansy A E and E}Bestway E (2002) Toxicity and biodegradation of fluometuron by
selected cyanobacterial species. World J. Microbiol. Biotechnol 18. 125-131.

Manzano C, Candau P, Gomez-Moreno C, Relimpio A M and Losada M (1976)
Ferredoxin dependent photosynthetic reduction of nitrate and nitrite in particles of
Anacystis nidulans. Mol. Cell Biochem. 10. 161-169.

180



114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Maryan P S, Eady R R, Chaplin A E and Gallon J R (1986) Nitrogen fixation by
gleothece sp. PCC 6909: respiration and not photosynthesis supports nitrogenase
activity in the light. J Gen Microbiol. 132. 789-796.

Mazur B J and Chui C-F (1982) Sequence of the gene encoding for the B subunit of
dinitrogenase from the blue-green alga Anabaena. Proc. Natl. Acad. Sci. USA79.
6782-6786.

McHale A P and McHale S (1994) Microbial biosorption of metals: potential in the
treatment of metal pollution. Biotechnol. Adv. 12. 647—652.

Metting B (1988) Micro-algae in agriculture. In: Borowitzka M A and Borowitzka L
J (eds) Micro-algal Biotechnology. Cambridge University Press. Cambridge. UK.
288-304.

Mishra U, Pabbi S (2004) Cyanobacteria: a potential biofertilizer for rice. Resonance
6-10

Montaini E, Chini Zittelli G, Tredici MR, Molina Grima E, Ferniandez Sevilla JM,
Sanchez Pérez JA (1995) Long-term preservation of Tetraselmis suecica: influence of
storage on viability and fatty acid profile. Aquaculture 134. 81-90

Mueller J G, Cerniglia C E, Pritchard P H (1996) Bioremediation of Environments
Contaminated by Polycyclic Aromatic Hydrocarbons. In Bioremediation: Principles
and Applications. 125-194. Cambridge University Press. Cambridge.

Mullineaux P M, Gallon J R and Chaplin A E (1981) Acetylene reduction (nitrogen
fixation) by cyanobacteria grown under alternating light-dark cycles. FEMS
Microbiol. Lett. 10. 245-247.

Murashige T and Skoog (1962) A revised medium for rapid growth and bioassay with
tobacco tissue cultures. Physiol. Plant 15. 473-497.

Musgrave S C, Kerby N W, Codd G A and Stewart W D P (1982) Sustained ammonia
production by immobilized filaments of the nitrogen fixing cyanobacteria 4Anabaena
27893. Biotechnol. Letts. 4. 647-652.

Nash T (1966) Chemical constitution and physical properties of compounds able to
protect living cells against damage due to freezing and thawing. In: H Y
Meryman(ed) Cryobiology. Academic Press. New York. 197-211.

Nayak S and Prasanna R (2007) Soil pH and its role in cyanobacterial abundance and
diversity in rice field soils. Appl. Ecol. Environ. Res.5 (2). 103-113.

Nayak S, Prasanna R, Dominic T K and Singh P K (2001) Floristic abundance and
relative distribution of different cyanobacterial genera in rice field soil at different
crop growth stages. Phykos 40.14-21.

181



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Nayak S, Prasanna R, Dominic T K and Singh P K (2004) Effect of BGA- Azolla
biofertilizers on nitrogen fixation and chlorophyll accumulation at different depths in
soil cores. Biol. Fert. Soils 40. 67-72.

Nichols ] M and Adams D G (1982) Akinetes. In: Carr N G and Whitton B A (eds)
The biology of cyanobacteria. Blackwell Scientific. Oxford. UK. 387-412.

Nichols ] M and Carr N G (1978) Akinetes of cyanobacteria. In: Carr N G and
Whitton B A (eds) Spores VIII. Blackwell Scientific. Oxford. 335-343.

Nilsson M et al (2002) Colonization of roots of rice (Oryza sativa) by symbiotic
Nostoc strains. New Phytol. 156. 517-525.

Nisha R, Kaushik A and Kaushik C P (2007) Effect of indigenous cyanobacterial
application on structural stability and productivity of an organically poor semi-arid
soil Geoderma 138(1-2). 49-56.

Oikerinen M (1996) Biological soil amelioration as the basis of sustainable
agriculture and forestry. Biol Fertil. Soils. 22. 342-344.

Oikerinen M (1996) Biological soil amelioration as the basis of sustainable
agriculture and forestry. Biol Fertil. Soils. 22. 342-344.

Papendorf O, Ko nig G M and Wright A D (1998) Hirridin B and 2, 4-dimethoxy-6
heptadecylphenol, secondary metabolites from the cyanobacterium Phormidium
ectocarpi with antiplasmodial activity. Phytochem. 49. 2383-2386.

Patterson G M L (1996) Biotechnological applications of cyanobacteria. J. Scientific
Indus. Res. 55. 669-684.

Patterson G M L, Larsen L K and Moore R E (1994) Bioactive natural products from
blue-green algae. J. Appl. Phycol. 6. 151-157.

Petterson R B, Shaw E R, Dolan E and Ke D (1981) A photochemically active
heterocyst preparation from Anabaena variabilis. Photobiochem. Photobiophys.2. 19-
84.

Prasanna R, Jaiswal P and Kaushik B D (2008) Cyanobacteria as potential options for
environmental sustainability — promises and challenges. Indian J. Microbiol. 89-94.

Prasanna R and Nayak. S (2007) Influence of diverse rice soil ecologies on
cyanobacterial diversity and abundance. Wetlands Ecol. Manage. 15.127-134.

Prasanna R, Dolly D W, Tiwari O N and Singh P K (2000) Microalgae- sewage
interactions- Implications and future prospects. Proceedings of National Symposium,
“Microbes in Bioremediations for an ecofriendly Environment in the New
Millenium”. CAS in Botany. University of Madras. Chennai.

182



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Prasanna R, Jaiswal P and Kaushik B D (2008) Cyanobacteria as potential options for
environmental sustainability — promises and challenges. Indian J. Microbiol. 48. 89—
94.

Prasanna R, Kumar V, Kumar S, Yadav A K, TRipathi U, Singh AK, Jain M C,
Gupta P, Singh P K, and Sethunathan N (2002) Methane production in rice soils is
inhibited by cyanoabcteria. Microbiol Res. 157. 1-6.

Radwan S S and AFHasan R H (2000) Oil pollution and cyanobacteria. In: Whitton
B A and Potts M (eds) The Ecology of Cyanobacteria. Kluwer Academic Publisher,
Dordrecht. The Netherlands. 307-319.

Raghukumar C, Vipparty V, David J J and Chandramohan D (2001) Degradation o f
crude oil by marine cyanobacteria. Appl. Microbiol. Biotechnol. 57. 433—436.

Rai A N (1990) Handbook of Symbiotic Cyanobacteria. CRC Press, Boca Raton,
Florida, USA.

Rai A N, Bergman B and Rasmussen U (2002) Cyanobacteria in Symbiosis. Kluwer
Academic Publisher, Dordrecht. The Netherlands.

Rai A N, Borthakur M, Bergmn B (1992) Nitrogenase derepression, its regulation and
metabolic changes associated with diazotrophy in the non- heterocystous
cyanobacterium Plectonema boryanum PCC 73110. J Gen. Microbiol. 138. 481-491.

Rai A N, Soderback E and Bergman B (2000) Cyanobacterium - Plant Symbiosis.
New Phytol. 147. 449-481.

Rajakumar N (2004) A review on the quantum of phytoplanktonic primary production
of a polluted freshwater pond. /ndian Hydrobiol. 7.61-65.

Rangsayatorn N, Pokethitiyook-P, Upatham E S and Lanza G R (2004) Cadmium
biosorption by cells of Spirulina platensis TISTR 8217 immobilized in alginate and
silica gel Environ. International 30. Issue 1. 57-63.

Rasmussen U and Svenning M M (1998) Fingerprinting of cyanobacteria based on
PCR with primers derived from short and long tandemly repeated repetitive
sequences. Appl. Environ. Microbiol 64.265-272.

Richmond A (2004) Handbook of microalgal culture: biotechnology and applied
phycology. Blackwell Publishing, Oxford. UK.

Ripkka R, Dereulles J, Waterbury J B, Herdman M and Stanier R Y (1979) Generic
assignments, strain histories and properties of pure cultures of cyanobacteria. J. Gen.
Microbiol. 111. 1-61,

Robinson S J, Deroo C S, Yocum C F (1982) Photosynthetic electron transfer in
preparation of the cyanobacterium Spirulina platensis. Plant Physiol. 70. 154-161.

183



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Roger P A and Kulasooriya S A (1980) Blue green algae and rice. International Rice
Research Institute. Manilla. Philippines.

Roger P A and Ladha J K (1992) Biological Nitrogen fixation in wetland rice fields:
Estimation and contribution to nitrogen-balance. Plant Soil 141. 41-55.

Romo S and Beécares E (1992) Preservation of filamentous cyanobacteria cultures
Pseudanabaena galeata Bécher and Geitlerinema amphibium (Ag. ex Gom.) Anagn.
under low temperatures. J. Microbiol. Methods 16. 85-9.

Roychoudhury P and Kaushik B D (1989) Solubilization of mussorie rock phosphates
by cyanobacteria. Curr. Sci. 58. 569-570.

Sadettin S and Donmez G (2006) Simultaneous bioaccumulation of reactive dye and
chromium (VI) by using thermophilic Phormidium sp. Enzyme Microbiol. Technol.
41.175-180.

Sadettin S and Donmez G (2006) Simultaneous bioaccumulation of reactive dye and
chromium (V1) by using thermophilic Phormidium sp. Enzyme Microbiol. Technol.
41.175-180.

Sampio M J A M. Rowell P and Stewart W D P (1979) Purification and some
properties of glutamine synthetase from the nitrogen fixing cyanobacterium 4nabaena
cylindrica and Nostoc sp. J. Gen. Microbiol. 111.181-191.

Schneegurt M A, Sherman D M, Nayer S and Sherman L A (1994) Oscillating
behavior of carbohydrate granuk formation and dinitrogen fixation in the
cyanobacterium Cyanothece sp. strain ATCC 51142. J. Bacteriol. 176. 1586-1597.

Seckbach J (2007) Algae and cyanobacteria in extreme environments. Springer,
Berlin

Shah V, Garg N and Madamwar D (2001) An integrated process of textile dye
removal and hydrogen evolution using cyanobacterium Phormidium valderianum.
World J. Microbiol. Biotechnol 17.499-50.

Shah V, Garg N and Madamwar D (2001) An integrated process of textile dye
removal and hydrogen evolution using cyanobacterium Phormidium valderianum.
World J. Microbiol. Biotechnol 17.499-50.

Shearer G and Kohl D H (1986) N fixation in the field settings: estimations based on
natural '> N abundance. Aust. J. Plant Physiol. 13. 699-756.

Sili C, Ena A, Materrassi R and Vincenzini M (1994) Germination of desiccated aged
akinetes of akkaliphilic cyanobacteria. Arch. Microbiol. 162. 20-25.

Silva P G and Silva H J (2003) A retained viability index (RVI10) for evaluation ofa
cyanobacterial powder fertilizer. World Journal of Microbiol. Biotechnol. 19. 891-
895.

184



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Silva P G and Silva H J (2007) Preservation methods of Tolypothrix tenuis for use as
a cyanobacterial fertilizer. J. Appl. Phycol. 19.239-246.

Singh R K and Stevens S E Jr (1992) Cloning of nif HDK genes and therr
organization in the heterocystous cyanobacterium Mastigocladus laminosus. FEMS
Microbiol. Lett. 94. 227-234.

Singh Sawraj, Kate Bhushan N, Banerjee U C (2005) Bioactive Compounds from
Cyanobacteria and Microalgae: An Overview. Crit. Rev. Biotechnol. 25(3). 73-95.

Singh (1950) Reclamationof “usar” lands in India through blue-green algae. Narure
165.325-326.

Singh R N (1961) Role of blue green algae in the nitrogen economy of Indian
agriculture. Indian council of Agricultural research. New Delhi.

Skulberg O M (2000) Microalgae as a source of bioactive molecules- experience from
cyanophyte research. J. Appl. Phycol 12. 341-348.

Smith A J (1982) Modes of cyanobacterial carbon metabolism. In: Carr N G and
Whitton B A (eds) The biology of cyanobacteria. Blackwell and Scientific
Publications. Oxford. UK. 47-86.

Smith D (2004) Emerging tools and technologies for isolation, conservation and
preservation of microorganisms. NBAIM-CAB International. UK joint worshop. New
Delhi.

Snell F D and Snell C T (1949) Colorimetric methods of analysis. Vol 3D. Van
Nostrand Co. New York. USA. 804-805.

Srivastava P N and Odhwani B R (1992) Algae from the inland salt pans. J. Indian
Bot. Soc. 71. 23-27.

Stal L. J (1995) Physiological ecology of cyanobacteria in microbial mats and other
communities. New Phytol. 131. 1-32.

Stal L J and Heyer H (1987) Dark anaerobic nitrogen fixation (Acetykne reduction)
in the cyanobacterium Oscillatoria. FEMS Microbiol. Ecol. 45. 227-232.

Stewart W D P and Lex M (1970) Nitrogenase activity in the blue-green alga
Plectonema boryanum strain 594. Arch . Microbiol. 73. 250-260.

Stewart W D P, Fitzgerald G P and Burris R H (1967) In situ studies on nitrogen
fixation using acetylene reduction technique. Proc. Natl. Acad. Sci. USA 58. 2071-
2078.

Sukenik A, Beardall J, Hadas O (2007) Photosynthetic characterization of developing
and mature akinetes of Aphanizomenon ovalisporum (Cyanoprokaryota). J. Phycol.
+43.780-788.

185



184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Susana Romo and Carmen Pérez-Martinez (1997) The use of immobilization in
alginate beads for long-term storage of Pseudanabaena galeata (cyanobacteria) in the
laboratory. .. Phycol. 33. 1073-1076.

Syiem M B (2005) Entrapped cyanobacteria: Implications for biotechnology. Ind. J.
Biotechnol. 4.209-215.

Tandeau de Marsac N and Houmard J (1993) Adaptations of cyanobacteria to
environmental stimuli: new step towards molcular mechanism. FEMS Microbiol.
Rev. 104. 119-190.

Thajuddin N and Subramanian G (1992) Survey of cyanobacterial floral of the
southern east coast of India. Botanica Marina 35. 305-314.

Thajuddin N and Subramanian G (2005) Cyanobacterial biod iversity and potential
applications in biotechnology. Curr. Sci. 89. 47-57.

Thajuddin N, Nagasathya A, Chelladevi R and Saravanan L (2002) Biodiversity of
cyanobacteria in different salt pans of Pudukotai District. Tamil Nadu. Seaweed
Research and Utilization 24. 1-11.

Thiel T (1993) Characterization of genes for an alternative nitrogenase in the
cyanobacterium Anabaena variabilis. J. Bacteriol. 175. 6276-6286.

Thiel T and Pratte B (2001) Effect of heterocyst differentiation of nitrogen fixation in

vegetative cells of the cyanobacterium Anabaena variabilis ATCC 29413. J.
Bacteriol 183. 280-286.

Thiel T, Lyons E M, ErkerJ C and Ernst A (1995) A second nitrogenase in vegetative
cells of a heterocyst forming cyanobacterium. Proc. Natl Acad. Sci. USA 92. 9358-
9362.

Turner G L, Bergersen F J and Tantala H (1983 ) Natural enrichment of >N during the
decomposition of plant material in soil. Soil. Biol Biochem.15. 495-497.

Veglio F and Beolchini F (1997) Removal of metals by biosorption: a review.
Hydrometallurgy 44.301-316.

Venkataraman G S (1972) Algal biofertilizers and rice cultivation. Today and
Tomorrow Printers. Faridabad. Haryana. India.

Venkataraman G S (1981) Blue- green algae for rice production. A manual for its
promotion. FAO Bulletin No.6. FAO. Rome.

Venkateswarlu V, Manikya R P and Rajkumar B (1994) Heavy metal pollution in the
rivers of Andhra Pradesh, India. J. Environ. Biol. 15.275-282.

Vidali M (2001) Bioremediation. An overview. Pure. Appl. Chem., Vol. 73, No. 7.
1163-1172.

186



199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

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

Volesky B and Holan Z R (1995) Biosorption of heavy metals. Biotechnol. Prog. 11.
235-250.

Watanabe A, Ito R & Konishi C (1951) Effects of nitrogen fixing blue-green on the
growth of rice plants. Nature (Lond) 168. 748-749.

Wei T-F, Ramasubramanian T S and Golden J W (1994) Anabaena sp strain PCC
7120 ntcA gene required for growth on nitrate and heterocyst development. J.
Bacteriol. 176. 4473-4482.

Weisshar H and Boger P (1983) Nitrogenase activity of the non-heterocystous
cyanobacterium Plectonema boryanum. Arch. Microbiol. 136. 270-274.

Whitton B A (2000) Soils and rice fields. In: Whitton B A and Potts M (eds) The
Ecology of Cyanobacteria. Kluwer Academic Publisher, Dordrecht. The Netherlands.
233-255.

Wolk C P (1965) Control of sporulation in a blue-green alga. Develop. Biol. 12. 15-
35.

Wok C P (1973) Physiology and cytological chemistry of blue-green algae.
Bacteriol. Rev. 37.32-101.

Wolk C P (1996) Heterocyst formation. Annu. Rev. Genet. 30. 59-78.

Wok C P, Emst A, Elhai J (1994) Heterocyst metabolism and development. In:
Molecular genetics of cyanobacteria. Byrant D A (ed) Kluwer Academic Publishers.
Dordrecht. The Netherlands. 769-823.

Yamamoto Y (1975) Effect of desiccation on the germination of akinetes of
Anabaena cylindrica. Planet Cell Physiol. 16. 749-752.

Yan G A, JiangJ W, Wu G and Yan X (1998) Disappearance of linear alkylbenzene
sulfonate from different cultures with Anabaena sp. HB 1017. Bull. Environ. Contam.
Toxicol. 60. 329-334.

Yao HY, XuJ M and Huang C Y (2003) Substrate utilization pattern, biomass and
activity of microbial communities in a sequence of heavy metals polluted paddy soils.
Geoderma 115. 139-148.

Yoon H S and Golden J W (1998). Heterocyst pattern formation controlled by a
diffusible peptide. Science 282. 935-938.

Zakaria A Md (2001) Removal of cadmium and manganese by a non toxic strain of
the fresh water cyanobacterium Gloeothece magna. Water Res. 35 (18). 4405-4409.

Zhou R, Cao Z, and Zhou J (1998a) Characterization of Het R turnover in Arabaena
sp. PCC 7120. Arch. Microbiol 169. 417-423.

187



215. Zhou R, We X, Jiang N, Li H, Dong Y, His K-L, and Zhou J (1998b) Evidence that
HetR is an unusual serine-type protease. Proc. Natl. Acad. Sci. USA 95. 4959-4963.

216. Zhu Y K, Xie S Q and Dong J G (1979) Primary test of testing dye waste water by
rotating algal disc. Environ. Sci. 6. 37-41.

188



Curriculum vitae

Name: Amrita Bhattacharjee

Date and place of birth: 10" September, 1980. Shillong, Meghalaya
Nationality: Indian

Address: Department of Biochemistry

North Eastern Hill University
Shillong 793022, Meghalaya. India.

Academic qualifications:

M.Sc. (Biochemistry; 2003):  North Eastern Hill University
Shillong 793022, Meghalaya. India.
First Class, First Position (Gold medalist)
B.Sc. (Biochemistry; 2001):  St. Edmund’s College
Shillong 793003, Meghalaya. India.
First Class, First Position
H.S.S.L.C. (1998): Lady Keane College
Shillong 793003, Meghalaya. India.
First Division.
S.8.L.C. (1996): St Mary’s High School
Shillong 793003, Meghalaya. India.
First Division.

Scholars hips/Fellowships awarded:

o State scholarship after SSLC

¢ University scholarship during MSc

o  UGC-SAP DRS fellowship (December 2004-March 2007)

¢ UGC scholarship for Ph.D students (April 2007)

o UGC fellowship (JRF) under the UGC-University with Potential for Excellence Scheme
(July 2007, ongoing)

189



Symposiums, Conferences & Seminars Attended and Abstracts presented:

1.

10.

“Studies on preservation and conservation of cyanobacteria” Abstract In: Trends in
Bioche mical research. National seminar on Trends in Bioche mical research. Department
of Biochemistry. NEHU Shillong. (Oral Presentation). 25-26 February 2005.

“Immobilization as a tool for preservation of cyanobacterial diversity” Abstract In: Issues
and Challenges for Conservation of Plants and Ecosystems in India. Department of
Botany. NEHU Shillong. National seminar on Issues and Challenges for Conservation of
Plants and Ecosystems in India. (Oral Presentation). 2-3 November 2006.

“Maintenance and preservation of diverse cyanobacterial strains” Abstract In; Current
Trends in Algal Bioresource Utilization. International confrence on Current Trends in
Algal Bioresource Utilization. Department of Ecology and Environmental Science. Assam
University. Silchar. (Oral Presentation). 4-6"" December 2006.

“Time frame for application of cyanobacteria as biofertilizer in rice cultivation™ Abstract In:
Microbes in Pharmaceuticalks, Food and Agriculture. National seminar on Microbes in
Pharmaceuticals, Food and Agriculture. Department of Microbiology. Vidyasagar
University. Midnapore, West Bengal. (Oral Presentation). 20-21* December 2006.

“Preservation of cyanobacterial strains” Abstract In:  Adaptation Biochemistry.
Department of Biochemistry. NEHU Shillong. National seminar on Adaptation
Bioche mistry. (Oral Presentation). 22-23" March 2007.

“Characterization and preservation of potential biofertilizer strains from north east India”
Abstract In: Applied Phycology and Environmental Biotechnology. International
symposium on Applied Phycology and Environmental Biotechnology ISAPEB’07.
Biological Sciences Group and Centre for Desert Development Technologies. BITS-Pilani.
Rajasthan. (Oral Presentation). 29-31°' October, 2007.

"Engineering conditions for bulk spore production for application as biofertilizer inoculums
in paddy cultivation” Abstract In: Applied Bioengineering. International confrence on
Applied Bioengineering ICAB’07. Sathyabama University. Chennai. (Oral Presentation).
5-7" December, 2007.

“A study on cyanobacterial compatibility with nitrogen based fertilizers and their transfer to
paddy fields on a biodegradable material” Abstract In: Applied Bioengineering.
Inte rnational confrence on Applied Bioengineering ICAB’07. Sathyabama University.
Chennai. (Adjudged best paper presented). 5-7"" December, 2007.

“Cyanobacterial spores as biofertilizer inoculums for paddy cultivation” Abstract In:
Advances in Medical and Microbial Biochemistry. National seminar on Advances in
Medical and Microbial Biochemistry. Department of Biochemistry, NEHU, Shillong.
(Oral Presentation). 13-14" March, 2008.

“An ideal time span for cyanobacterial application as biofertilizer in rice fields™ Abstract In:
Advances in Medical and Microbial Biochemistry. National seminar on Advances in
Medical and Microbial Biochemistry.Department of Biochemistry, NEHU, Shillong. 13-
14™ March, 2008.

190



11.

12

13.

14.

15.

16.

17.

18.

“Assessment of cyanobacterial diversity of north east India and their preservation™ Abstract
In: Frontiers in Biocomplexity and Biodiversity of Plants. Centre for Advanced Studies in
Botany, NEHU, Shillong. (Oral Presentation) (Adjudged best orally presented paper).
National symposium on Frontiers in Biocomplexity and Biodiversity of Plants. Centre
for Advanced Studies in Botany, NEHU, Shillong. 14- 15" March, 2008.

“Role of cyanobacteria in cadmium bioremediation in rice fields” Abstract In: Toxicity of
Chemicak and Their Hazards with Special Reference to Heavy Metak. National
seminar on Toxicity of Chemicak and Their Hazards with Special Re®rence to Heavy
Metak. St. Edmunds College, Shillong. 23-24" October, 2008.

“Role of proline in management of NaCl and pH stress in cyanobacteria™ Abstract In:
Toxicity of Chemicak and Their Hazards with Special Refrence to Heavy Metak.
National seminar on Toxicity of Chemicals and Their Hazards with Special Refrence
to Heavy Metals. St. Edmunds College, Shillong. (Poster Presentation). 23-24" October,
2008.

“Cyanobacterial Application in Rice Fields: Dual Benefits in Ecorestoration” Abstract In:
31* All India Botanical Confrence and International Symposium on Plant Biology and
Environment: Changing Scenario. Dept of Botany, University of Allahabad. Allahabad.
(Oral Presentation). 17-19"" December, 2008.

“Intracellular Proline Accumulation during Stress Management in Cyanobacteria” Abstract
In: 96" Indian Science Congress section New Biology. NEHU, Shillong. (Poster
Presentation). 96™ Indian Science Congress. 3-7" January, 2009.

“Cadmium removal by an Anabaena sp. isolated from coal mining areas of Meghalaya,
India” Abstract In: Changing Environmental Trends and Sustainable Development
International Symposium on Changing Environmental Trends and Sustainable
Development CETAS 2009. Dept of Environmental Science. Guru Jambheshwar University
of Science and Technology. Hisar, Haryana. (Oral Presentation). 9-11" February, 2009.

“Nostoc ANTH: A promising cyanobacterium in fields of agriculture and in bioremediation.”
Abstract In: Phycology in India: Basic to Applied. National symposium on Phycology in
India: Basic to Applied. Dept of Botany, Punjabi University, Patiala. 12-13" February,
2009.

“Potential application of ‘snep kwai’ (betel nut cover) as biofertilizer carrier to rice fields.”
Abstract In: UPE-Biosciences seminar on Assessment, Conservation and Value Addition
of Biodiversity. School of Life Sciences. NEHU, Shillong. (Oral Presentation) UPE-

Biosciences national seminar on Assessment, Conservation and Value Addition of
Biodiversity, NEHU, Shillong. 22-23 April, 2010.

Workshops Attended:

1.

National Workshop on Microbial diversity database. Department of Biotechnology and
Bioinformatics, NEHU. 29 Oct 2009 — 30 Oct 2009.

191



2. Atomic absorption spectroscopy: Basic Principles, Applications and Practical
Demonstration. Sophisticated Analytical Instrument Facility (SAIF), NEHU, Shillong. 11 Nov
2009 — 13 Nov 2009.

Publications:

1. Nitrogen metabolism, artificial association in two cyanobacterial isolates and the assessment of
their potential as biofertilizer. Indian Journal of Biotechnology. Vol. 6 July 2007, pp 397-403.

2. Engineering conditions for bulk spore production for application as biofertilizer inoculums in
paddy cultivation. Proceeding in Applied Bioengineering. Sathyabama University. Chennai.
Dec 2007. pp 408-411.

3. A study on cyanobacterial compatibility with nitrogen based fertilizers and their transfer to
paddy fields on a biodegradable material. Proceeding in Applied Bioengineering. Sathyabama
University. Dec 2007. Chennai. pp 97-100.

4. Role of cyanobacteria in cadmium bioremediation in rice fields. Proceeding in Toxicity of
Chemicals and Their Hazards with Special Refrence to Heavy Metak. St. Edmunds
College, Shillong. Oct 2008. pp 73-80.

5. Role of proline n management of NaCl and pH stress in cyanobacteria. Proceeding in Toxicity
of Chemicak and Their Hazards with Special Reference to Heavy Metals. St. Edmunds
College, Shillong. Oct 2008. pp 114-120.

6. Cadmium removal by an Anabaena sp. Isolated from Coal Mining Areas of Meghalaya, India.
Proceeding in Changing Environmental Trends and Sustainable Deve lopment CETAS 2009.
Guru Jambheshwar University of Science and Technology, Hisar, Haryana. Feb 2009. PP 129-
133.

7. Characterization, molecular diversity and preservation of Nostoc strains isolated from Rice
Fields across North East India. Ecosystem & Plant Diversity, Daya Publications, New Delhi.

8. Efficiency of Cyaonobacterial preservation techniques. Ecosystem & Plant Diversity, Daya
Publications, New Delhi.

9. Significance of cyanobacterial diversity in different ecological conditions of Meghalaya, India.
Journal of Applied and Natural Science.2 (1). June 2010. pp 134-139.

192



ek Ay,

o

coysrar O dppacean d Nangal Sooncc 200 134 139:02010) ]ANS

v

A

Significance of cyanobacterial diversity in different ecological conditions of
Meghalaya, India

Mavashree B Syiem>, B Bashisha Nongbri, A Pinohiyo, Amrita Bhattacharjee, Natasha A
Nongrum and Luxemburgh Hynniewta

Department of B ocheniisiny Nonth b astern Ehll U niversity, Shilong-793022 (Meghalay4), INDIA
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Abstract Tre present study deals with preliminary investigation of cyanobactenal diversity in Meghalaya A total of
75 samples were collected from 10 different ecosystems and analyzed 65 strains of cyanobactena isolated under
11 genera include Nostoc Anabaena Calothnx Cyindrospermum Gleocapsa Fischerelia Plectonema Tolypothnix
Stigonema Lonella and Westiellopsis Nostoc was most abundant Diversity analysss indicated maximum Shannon s
diversity index (H) in Mawlai Highest Simpson s diversity index was seen in Sung Vailey (0 75) Both Shannon s and
Simpson s diversity ndices were iowest in Mairang Richness was highest in Sung valley and Syntuksiar with both
the sites supporting 17 strans each Aithough fughest diversity was recorded from Mawia: richness recorded at
this site was or y 1 strains thereby indicating richness need not be a function of diversity in this region This study
reveatled the cyanobactena!l strains which can withstand acidic pH and prevail in the region A study on colonization
also dentified some potentiai biofert:hzer strains from the region such as Nostoc punctiforme Nostoc muscurum
and Anahbaena azolfae that could be effective in acidic crop frelds

Keywords Northeast india Biodiversity hot spots Cyancbactenal diversity Shannon s index and Simpson s diversity
ndex

INIRODUC LION mfluence distibution and diversity of cyanobacteria in
aregion Among these pii s an important determinant
<% Lvanobacterta are known to prefer neutral 1o alkahne
pH for their optimum growth (Singh. 1961, Kaushih 1994y
In recent umes. studies on cvanobactenal diversity has
recened due attentton { Thayuddim and Subramaman
2005 Prasanna of ol 2009) However, work and
publications on th'y group ot nicroorganisms from
Northeast India v sporadic Jespite the fact that thn
region talls within Indo Malavan biodsversity hot spot
OMivres er wf 20007 Meghalava s one of the § states of
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anareaof 22 429+q km Phyvio-geographscally the region
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ceosvstems mduding extreme ones thot springs) vould
be encountered within the state [he chunate 1s moderate
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with averagze annual nantal as high as 1200 mm e oy
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(Thajuddin and Subramat tan 200~ They flounsh m
places with mitrogen detivient environment They are
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and CO and N as sole cathon ar d nitrogen sources
respectvely {Waattane Stlvey 19693 Therole of pilrowen
fistny ovarobadte i ¢ o thanang ot fertdin has beer
fong krown and 1s word documented (Simgh 196
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Table 1. Cyanobacterial Collection sites

Locality Location No. of Type of ecosystems
Longitude Latitude samples

Synta Ksiar 9212 397F, 25°25°89"N 8 Rice field, soil, water
Maw phiang Q145" 37T°E 25°27°02°N 7 Soil, water, tree barks
Sung Valles 9206 157K 25°3¢N09°N 8 Rice field. soil. water
Nongstoin 91°16" 147K 25°30°34°N 8 Rice field, soil, water
Mairang 91°38'26"E 25°33° 55N 7 Soil. water, tree barks

Tree harks, rice fields,
Mawlas 9182 117K 25°354N 8

sotl, water

Rice field, soil, water,
Mawroh Q1°83"547E 28038754ON 7

tree barks
{ mkher 92°07°51"E 23°36"18"N 7 Soil, water, tree barks

) Tree barks, sod. water,

{ miam 91954 11"E 25°39°59°N 8 i

rice field

Stagnant pond, rice fields,
Umsning 91547107 25°42°59°N 7

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 10 assess
cyanobacterial diversity of the state Since, cyanobacteria
have immense potential for varied biotechnological
applications. the present investigation was undertaken

1o 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
— & = 3 ) -
< P - - < -3 < o~ z * no. of
v 3 = = Z B v ES “ i
o = = i E = = b3 o P strains
= e = e 2 = 2 = o =
g = = c g z : E 2 E
= H z H £ g = E E £
- b z. z rd A z o - =
Anabuend h ! 2 2 5 2 4 3 2 2 1 11
Auston (64) [ N 8 7 7 9 3 M h] 34
Catothria (UX) 0 0 I 1 1 | I | 0 2 4
esticllop s wh 4] ] 0 3} 0 0 0 0 0 [ 1
Giivocupsa (04 a y 0 8 a t i 2 0 0 i
Furscherelia (09 0 i 3 0 i 1 1 0 1 1 4
1 ohpothrix 1)1 4] 0 0 0 O ) 0 0 0 { I
Stigonema 18] 0 i 0 0 0 0 0 J] 0 0 1
Cyhincdrasperanan (030 t 0 4 i 1 i ! 0 { 0 K
fonwtla iy 4] l 0 0 3} 0 0 0 0 0 i
Plectonien (7 { 0 0 ] 0 2 ] ! ! 4] 2
fenat (125 9 1 14 14 12 17 17 it 10 10 63

the numbers 1 brachetar indicates the total number of iselates. The numbers in {brackets| ind-cates the pH of the soil water

sample collected
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Table 3. Generic diversity indices and dominance for different localities.

b b

= o k) :
z\ ot - = = = = 3= = ok
7 g i 5 % ¢ § £ £ g =z £ ¢§
¢ = ] z ] - £ & ] - z & =

= - - ° - > g E g -

8 £ = > - = Pd @ @ = = = <
Shannon-
Weiner's 1002 1976 111 109 12 1624 1476 1414 1359 1359 1.63
Diversity Index
Simpson’s 052 071 060 061 061 675 067 071 068 068 068
Diversity index
Simpson’s 048 029 040 039 039 025 033 029 032 032 032
Dominance
Cyanobacterial ¢ i 14 14 12 17 17 1 10 10 65
richness

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

Aquatic 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 trees. pH
of the collected samples was analyvsed using the method
described by Black in 1992,

Isolation, purification and caltivation of cyanobacteria:
[solation and purification of cyanobacterial strains were
carried out as 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 frequency was calculated

as percentage 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 in vivo by gas chromatography using the
acctylene reduction assay. 5 ml liquid culture was placed
ina 15 ml serum vial and | ml air in the tube was replaced
by 1 mi of pure acetylene. These vials were incubated for
1 hr at 25+1°C with constant shaking. The cthylene
produced in each vial was determined using a I'racor 540
GC with a Porapak *T" column and a flame ionization
detector (Stewart ef al, 1967},

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

Richness and diversity of cyanobacteria: Genera were

Table 4. Colonization study: Associated chlorophyll ¢ content and comparative nitrogenase activities of associated Vostoc

isolates to their free-living counterparts.

Nitrogenase activity

SL No. Isolate  Associative chlorophyll
no. a (pg g root dry wt) Free-living isolates Associated isolates
(nmo} C,H, produced pg’ (nmol C,H, produced pg'
chlab) chiah’)
I 27 987 7.92 12.56
2 12 782 720 9.69
3 28 767 6.88 9.41
4 29 532 653 7.31
5 8 519 6.41 7.22
6 4 411 635 6.65
7 7 368 632 6.67
8 8 362 621 649
9 20 330 5.90 6. 11
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identified under microscope with the help of Desikachary
(1939} 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 i 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 formulac:

Shannon-Weiner Index. H=-Zpiinpi

Simpson’s Dominance, D=3 (pi)?

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

where pi = Total number of strains of genus iftotal number
of all strains.

Rice-cyanobacterial colounization study Rice plants
{Oreza sativa 1.} local variety *Synteng” was collected
from ICAR-NEH Region Complex (Limiam, Shillong, India).
The seeds were washed and surface sterilized using 1%
sodium hypochlorite solution for $ minutes. They were
then rinsed thoroughly with sterile water and grown on
autoclaved perlite in glass beakers. These beakers were
irrigated with 10 times diluted sterile BG-11_media
supplemented with 2mM NaNQ, from time to time. 10
days old rice seedlings were transferred 10 135 ml capacity
fubes after washing them with distitied water. 5 ml BG-11
medium was poured into the tubes carefully dipping the
roots in the medium. Nosioc filaments from exponentially
grow ing cultures were introduced into the tubes (inutial
chlorophs 1 & content of the inoculums was kept at 1 ug
mlb  per tube). Association was confirmed under
microscope as well as by estimating chlorophy It
concentration in the rice roots after removing looscly
associated filaments using a sonic bath.

RESULTS AND DISCUSSION

Role of cyanobacteria in improving soil health and fertilin
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. Region-based specific ¢yanabacterial isolates
could be more effective in such applications as they are
pre-acciimatised to the existing environmental
vonditions. Hence a regron-specific biodiversity studs
is important for deriving optimum benefits from
indigenous strains. Knowledge of cyanobacterial
divensity of a region may help in sclecting appropriate
cyanobacterial inocula 10 be apphed as biofeitilizer
comsortia sn crop ficlds as well as help in tinding strains
with other biotechnological potentials. Lather we have
reporied one sach nwhuendg ssolate from an acidic rice
ficld in Cnarapuriee. Meghalaya that can grow at fagh
cadinwm corceniration and ix efticient i removing
cadmivm (Syiemetal 26097 Thus this investiganion of
eyanobacterial diversity s ceologicalhy sigpificanm as
enumerdates diversity, chardance. dommance nd
richness of vanous cxanobactenia in 4 region win

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).
Almaost all collection sites recorded acidic pH (6-7 in the
pH scale). Of the total 63 strains isolated (Table 2). 92%
were heterocysious cyanobacteria, Of which $1% alone
was Nostoc and 16% was 4Anabaena. Predominance of
the genera Nostoc in all collection sites irrespective of
pif and other influencing factors including terrain, water
logging, temperature. altitude and moisture content
indicates towards their versatility, competiveness and
ability to occupy diverse ecological niches. Growth was
estimated in all 34 Nostoc isolates at pH 6.0 and at pH 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 of 4.2 - 8.3% (Fig. 1a).
Corresponding nitrogenase activity ranged from 3.9-7.9
nmol C,H, produced pg’ chl @ h' (Fig. 1b). When
compared. the correlation between increased heterocyst
frequency and nitrogenase activity in the Nostoc isolates
was evident with isolate no. 27 showing highest
heterocyst frequency and nitrogenase activity followed
by isolate nos. 12, 28 and 29.

Syntuksiar and Sung valley in Meghalaya primarily
constitute widespread rice cultivation areas in the state.
Statistical analysis revealed 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 cyanobacterial 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 1o van with
respect to pH of a particular collection site (Table 2).
Atthough all sites recorded acidic pH. greater diversity
and larger number of isvlates were gathered from places
that showed pli close to neutral  Prevalence of Nosrac
and Anahuena in all sites idicated their resilience and
high adaptability in varied iy pes of ecosystems. Howenver,
Westielopsis, Tolepothrix, Stigonema and Lorwiks sps
of tyanobacteria were not common in the state a> only
one isolate of cach was found in the total collection

In diversity study, richness relates to abundance of
different genera/species of a group of organisms 1 an
area and stands as a measure of number of different hinds
of generasspecies in that particular area. Low genene
richness was seen in Marang, Mawphlang and Mawroh
arcas On the other hand. high generic nchness was
recorded i Syntuhsue and Sung valley. That diversity
ol an arca steongly depends on pl and on interplay of
satious envarcnmental tactors s evident from this study
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as Marrang, Mawphlang and Mawroh has lower pH{ (5 8-
6 3) and lower temperature than warmer areas of
Syntukswr and Sung valley where pH was close to 7 0

The values of Shannon-Wemer's diversity, Simpson’s
Diversity and Sunpson’s Dominance indices recorded as
awhole from all sites was found tobe 1 630, 0 68 and 0 32
respectively  Richness was highest i Sung valley and
Syntuksiar with both the sites supporting 17 strains cach

Although higher diversity was seen m Sung valley.
highest was recorded from Mawlas where richness was
only 11 strains thereby indicating richness need nut be a
function of diversity 1n this region { 1able 3)

Nilsson et al {2002) have shown that many competent
Nostow stramns colonize rice root surfaces and mterceltular
spaces Such Nostoc strams were shown to have higher
nitrogenase actnity compared 1o their tree-hiving
counterparts {n purswit of idertifymg sndigenous Vostoc
strains as potential brotertilizers in avidic rice fields we
have screened our Vovoc solates with focal rice varen
*Synteng’ All 34 Nostoco 1solates showed root
colonization to various degrees lsolate no 27, 12 and 28
showed high degree of colonization and enhanced
uitrogenase activity ( Iable 4) dunng association 1hese
150lates could be marked tor future sof and or seedling
moculants in acwdic nee fields

Characters ke nitrogen fisaton have been found to be
stable under immobilization in calcium algimate beads up
to a period of two years  All our purified solates hase

been preserved this way after characterization and
cataloguwing We bebieve this would be helpful i future
diversity study as reterence as well as in researching
strains for bivtechnological apphications  This would
gieatly reduce workload such as solation punfication
and characterization of unknown strams for such study
as regenerated purified vultures from the preserved beads
could be the starting powmnt for future research
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ABSTRACT

ghquitous oy anobac teril stram tsolated trom nice hields adjomning coal muing areas of Megh dlay 4 was identified as Anabuena
r ps11g molecular techmgue imvolving partial sequence of 16S TRNA gene The organism was grown m iwo different pH
prditions (pH 7 5 that 1> opumum for cyanobac teital growth and m 6 5 o sunic the pH condition of the fields trom which it was
slated) Various physiological and biochemical characters such as growth heterocyst frequency mitrogenase and glutamine
nihetase activities, photosy nthests resprration mitrate uptake and mitrate reduciase activities were dssayed Atomic absorpiion
sctrophotometric (AAS) studies showed that compaatisely mote cadmum was removed from the medium at pH 7 S than at
65 Cadmium sulphate w as more tonic than cadmium nitrate The remoral was saturatng within 72 b Tos 20 uM cadnuom
trate i the medium, total cadnuum temoved was 9 72 LM of which 68 13¢ was adsorbed on the cell surtace and 22 677 was
umulated wntracellulaily within 48 h By 48 b of 20 1M cadimsum sulphate 10 the medium 58 7% v as adsorbed on the cell
velope whereas atpH 7 5 35% was imtracellularty accumulated  These results were mdicators of its potential application as

ihofertilizer and broremediator 1o acidic rice fields

§kevwords: Acidic voil Anabaend molecular identthication hioferulizer bioremediator

i INTRODUCTION

Climatc conditions prevarhing im a region aftectits
§ﬂ0n11 faunal and nmicrobnai diversity Among the many
i;farzors viz ramtall, temperatuie, pH, humidity. alutude
i that govern the distribution of miciobes over aregion
*pH plays a promnent 1ole in determening the biodiversity
“many given ecological mche Microorganisms in nature
are widely prevalent i almost ali ecosystems Their
shiquitous distribution rendets them immensels
sseeptible to any untavorable alteranions in the
envronment m which thev occur Amongst muciobes
svanobacteria comprise 4n important group of ubiguitous
plotosy nthetic mitrogen {ixets that are found fiom and
deserts to Antarctic regions De i 1939 firse repurted
that fertidity of rice hields are mamtamed due to the
presence of cyanobactena The relatiny e contribution of
wanobacteria as a pereentage of total mtiogen fined m
e paddy fields vanes widely and 15 mamhy depemldent
on the chemucal, (limatic and brouc tactors It s now
bnown thdt cyavobacteria contribute 201 50 kg Nla
Jop on tumoner of thew hromass to tiee tields Tropiedd
o mbittons ensure mereased mcrdence oF cvonobacteria

in the rice field soils and hugh humudity temperatute and
shade proyvided by the crop canopy favor the luxunant
growth of cyanobacteria (Roger & Reynaud 1979 In
addition they secrete a number of important bwologically
actine substances that improve soil sttuctuie (Mista &
Kaushik 1989) and help i phosphate solubthzation as
well as in removal of toxic compounds

Contamunation of the natural environment by toxic
metals i 4 serious problem worldwide due o therr
contnued persistence in the ecosystem and also because
of then incremental accumulation in the food chain (Chen
& Pan 2005) However there aie references ot mictobes
acting a» natural bioremediating agents m different
palluted sites The use of these natural biological
resources 10 reducing the pollution load 12 our patwl
environment s widely accepted idea and altainative
mnovative treatment techniques have focused atention
on use of biological materials such as algac tungy yeast
and bactena for the remor al and recovery technologies
This has gamtied stgnificance in recent yedrs owimng (o
therr better pert vmanee wd low cost (Vegho &
Beolchim 1997 Volesky 2001 Microbes ace i ilote
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metal 1ons by two well defined processes: (1) encrgy
independent binding on the cell wall called 'Biosorption’
and (2) encrgy dependent uptake of metal ions called
‘Bioaccumulation' (Karna et al. 1999). Muciluge
containing. polysaccharides producing cyanobacteria are
highly efficient in passively absorbing high levels of
dissolved metals using a charge mediated attraction
(Macaskie, 1990). Over the years, many cyanobacteria
have been studied for their role in bioremediation of
polluted environments (Kumar et al, 1992; Leena &
Fatma, 2000; Zakaria, 2001).

Among the heavy metals polluting soil, Cd is of
serious concern because of its potentially harmful effects
on humans and animals. It also has adverse effects on
microbial biomass and their activities which play
important roles in soil nutrients cycling and in maintaining
soil fertility (Jose et al, 2002: Yao et al., 2003). Cadmium
is widely in use as an anticorrosive agent, as a stabilizer
in PVC products, as a colour pigment, a neutron-absorber
in nuclear power plants, and in the fabrication of nickel-
cadmium batteries. Phosphate fertilizers also show a large
cadmium load. Although some cadmium-containing
products can be recycled. a large share of the general
cadmium pollution is caused by dumping and incinerating
cadmium-polluted waste (Jarup, 2003).

The soils of Meghalaya are acidic in nature and
more weathered in comparison to other North-eastern
states of India, and hence cyanobacterial diversity is
limited. However, certain stains of Nostoc and
Anabaena are relatively common in rice fields of
Meghalaya despite lower pH prevalent in these areas.
We present here a study of cadmium removal potential
of an 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 low lying rice fields receive runoff water from

adjoining coal mines, thus increasing concentrations of
various pollutants in these fields. The logic of sefecting 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
strategies to overcome inhibitory ctfects of such
exposure.

2.  RESEARCH METHODOLOGY
2.1 Collection sites

Biovertediatioin and Feorestoratun:

Water and soil samples were coliected from
various rice tields adjoining coal munng areas from the
state of Meghalaya.

2.2 Isolation, purification and morphologica
identification of cyanobuctena
Cvanobacterium were isolated and purified by

plating on 1% nutrient agar following pour plating

method. lsolates were then grown and maintained m

batch cultures in the same medivm at 25 + 2°C and ar e

photon fluence rate of 50 pmol m? ! (Rippha et aL

1979). Following this, initial morphological identification

was done with the aid of Olympus BX 53 light microscope

using description given by Desikachary (1959).

2.3 Molecular rechnigues for identification studs

Genomic DNA was isolated from the
cyanobacterium (isolate no. NEHU7) using MiniPrep of
Bacterial Genomic DNA Method (Ausubel et al. 1999).
For securing amplification of 168 rDNA homologous
sequence, primer CF16S-7 was designed using Mac
Vector software® based on cyanobacterial 165 rDNA
sequences retrieved from GenBank. PCR amplification
was carried out using primers CF165-7 (forward. 5%
GGCTCAGGATGAACGCTG- 3') and FGPS-1490
(reverse, 5'- TGGAAAGCTTGATCCTGGCT- 1
following method described by Normand et al. (1996} in
a GeneAmp 9700 Gold thermal cycler (Applied
Biosystems). Purified amplicons were sequenced with
the cycle sequencing method using BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems) ona
3130 Genetic Analyzer (Applied Biosystems). Relawed
sequences were retrieved from GenBank using BLAST
search. Sequenced amplicon was aligned with retrieved
sequences using ClustalW (http://www.ebi.ac.uk/Tools/
clustalw2/index . himl). Phylogenetic analysis was
performed with the PHYLIP version 3.66 (Felsensiein,
2008). The neighbour-joining algorithm based on & 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 bootsirap
confidence value of 100.

2.4 Measurement ()f‘gmw(h, haorerocvst frequency
and nitrogenase assay
Increase in chlorophyll a coment was measured
as & parameter of growth (McKinney 19415 The
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heterocysts were counted using an Olympus BX 53 light
microscope. Acetylene reduction activity by nitrogenase
egnzyme was estimated in vivo by gas chromatography
using & Varian 3900 gas chromatograph fitted with a
porapak “T" column and a flame ionization detector.
(Stewart et al. 1967),
15 Assay of electron transport activities
Photochemical and respiratory activities were
measured using a Clark-type polarographic O2 electrode
installed in @ 3 ml Plexi glass container with magnetic
stirrer (Rabinson et al, 1982).

2.6 Nirrate uptake, nitrate reductase and glutamine

~yathetase (transferase) activities

Nitrate uptake and Ferredoxin-dependent nitrate
reductase activities were measured using methods
described by Cawse (1967); Snell & Snell (1949)
respectively. Glutamine synthetase (transferase) activity
was measured as described by Sampio et al. (1979).
Protein was estimated according to Lowry et al. (1951).

27 Metal sarption by cyanabacteria
Cyanobacteria were inoculated in the nutrient
media containing 20 uM CdSO, and 20 puM CdNO,. The
experimental flasks were shaken for 24 h and then
centrifuged at 10,000g. The residual cadmium in the
medium was determined by Perkin Elmer 3110 AAS.

3. RESULTS AND DISCUSSION

State of Meghalaya is rich in coal reserves. Heavy
nainfall throughout the year in the state results in constant
leaching from coal mining sites to the adjoining rice fields.
In addition, the soil pH in Meghalaya is relatively low,
ranging from 5.2 to 7.1. Such acidic conditions

Tolypothrix sp. PCC 7504
Anabaena sp. XPORK15¢

100.0 -l
~ 50.0 -1 Anabaena sp. MEHU?
Hostoc sp.

Cytindrospermum stagnale
Nodularia harveyana
99.0 -‘
Anab opsis elenkinii
Tolypothsix sp. TOL328

100.0 ~

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

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 mining sites, suggesting its ability to populate and
flourish under such non conducive conditions. [6S 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
retrieved sequences showed homology of 94 & 92 percent
with Anabaena sp. XPORKI15F (Acc. No. EF568905.1)
and Nostoc sp. (Acc. No. AB187508.1) respectively.
The neighbour-joining phylogenetic tree constructed
revealed that our cyanobacterial isolate named NEHU7
clustering into one group with the GenBank retrieved
sequence Anabaena sp, XPORK 1 SF and Nostoc 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 nitrogenase activity was comparable to
many other cyanobacterial species (Nilsson et al, 2002)
suggesting its definite role in fixed nitrogen contribution
to the rice field ecosystems. Table.l summarizes the
various parameters that were considered for
characterizing the cyanobacterium. It has optimum
photosynthetic and respiratory activities required for
carbon dioxide fixation and generation of energy for
important cellular activities such as nitrogen fixation.
Nitrate uptake and reductase 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 application along
with nitrate based fertilizer in rice fields. It also showed
a value of 514 + 2.0 and 493 = 1.5 nmol r-glutamyl
hydroxamate formed min- 1 mg-1 protein for glutamine
synthetase activity (in pH 7.5 and pH 6.5 respectively),
suggesting its efficiency in incorporating available
ammonia, All 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.

[ncreasing concentration of cadmium in the
medium had negative gifect on the growth of Anabaena
sp. Inhibition was highcr at lower pH (Fig 2). Atomic
absorption spectrophotometric study revealed that
cadmium sulfate was found to be more toxic than
cadmium nitrate. Comparatively more cadmium was
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Table 1. Characteristic teatures and enzyme activities in the 1solated Anabaena Sp.

Parameters

Growth (ug chlorophyll ami’ culture)

Heterocyst frequency (Percentage of total cells)

Nitiogenase activity (nmol C H, produced pg - chlah )
Nitrogenase activity (nmol C,H, produced g " chiah )

in presence of ImM nutrate in growth medivm

Photosynthetic oxygen evolved (nmol Q, evolved pug” ¢hlah")
Respiratory onygen consumed (nmol O, consumed pg ' chlah )
Glutamine synthetase (transferase) activity nmo! r-glutanmyl
hydroxymate formed min-' mg" protein

Nitrate uptake (umol nitrate taken up min ' mg ' chl a)

Nitrate reductase activity (nmol nitrite formed min ' mg' protein)

pH735 pH 6.5
697203 6.12:04
7-8% 6-7%
92.19+09 778106
321204 278103
3060.6 473:0.5
253105 2161 0.5
514220 493 1.3
48+0.3 43202
52+01 19:02

l od
1 2 (U2XNplP Y
= 21‘ O Cd20(ptss)
?-!
200
g 3 1
=8 {k
3
|
Dy Dy By By Dy Duy
fi /] 2 3 4 ot

Fig.2: Effect of 20 pM cadmium sulphate on growth of
Anabaena sp. in two different pH.

removed by the organism from the medium at pH 7.3
than atpH 6.5. However, even at acidic pH considerable
amount of Cd was removed from the medium. Total
removed concentration out of 20 pM CdNO3 in the
medium was between 9-10 uM at pH 7.5 whereas the
value was between 6-7 pM at pH 6.5. The removal was
saturating in 72 h. For 20 pM cadmium nitrate in the
medium, total removed Cd was 9.72 uM, of which 68.13%
was adsorbed on the cell surface and 22.67 % was
accumulated intracellularly within 48 h (Fig 3). Of 20
uM cadmium sulfate, total removed was 6.37 uM, of
which 58.7% was adsorbed on the cell surface and 35
% was accumulated intracellularly by 48 h at pl{ 7.5.
Intracellular accumulation of CdSO, and CdNO, was
found to be similar on comparison {2.22 uM as against
2.20 uM) even though the adsorbed concentration on
the cell surface varied greatly (3.74 pM as against 6.62
HM respectively). Lesser toxic ceffect of CANO, on
cyanobacterial growth despite similar intraceliular
accumulation may point towards the role of nitrate in
providing protection against such toxicity. This needs to
be further investigated.

= O d preciprtated
@ Cdadsorbed
2 Cd accumudated

LU d unaccomted

Percentage (Vo)

CANO;3 (48 b}

CdSOy (48 Iy

Fig.3: Percentage of cadmium nitrate and cadmium sulphate
removed by Anabaena sp. at pH 7.3

4. CONCLUSION

I'he Anabaena isolate tfrom the rice fields adjoinng
coal mines was well adapted to the prevailing
environmental and climatic conditions. It had substantial
nitrogenase activity even in presence of nitrate in the
surroundings. This makes it an attractive biofertilizer
strain in ficlds supplemented with nitrate based fertilizers
where it could continue to grow and add fixed nitrogen
on their biomass turnover adding to fertility and soil
quality. Its cadmium removal cfficiency further
contributes towards its usefulness in polluted rice ficlds
with lower soil pH where in addition to atmospheric
nitrogen fixation, it could reduce the heavy metal pollutant
load in the fields.
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fntroduction:

Cyanobacteria are extremely diverse
group of gram negatine prokarvotes showing
diversity in phssiology. morphology.
developmental characteristics and habitats™. In
nature they are free-lning as well as
symbiotic’ . Cyanobacteria as diazotrophs, have
a long history of usage in agriculture as
biofertilizer™®, and are known to enrich the
nitrogen content of the rice fields’. Species of

Nostoe,  inabaena,  Auloswra,  Tolypothrix.
Cviindrospermum,  Gloeotchie  Gloeocapsa,
Anabaenopsis,  Camptylonema.  Scytonema,

Wesnellopsts widespread in Indian soils and rice
ticlds contribute immensely to soil fertility.
Cvyanobacterial presence n rice field ecologtes is
of interest to scientists especially from rice
countrics  as  positive effects of
cvanobacteria in rice ficlds are well established.
Mineral nutriepts can be defined as ail
the inorganic elements required for life. In case
of human inorganic nutrientss include water.

growing

~sodium.  potassium.  chloride.  calcium.
phosphate. sulphate, magnesium. won, copper.
sine. manganese.  codme.  selenium and

rmolvadenum. Mineral tovcity s a condition
where concentration of amy one of the minerals
i the body becomes abnormaily high leading to
adverse health etfects Apart from these. some
commen heavy metals that humans are exposed
woare Al As. Cd. Pb and 1lg that can pose
~erious health hazards. Among these. Cd (atomic
wi. 48) is a common bivalent metal naturally

73

present m emvronment in different chermal
forms such as cadmium sulfide. cadmium oxide.
cadmium sulfate. and cadmium carbonate and
cadmium chloride. It 1s used in production of

colored inks and dyes. in metal plating.
engraving. soldering, in plastics and n

preduction of Ni-Cd batteries used m el
phones, portable computers and in many toys
Trace amount of Cd is found in most feods
(higher in shell fish). Humans get exposed 1o (d
from sources that include drinking water.
fertilizer, fungicides. pesticides, soil and
pollution. refined grains, rice, coffec. tea. soft
drinks and cigarettes, Cd accumulates in the
body and replaces body's essential mmeral sinc
in the liver and kidney leading to serious Kidnes
disease and liver damage

Cd o oresuft

Flevated  tevels  of

hypertension. dubed sense of smell. anenpa.

joint soreness. hair loss, dry and scaby sk, ins

of appetite. weahened immune wdem ™
reduced [ cell production
Agricultural soils are maia

contammated with (°d from oxeossne use of
and

5

fertilizers, dispersa of sewage sludge

N

atmaspheric deposit on. Cd s readi™y

B

an ™ L
by many
vegetables tlealy and rooy) and fruite Cd causes
plants and s
accumulation drives it {urther up the tood chain
Negative effects of cadmum o RNA eved
phosphoralyiic

crops including cereals. potatoes.

phitotoxicity uptahe  ana

ribonuciease  acuvin and
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proteolytic enzymes in germinating rice seed are
well documented’""

Removal of metat ions from polluted
waters using microbes i1s a well studied subject’.
Microbes accumulate metal ions by two well
defined processes: (1) independent
binding on the cell wall called “Biosorption” and

energy

{2) energy dependent uptake of metal ions called
*Bioaccumulation™'’. Both living and non-living
microbial biomass have been used for removing
toxic metal Mucilage containing
polysaccharides producing cyanobacteria are
highly efficient in passively absorbing high
levels of dissolved metals using a charge
mediated attraction’’. Many cyanobacteria have
been studied for their role in bioremediation of
polluted environments™ . Proline accumulation
in response to stress has been studied in many
organisms inciuding algae, protozoa. bacteria,
marine invertebrates and plants™. In recent
years, role of intraceliular proline content in
amcliorating environmemnal

. [EWEN
ons

stress has been

a2

2223

studied in cyanobacteria

Rice field environment provides ideal
conditions  for  cvanobacterial growth.
Cyanobacteria are also efficient in metal uptake.
Combining these two facts. the present study
was undertaken to determine intraceljular
proline content  of a heterocystous

74

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

Materials and Methods:

Sample collection:

Cranobacteria: Soil and water samples
were collected from different rice fields during
the month of August when the 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-[ varieties were collected from ICAR.
Umiam Complex. Meghalaya.
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Cyanobacterial isolates from rice fields within the state of Meghalaya

[ Genus Total Collection sites
strains
Umhhen | Mawang | Umiam | Nongstoin | Mawphlang Mawtur SyntuKsiar | Sung
_ Y Mawroh {6.5) v alley
{8.6) (5 &y (2.9 {6.0) (6.2) %) 6.9)
Traabuawng 1A 2 i 2 2 2 2 2 3
\esston [ ¥ 3 3 4 3 3 b3 s 6
"y dmdresp- 3 3 : 0 0 0 & 2 i
FEUA
; alutirix [ i} 0 i i i i i 1
Fesehere lia N 1 [ Q I i { i 1
Litepcapsa 2 i Y ¢ 0 0 0 ! i
Flectonema 3 [J] 3] I 4] U i v [
Total 71 K 6 8 8 7 9 12 14

Table 1. Location of rice fields from which cyanobacteria were isolated Values in the parenthests indicate pH of the

collection s.tes

Isolation and purification of cyanobacteria:
Cyanobacterial strains were isolated and
purified after inoculating the samples in nitrogen
free (BG-115) medium and subsequent plating
on | 2% nutrient agar. Isolates were grown and
maintained in batch cultures at 25 = 2°C and at a
phaton Muence rate of 50 umol m s’ following
the method described by Rippka er «f . 1979 .
Morphological idenufication was done under an
Obvmpus  BX light microscope  using
Jeseription given by Desikachary (19597, A

N st

33
species was sclected for the present
studh.

Metal sorption by cvanobacteria:

Tor metal absorption studics
¢yanobacterium was grown in light in presence
of hall’ of the lethal dose (I D« 1e 20uM
cadmium sulphate in the growth medium. The
conwentation  of  20uM
carefully selected afier determining the lethal

of cadmum  was

75

dose (1.D) of cadmium for the cvanobacterium
under study (Fig 1). The experimental ftlasks
were shaken for 24 h and then centrifuged at
10.000g. The residual cadmium in the medium
was determined 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 cvanobacteria:
Rice sceds were surface sterilized by

%

washing with distilled water, followed by ]
(VV) sodium  hypochlorite  solution

minutes. These sceds were then thoroughly

tor S

rinsed in sterile distilled water. Seed gernunation
was carried out on autoclaved perlite m glass
beakers™, The perlite was irrigated with a 10-
fold dilution of autoclaved BG-11. medium
comaining 2mM NaNO: (nitrate medium) and
vanying concentration of cadmium sulphate (0.
50000 150200 2530035 409 uNy The solution
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was buffered with equi molar concentration of
HEPLS. Germination wa- carried out in culture
roem under fluorescent hight (photon Huence
rate of S0 umol m™ s’y at 25°C. at saturating
relative  humidity. DR-92 produced irregular
results though out the study  Aegha-1 was found
to be more susceplible 1o cadmium exposure and
hence was  sclected. In
experiments, cyanobacteriai suspension was also
added to the germinating beakers in the
beginning of the study.

another  set of

Results and Discussion:

Coal mines of Sohra (Cherrapunji)
village in Meghalava leaches onto surrounding
rice tields due to heavyv rainfall thoughout the
sear. I'wo cyanobacterial strains were found to
be most predominant in these rice fields. Out of
this onc Vostoc strain was more tolerant to
cadmium exposure and hence was targeted for
the present study. Varving concentration of
cadmium sulphate (0. 5. 10, 135, 20. 235, 30. 33.
40 pM) was used to document the effect of
cadmium 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-I than in DR-
92. 40uM cadmium sulphate in the germination
medium was found to reduce seed germinanon
up to 30% in the susceptible rice variety. At 20
uM concentration of cadmium. germination was
reduced by 13-20% and presence of same
amount of cadmium in the growth medium led
to stunted piant growth.

When the cyanobacterium wds grown i
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. intraccliular
proline 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 reduced
number of viable cells at these concentrations
although it does not correlate with the drop in
chlorophyll amount (Figl & 2). It appears that
there 1s an  inverse relationship between
chlorophyll @ concentration
accumulation in the cyanobacterium
cadmium stress (Figl & 2).

and  proline
under

L
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A detailed study of chlorophyll concentration (Fig 3) This implied that afier the
concentration at LDs. in the medium at 24 h cyanobacterial cells have accumulated certain
intervals showed a reduction in 1ts value up to amount of cadnuum from the medium. the level
182 h. after which there was no further of toxicity was reduced n the surrounding
noticcable  decrease  in the  chlorophyll medium enabling the cells 10 divide grow better
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cadmium removal by the
cyanobactenal residual
concentration in the medium was estimated by
Atomic absorption spectrophotometry  The
adsorption was saturating in 48 h. 62% of total
Cd was removed from the medium with 24 h,
which increased 10 7i% 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
etfect of cadmium and role of cvanobacterium in
ameliorating negative cffeets of cadmium on

To study

cells. cadmium

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

Presence of

Length of root & shoot of rice plants (in em)

Root length (cm) Shoot fength (¢ m}

Control 0.02 mM cadmium (B) + eyang- Cantrol 0.02 mM cadmium | (B3 cvano-hacteria

A) (B) bacte ria (B)

8.9 35 56 17.7 11.3 167

92 52 T3 16.8 16.2 1m0

105 4.6 103 1”3 106 1534

100 3.9 89 179 111 162

166 42 53 biiR! 98 174

1.2 61 §3 2.8:3 e tis

103 3 6N 189 99 139
Average L emge Average Average Average \verage

10.11 97 67 1818 10 64 iy T

Table 2: Comparative rout und shoot length of rice planilets growa in cadmium supplemented meram, sith and

without ¢y anohacteriu

In conclusion, we found that presence of
heavy metal cadmium led to decrease in growth
and increase in intracellular proline content in
cyanabacteria. Growing along cyanobacteria
reduced 1ll effects of cadmium exposure in rice
seedlings. There was immediate adsorption of

78

cadmium by cvanobacteria leading to remonal
up to 71% of total cadmivm present in the
medium within 48 h thereby reducing available
cadmium and

rice

concentration
toxicity to

minimizing

cadmium plantlets
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Introduction

The fixing
cyanobacteria in enhancing soil fertility has been
long known and is well documented™.
Cyanobacteria contributes to overall soil health
not only by its ability to perform biological
nitrogen fixation but also because of its ability to
produce polysaccharides and other bioactive
compounds which has a growth stimulating
effect on the vegetation/crop plants, as well as
ensuring maintenance of soil quality and
preventing erosion. Moreover it is also known
that cyanobacteria increases the oxygen
concentration of the environment in which they
occur’®. The general maintenance of soil fertility
particularly in rice fields is atributed to the
natural supply of assimilable nitrogen that is
made available by the cyvanobacteria through the

role  of  nitrogen

process of biological nitrogen fixation’.
Cyanobacteria generate cellular energy by
harvesting  light during the process of

photosy nthesis 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 mayv 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 constanth
challenged by different factors and stresses
including changes in

temperature, moisture

content (droughts and floods). salinity and so
forth. Among these. salinity is known to be of
major significance in limiting the growth and
productivity of plants. eukarvotic
microorganisms and bacteria’. Salinity posses to
be a huge threat to agricultural productnitx and
approximately 7% of agricultural land are
affected by high salt concentrations and the area
is still increasing'’. Owing to their considerable
degree of salt tolerance. cyanobacteria have been
applied in reclamation of saline and sodic lands
with limited success''"”. Such a concept of
biolugical 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 cssential in
certain  metabolic  processes’”"*.
elevated levels of the same may prove to be
detnmental  and result in inlubwon  of
growth' ",

However,

Cyanobacieria have evolved claborate
defense mechanisms in response to various
environmental stresses that it encounters Proline
accumulation n response to stress 15 well
documented in microbes. plants as well a»
marine im ertebrates’ . Proline is knawn to be 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 ure reports
of proline being involved in ameliorating
salinity stress as well as stress induced by
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drought situation and alse s role a singlet
anygen scavenger in higher plants™

Since cyvanobacteria play a prominent
role in the maintenance of soil fertility and
productivity, any loss in cvanobacterial biomass
may result  in noticeable  consequences.
Moreover. these organisms are now regarded as
promising agents in bioremediation and in
cleaning up the environment. Hence, it becomes
imperative to study and investigate the effects of
stresses. either singly or in combination on the
growth and some naturally
occurring cyvanobacteria. This work investigates
the etfect of salinitv. changes in pH and a
combined effect of both on the growth and
proline accumulation in cvanobacteria.

characters  of

Materials and methods

T'he effects of salt stress as well as pi
fluctuations were assessed on some of the
filamentous heterocystous cyanobacteria which
were  isolated  from locations  in
Mcghélaya. These were then grown as axenic
cultures in batches in nitrogen free BGIll,
medium (Rippka et al. 1979 at 25+2°C and
under a photon fluence rate of 50 umol m? 5.
The exponential cultures were used for all the
cxperiments.

Initially. three organisms that were
sampled for the present study include two
belonging to the Nostoe species (N1 and N2)
and one to Anabaena species (Al). Three sets of
these were grown in different concentrations of
NaClo (30.100,150......... 500 mM) in 50ml
conical flasks to {find out which amongst them is

Various
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most tolerant 1o salinity stress. This was done
estimating tne chlorophy Il ¢ concentration every
18 hours in cach flask™ to compare theii growth
to a control culture. One Nostoe species (N1)
that showed highest tolerance 1o salt stress was
selected for further experiments. The soit and
water bodies of Meghalaya distinetly show 2
wide variation in pll. Therefore. effect of pH
and combined cffect of pH and salt stress was
also measured in this cyanobacterium For this,
pHi range ot 5. 6. 7. 8 and 9 was selected. Also. a
combination of a constant salt concentration
(3500 mM) and variable pH was used to assess
their combined effect on the organism. [he
constant salt concentration was based on the fact
that beyvond 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 @ content was found to decrease
with increasing salt concentrations (Fig 1. 2 and
3). However, the unfavorable concentration of
salt different  for the individual
cvanobacterium.  with  Nlexhibiting higher
tolerance. The Anabaena sp. that was used for
the present study appeared to bc  highly
susceptible to salinity stress with maximal
reduction in chiorophyll ¢ content at 500 mM by
the 8" day (Fig 3).

was
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Studies wath Vi different pil ranges
revealed distinet hanges i the growth pattern at
plf 3 and 6 At ingher pH ot 8 and 9 there were
no iemarkable in The
cyanobacterium exhibited erratic growth at pH 3
and 6 and growth showed a dechine n these pii
with respect to time {hig 1) At ol 9. the
eaponential growth phase of the vrganism was
shorter than the contiol {pH 7 6). However. the

changes growth

growth duning this phdse was compaiable to the
control In combination with a constant salt
concentration of 300mM. there was a steady
decline in chlorophyll a concentration indicating
fow survival at pH 5 and 6 A similar behavior
was also evident at the higher pH ranges of 8
and 9 although the effect was less drastie then

that at lower pli (Fig. §)
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Consistent with previous

., 1t was found that with increase

3

observations®
in stress. either as high salinits or unfavorable
pH. there was an associated increase in profine
content and a prominent decline in chiorophyll ¢
concentration. High proline contents of 0.65 and
0.63ug "' were observed in pH range of S and 6
respectively followed by 0.63 and 0.61 pg g™ for
pH 9 and pH 8 as compared to 0.57 ug g in

unstressed condition 1 control culture {(Frg 61},
The proline content was found to be the highest
m the case of the combined salt and pH stress
{Fig 7). Proline was accumulated 1o an amount
of 0.72 and 0.73 pg g' in pH 8 and 9
respectively which further increased in ptl 5 and
6 10 0.92 and 0.76 ug g respectively while in
combination with salt.

0.7 1
06 A

0.5 4

Proline content (ugz ')
e
'S

FProline content of N 1

pli7.6 btis

pH 6
pH

pH 7 pH S8 pH 9

Fig 6: Praoline content of Nostoc sp 1 ar different pH 1C- control condition)

o
%0
A

[}
BN
i

o
N
)l

Proline content (ug g)
it
o
3

Praline content of N 1

[

pH and canstant (5300mM) salt concentration

Fig 7: Proline content of Nostoc sp | under combined effect of salt and pH (C- Contral condiiton S-30tr mM NaC by
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There are extensive reports on siress
induced proline accumulation in higher plants™
. However, not much work has been done
towards the assessment of the role of proline in
cyanobacterial stress tolerance that may have a
significant impact on their putative application
in bioremediation as well as their use as
biofertilizer in coastal areas. Wu et al (1998)"
has reported increase in proline content under
salt stress in Chlorella. 1t has been suggested
that proline is involved in stabilizing folded
protein  structures™. [Its role in stabilizing
membranes by interacting with phospholipids35
and being involved in osmotic adjustments® are
also known. Stress induced by high salinity has
a negative impact on the photosynthetic capacity
and growth of cyanobacteria’” .

In the present study. it was observed that
stress due to enhanced salinity and changes in
pH in the immediate vicinity resulted in
induction and accumulation in intracellular
proline in the cyanobacterium. This finding is
similar to earlier report on proline accumulation
under stress conditions in the cyanobacterium
Westiellopsis prolifica-Janet 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 environmental stresses.

The potential of cyanobacteria as
biofertilizer is immense. FHowever.
susceptibility to environmental changes limits
their  optimum  use. Carefully  selected
cyanobacterial strains with high nitrogen fixing
capability that are resistant andfor 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 accumulating capacity under stressful
environment. These strains with high proline

their -
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synthesizing potential may prove to be an ideal
candidate for bioremediation.
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Department of Biochemisiry, North Rastein Fill

ract - With an attemp¢ to aflesiate the problems faced in the
rent hiofertilizer programme, different alternatives are being
ed inta. In the present study, the potentinl use of spores as
‘ertilizer and their transfer to the fields on a biedegradable base
er paper) has been evaluated,

‘words- Biofertilizer, Cyanobuacteria. Immobilization. Inoculum,
res.

[, INTRODUCTION

Modern day agriculture faces the serious challenge of
easing the productivity to meet the food demands of the ever
wing human population. As a result, current agricultural
ttice relies heavily on the use of agrochemicals to achieve

ter crop yields. However, there is an increasing concern over
effects of such agrochemicals on the aquatic and terrestrial
systems. It is in this context, that a world wide scientific
sensus is emerging for developing alternatives to chemical
ogen fertilizers using biological systems that are cost
clive, renewable and eco-friendly The most obvious
didates in this regard are biological nitrogen fixers called
wtrophs, which play a vital role in maintaining soil fertility
sustaining crop yields even in the absence of any added
ogenous fertilizers [ 1] [ 2] [3] [4]. Other potential benefits of
nobacteria growing in crop fields are the productien and
ase of nhibitors of plant pathogens and the amchoration of
negative effects of increased salt concentrations of sails,
wing saline ard sodic soils to be brought mio agricultural
ge |5)

Cyanobacterial addition to paddy fields has been reported to
ease stability and improve yields by 10-15% {6] {71 {51
wever, not all strains of cyanobacteria may be suited for all
ss of crop fields that vary in their geographical and climatic
siderations. Hence, specific strains may be needed for
dcular crop fields to be used as biofertitizer cepending upon
ie conditions [8]. Temperature also plays important rele in
iding the optimum nitrogen fixing ability of a cyancbacterial

1 Most cyanobacter have opuimum N-fixing ability 1in a
perature tange of 2¢°-30°C  Therefore, the mescphilic
Desember 2007 A0

ofertilizer Ino
ultiy

Bulk Spore Prod

culum n Pacddy
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P.'\»l

i
O30 Meghalasn, India

cyvanchacteria may not be the idea’ source of biolerithizer ir
tropical rice telds where doy Ume temperatures can seal
anywhere between 35-35°C as s adversely atfects theu

me.ubo 1C Processes {91 In the current hiofertihzer progiamme
use of free-hiving cyanobactera poses many problems metuding
low ur\ziv ! rates of inoculum. adaptability of cyanobactene
inocufated 1n the fieids with regards to competition with the
preexiling patural population and incompatibility with chemica
ferulizers and low nitrogen release. Therefore. in order te
populate paddy fields with N-fixing cyanobacteria, alternatives tc
free-living cultures as moculum need to be investigated. In this
context. cyanobacierial spores could provide a definite solutior
since they are more adapted 1o withstand adverse conditions anc
are capable of immediate proliferation when conditions arc
favorable provided protocol for quick and easy induction o
sporulation in desired cyanebacteria is wn place This could alsc
tackle the low survival rate of moculum in the crop fields.

Keeping such factors into consideration, organisms have
been isolated from different ecological niches with varied
climauc conditions These were then purified and compared with
respect to their sporulation abilitv. Cyanobacterial strains which
exhibited quick and profuse sporulation pattern were then
immobilized and stored away on low grade filter paper. These
were regenerated at regular intervals and assessed for their
viability and regeneration potential as well as for retention of
their ability to associate with rice roois, with an aim to cnumerate
their use as potential bioferttizer in rice ficlds of different
temperature zones.

H MATERIALS AND METHODS
A Stramns and Cuiture Conditions
Nostoe ANTH was isolated from the undersurface of the
gamctophyuc thalh of duthoceras punciatin collected from the
North Fastern Hill University campus, Shiliong and punfied
unc‘er r\'emr conditions, These weie grown i batch cultures and
in BG-11y at 25°C with a phoeton luence rate of SO

10}
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Selavavatia brgventis bropooe Soaaor Cao ot b
Viastzeddades ap was asolated frtom the hot spimg ot
dakeew Meannalava Indoe Hhe was also grown m batch cultures
aad manvamed m D= medinmn at 4570 wah o photon fheence rete
R umolmT s {H0)

Tie other Vavoe rolates oven collected from soil
samples of Uniar Pradesh ana Lhwarishand . These were punified
and muuniamed i batch calteres i BG-1 a1 25°C wwith a photon
tirence rate of S wmol m o7 (10,

Urnicss stated otherwase. § Jay o« cuttures were used moal
e expetunents

flad

8 Cudtnre Condisen for Spoy klation

{he cyanobacterial cultures were induced to sporulate m BG
1, medw deficrent in soifur However. the medium was
supplemented wil equimolar concentration ot MgCls to counter
balance the reducing concentration of MaSO, These weie then
maintained in the culture room at 25+2°C [i1] [12]. Further,
soine of these culwres were kept at lower temperature and m
dark o assess the unpact of these factors in inducing sporulation.

C Chlorophytl Measurement
Chlorophyll a was measured according to MacKinney {13}

3 Heteracyst Freguency

Heterocyst frequency was caleulated as percentage of total
cells by light microscopy using an Olympus BX 60 hght
nMicroscope.

E. Nurogenase Assay

Nitrogenase enzyme (EC 1.18.6.1) activity was estimated in
vivo by gas chromatography using the acetylene reduction assay
{14]. 5 mi liqud colre was placed in a 15 mi serum vial and
Lol air was replaced by 1 mf of purc acctylene. These vials were
incubated for | hour at 2522°C with constant shaking. The
ethylene produced in each vial was determined using a Tracor
540 GC with a Porapak T column and a flame ionization
detector

F. Co-cultivation of Rice and Cyanobacieria

10 days old rice seedlings were transferred to [Smi culture
tubes after washing with distilled water. Suituble media was
added mnto each tube and seedlings carefully placed with the
roots dipped in the medium. Cyanobacterial cultures were then
inoculated n these tubes. These were maintained under suntable
grawth conditions {9}

H1. RESULTS

Cyanobacterial  samples  were  collected  from  various
locations withun the country (Table 1). At the start of the
experiment, sporulation was induced in tht cultures by
§-7 December 2007

s

moctifaling them in a sulfate deficient media A 000X diluie
spute ample was then plated 1 g scries of pein plates Smgh
soare colonies which  developee o the plates were ther
moctated 0 sunable bguid media and allowed o grow Al
stadies were petformed on the 8 diy atter woculation using :
specific coneentration of imtial moculum for both the free-inm
and 1egenerated spore sample(s) The immobilized spore sample
were regenerated at regular intervals (1 month) and assessed o
then viability and retention of associative abiliy

N B o one figures indicate the spores of the correspondany
samples.

TABLE |

SAMPLES COLECTRD FROM DIFFERENT LOCA TIONS {(** INDICATES
SAMPLES WIHHCH HAVE BEFN SELECTED POR THE PRESENT STUDY),

S Sam- T Strains Collection sites |
Nao. ples ¢
P AR Vostoe AN Meghalaya
N Mostac sp Mcghalaya
L [§ Xostoe sp Meghalaya
§ 9] Nostue sp Meghalaya
3 ¥ Nostac sp Meghalaya
|6 ¥ Nontee sp Mezhalaya
I Aasioe sp Meghalava
L& e Agsine up Mughalaya
P9 ! 1 Aot sp Meahulaya
10 i J Anubuenu 5p : Meahalays
T Masogocladi sp | Meghalaya
12 L** Anabucna sp } Assam
13 M Fischerelty sp I West Bengal
3 N Fischerelia sp ! Manipur
15 0 Nostoc 9 : L ttarakhand !
| 16 P Nosioc sp | Luarakhand
Iy Qe Nastoe sp i {'narakhand
T TR Newwespy o Utiar Pradesh
okl e L Lradesh
20 14§ ANOSIOC 3D ; Litar Pradesh

A. Sporulation
Sporulation in all the samples was confirmed by microscopy
observations.

8. Growth

Figure 1 comparative growth of the free-living a
regenerated spore samples. The growth rate was calculated
term$ of ncrease in the chlorophyll a concentration and w
found to be higher in the regencrated spore samples

C Heterocyst Frequency

Heterocyst frequency of the regenerated spore samples wj
also found to be higher then the free-living counterparts for d
the samples studied (Figure 2).

409



feocgentnes o nat sm o vt . fse banomon na

LRI Y]

piu

« -

- on m i oty ey [ A

i

> e — e -

Yg S

s o s | !

]}E_:‘_ r‘ 1 r“; 4
IEE]., i |

1iT oy li ! | N
- H 1 i !

EE S
2=,z ;1 !

dEIIU IO
t a H - R

2! LY SO N S L L R L B A

Samples

Comnanson nf s ronth of frec-livine samples a d the ¢ rczencrated pores

7 !

3%26 vl r 3

5'5%4 E E ¥ §

- i

1 c? [

| J { U U i

H ¢] — l
AAC R KRN T P 0 On T I

l Samples !

"ig 2 Companson o heterocy st frequencies of free-living samples and ther
regenciated spores

@

Vitrogenase Activity

Nitrogenase activities of all the fice-fiving samples and thewr
eres exhibited a similar trend of increased activity in the spore
1ples (Figure 3)
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Artficial Association of Cyanobacteria with Rice Plants

To test whether the cyanobacteria under study can be used as
aofertibizer, the stramns were incubated with rice secdling Al
% strains  exhibited  considerable  association  at  room

Decemher 2007

i

N

temporature (22+2°C) asd e moxenase actintom the
a~sociated state was 2-3 folds tugl er than in case of hico-iving
culsres This result 15 stmidar to the cerhier report on Vosing
ANTHE {15] Interestinghy  Vastgocadus sp and two of the
Vesrec species which had ongna by been isola ed from higher
ten perature zones showed wssociation with mee ooty vven 1t
higher temperature  Regencrated  spare  sample(s) of twe
cvarobacterial strams 2lso reveated associative asthity With nice
-aots farther supporting the wdea that spotes could b used as
¢ "nobacterial inoculvm to crop ficlds

[N B AN ILANTOAN

Current biofertilizer programme {facey severnt cha "ghges 1
the distribution of cvanobacterial moct:um owing to low suveal
rates of the moculum dutng pack no (ransport and distributon
of tae same to crop Telds It s i bus contaxd 8t cyanobacteriet
spores promise to offer easier and effective alternanive of viable
irocalum to agniculural Telds Spores per se are adepted to
w *hstand adverse envionsiental condions a+ ¢ are capable of
ummediate  prohiferaton on ren-n of favorahle cond tors
Keepmg this in mind the present study was an artempt to explore
the oossibihity of using cyanobacterial spores o5 we ! as (hose
imriokilized on a biodegradabie base {(filter paper) as inoculum
for possible N-fix ng associaticns with tice plants m the water
logged fields It 55 worth menuon ng heie that this wouud be a1
ccoromical as well as an eco-fiiecgly approach as fiter paper
bemg Modegradable would not acce imulate m the r.ce Helds and
hence nroduce no il cffets on the overall soi guanty Also ot
was observed during the cou-se of stnay that immobt rzation of
snore samples onto filter paper was 1 relasnehy easv and
convenient method since 1t adsorbed on the strip of paper guichly
and also dried up fast This reduces the chances of contaimination
during drying the paper strips

Induction of sporulation i a suifate deficient media seemed
effecuve for all the cyanobacteral samples studied However
vanous other modifications were also cxperimented to evaluate
therr 'mpact on anductior of sparulanon  These mcluded
mamtawng the samples in temperatutes other than then sdeal
growmg temperature and also mamtanmimy w dark conditions
These studies revealed that varsation my temperatwe along with a
nutnent deficiency did have a role i inducing faster sporulation,
especially in those samples that hag ongmally been isolated from
a higher temperature zones Mastignclaaus sp growing 1deally at
45°C and above exlubited immediate sporulation (within 3-4
days) when maintained at 25°C or below This was true for two
of the other Nostoc 1sofates which had also been collected from a
higher temperature region The sporulation efficiency of these
samples was further enhanced when the samples were mamntamed
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in sulfate deficient media. at a lower temperature (30-12 °C) and
in dark

When the spores of different cvanobacterial siinples were
studied with respect to the:r viability. (egeneration. N-fixmng and
associative abuity it was a consisient obseivation that they all
exhibited profuse and immediate geummnation and subseguent
growth on return of favorable growth conditions. This was an
encouraging finding which supported our idea of the potential
use of spores as inoculum. The grow th, heterocyst frequency and
nitrogenase activities of all spore samples studied revealed higher
efficiencies as compared to their free-Living counterpaits. Thus,
inocuiation of spores to crop ficlds would not only ensure
delivery of viable cyanobacteria and thus tackle the low survival
prablem offcred by fresh inoculum: it would also be better
adapted to compete with the preexisting micro flora of the fields.

From our experiments we observed that immobilization on
fiiter paper did not have any adverse effects on the viability and
regeneration of the spores up to at least 6-9 months. This
provides a convenient and easy storage and transport possibility
An encouraging {inding of this study was the assured retention of
associative ability of the spore samples with rice roots. This also
ensured proper anchorage of the samples o the rice roots and
thas probably a betier associatson when the spores eventually
aerpunate and row,

However, it needs to be mentioned that deveiopment of other
effective prowcols for induction of sporulaton deserves further
investigation. Currently we are looking into other aliernative
methods for inducing quick sporulanion in  cvanobactenal
sampies and also finding better immoXilizing bases that would be
casily available, biodegradable and appropriate 7or the purpose of
storage, traasport and dehivery of biofertilizer
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with immobilized ceils showing 100% 1ccovery i heterocyst
frequency by 8" day (Fig 2) The recovery in heterocyst
frequenty was secn eien after S months of inunobilization on
dried filter papers

TABLE 1
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Fig 2 tlecruoyst frequency of free living controt and regeneraied semp.es from
filter paper
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E Nurogenase Actvity

Nrtrogenase activity measured as nmoles CyH, produced pgm!
'ehl & h' of cultures regenerated from immobihzed samples was
roughty 70-85% of control cultures by 8% day (Fig 3)

F Absorption spectra of phveobiliproteins

The  phycobiliprotemns  are  accessory  pigments  of
photosynthests  Phycocyanin, phycoerythnn as  well  as
alophycocyamn were measured as an indicator of proper growth
in the cyanobacteria taken for the study When compared to
phycobiliprotcin content of free-hiving cultures, the immobiliced
samples were seen to retain the total phycobiliprotein content in
the immobihzed samples. The phycobiliproteins was expressed as
mg ml” (Fig 4).
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IV DISCUSSION

Cyanobacteria thrive in water logged conditions that prevail 1n
rice ficlds and their beneficial influence on soil quality and crop
productivity has been known for decades. They are scen to
colonize rice roots and submerged shoots  However,
cyanobacterial mirogen fixation 1s adversely affected by presence
of'any fixed nitrogen sources in the surrounding. But to mcreasce
the nice productivity, cyanobactenia cannot be completely
depended upon as they cannot meet the total nitrogen requircment
of the whole crop and thercfore. fixed nitrogen in the form of
fertihizer has o be applied in the fields.

This study is an attempt to understand the cyanobacienal
performance in the presence of nitrogen-based fertilizers in rice
fields. The associative nitrogen fixation studies showed
comparatively tght association between the four strams of
cyanobacteria 1. Nostoc ANTH (NA), 4dnabaena cvcadeae
(AQC), rice field isolates 1 and 2 (RF1 and RF2) and the rice roots
n the presence of nitrate (2mM). However. 1n 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 tubes The
associative nitrogenase activity was found to be 30-50% of the
nitrogenase activity in nitrogen deficient media

Immobihizations on filter paper has proved to be both
economical and desirable and being degradable in nature 1t is
easily dispersed in the waterlogged conditions especially in nee
fields. The comparative study between the free-hving control
samples with regenerated samples was shown to be similar with
nearly 100% recovery of all characters. The heterocyst frequency.
nwrogenase  activity and phycobiliprotein  content  of the
regencrated samples from preserved filter paper strips were
comparable to the control cultures up w0 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 RFL. This observation 1s similar to earlier report [18) where 1t
wasy shown that restricted carbohydrate input to double or
multiple heterocysts may be the cause of lower mtrogenase
activity due to less availability of energy.

ACKNOWLEDGMENT
We would like to thank University Grants Commission and

Department of Science and Technology for financial support

REFERENCES
(1] AN Rai, M. Borthakur and D Paul, “Symbiouc Cyanobactersa.
Biotechnological Application”, J Scientific and Industrial Research
vol S5, pp 742-752. 1996

5-7 December, 2007,

Proceedmngs of Internatonal Lonterenee on Applied relag reenng oL AH L7,

{2] FE Frsch, “The sub-aenal and fresh water algal flora of the

tropics”, Annals of Botany vol. 30, pp 235-275, 1907

P K. De, “The role of blue-green algac in mtrogen fixation m nece

fields”, Proc. Royal Society, London, Series 8, vol 127, pp. 121-

129.1939

RN Singh. "Role of blue-green algae in nitrogen cconomy of

Inchan agriculture™, Indian Council of Agncultural Research, New

Delbi. 1961

('S Venkataraman, “Blue- green algae for nce production A

manual forits promotion”. FAO Bullenn No.6 FAQ. Rome, 1981,

S1. Albrecht, C. lLattore, JT Baker and K T. Shanmugan,

Genetically altered cyanobacteria as mtrogen fertihizer supplier for

growth of rice. In* Biological nitrogen fixation assaciated with rice

production, edited by S K. Duttaand C  Sloger, Oxford and IBH

Publishing Co. Pvt. Ltd., New Dethi, pp 163-175, 1991,

P.A. Roger, and JK. Ladha, “Biological Nitrogen fixauon in

wetland nice fields: Estmation and contnbution to nitrogen-

balance”, Plant and Soil, vol 141, pp 41-55, 1992

J K. Ladha, and P M. Reddy, “Extension of mitrogen fixation to nce

necessity and possibities”, Geo J vol 33, pp 363-372. 1995

A Waranabe, R. Ito and C. Konshy, “Effect of nitrogen fixing blue

green algae on the growth of rice plants”. Narure,vol /68, pp. 748-

745, 1951

|10] G.S Venkataraman, Algal biofertilizers and rice cultivation, Today
and Tomorrow Printers, Faridabad. Haryana, India. 1972,

[11} P A. Roger, and S.A. Kulasooriya, Blue green algae and rice.
International Rice Research Institute, Manilla, Philippines, 1980.

[12} B Metung, ~Micro-algae n agnculture™ In:  Micro-algal
Biotechnology. cdited by M.A. Borowitzka and LJ Borowitzka.
Cambndge University Press, Cambridge. U K . pp. 288-304, 1988.

[13] BA Whiton, “Soils and ncc ficlds”, In. The ecology of
cyanobacteria, e¢dited by B A Whitton and M Pouts, Kluwer
Academuc Publishers, Dordrecht, The Netherlands, pp 233-255,
2000.

[14] R. Rippka, J. Dervelles. 1.B. Waterbury, M. Herdman and R Y.
Stawner. “Genetic assignment, strain histories and properties of pure
culture of cyanobacteria”, J Gen Aficrobiwol vol 11l pp |-
61,1979.

115} W D.P. Stewart, G.P. Fitzgerald and R H. Burris “/nr situ studies
on nitrogen fixation using acerylene reduction technique™, Proc.
Natl. Acad. Sci. USA vol. 58, pp. 2071-2078, 1967

{161 G MacKinney, “Absorption of light by chlorophyll solutions”, J
Biot Chem ol 140, pp. 315-322, 1941

{17} A Bennctt and L Bogorad, “Complementary chrematic adaptation
in a filamentous blue-green alga™, J. Cell Biol vol 358, pp. 419-
435, 1973,

{18, A N. Rai, M Borthakur, S. Singh and B Bergman, “Adnthoceras-
Nostoc Symbiosis: Immunoelectronmicroscopic  Locahization of
Nitrogenase, Glutamine Synthetase, Phycoeryihrin and Ribulose-
1,5-bisphosphaie Carboxylase’ oxygenase in the Cyanobiont and
the Cultured  (Free-hving) Isolate Nostoc 78017, J  Gen.
Microbtol vol 135, pp. 385-393, 1989

160



Indian Joun al vi Biotecht slogs
Vol 6 July 2007 pp 397 403

Nitrogen metabolism, artificial association study 1n two cyanobacterial isolates
and assessment of their potential as biofertilizer

Mavashree Borthakur Syiem?  Anvmd Kumar Singh, Amar Nath Rai', Nombala Khumanthem,
Rajkumar Somendrajit Singh, Samrat Achikan and Amnita Bhattacharjee

Department of Riochermistry North-Eastern Hill Universty Shullong 793 022 India
"Vice Chanchellor Muzoram University Arzawl 796 009 Mizoram India

Recetved = June 2006 revised 17 Ocober 2006 accepred 20 Jamuary 2007

Two stramns of Lyanobactend viz Noitoc ANTH ard Masnigocladus sp were volatea trom local separdic temperature
sones of Mechalava India Both the strans showed preference tor different teruperatures tor opumum growth {45°C for
Must ¢ o tadus sp (thermophiley a1d 25°C tor Nostoc ANTH (mesophile)] The addition ot nitrogen sources in the growth
medid {(mtrate amnontd and glutaming) supported their better growth but repressed hoterveyst development and nitiogendse
Rdvity Ntrate and mirite uptdhe rates, NR ind MR activiies inereased by Oz and decreased by NVHY in vosrac ANTH
However sulh cfrecre were onls partial in Mastigocladus sp The presence of fixed nitrogen sources 1 the media ted to
decreasea GS actrviry and repressed methylammonium uptake 1n both the strarms Gluramme uptake was substrate inducible
energy dependent and required de novvo protewn syathe s Artitheral assocation studses 1evealed suceessful ¢stablishment of
association of rice 7oots with both cvanobacteiia incdduaing prolonged ascocation of Masugocladus sp at high temperature
(~45°C Lude moditicauons in giowth terperature and growth media led to profuse shinete differentiation 1a target

Cyanvbactaert
mmphications in tutwre bofertihzer programme

Ihe replacement of normal cells by dunees av field 1noculans nught have protound biotechnological

Reywords: cvanobacteria N; fixauon mesophile thermophile, hiotertthizer

IPC Code. Int CL7 COST9/0 .

Introduction

Cyanobacteria, an extremely diverse group of
Gran-negative  prokaryotes  show  diversity n
physiology  morphology, developmenial chaacter-
1stics and habitats' ™ In nature, they are free-hving as
well as s)mbnom‘Q Cyanobacteria, as diazouophs
have 4 long history of usage as broferulizer
agniculture®™ and are known 1o ennich the mtrogen
content ol the nue tields”  Species of  Nostoc
Arabaena, Aulosia  Lolpothue Coluidrosper mum,
Glovorwhia  Glococapsa \nabaenopsis Campiy
lonema Scvtonoma and Westieflopses are widespread
in Indhan sots and 1 fields contnibuting unmensely
to sonl fertuliy - The curtent bofertilicer programme
using free-living ¢yanshacteria poses many problems
mcluding fow surveval sate of inoculum adaptabiiey
of cyanohacteria moculated in the fields with regards
1o competition wuah o the  preexisung aatural
populationy  and  mcompaubiity with chemical
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tertilicers and low mtrogen release Also. most
cyanobaciena have optimum Nj-fixmg abihity i a
temperature  range of 20-30°C  Theicfore  the
mesophilic cyanobactena may not be the ideal source
of biofertihzer 11 tropial nce fields where daytime
temperature can soar anywhere 30-45°C, and dus
adsersely aftecis their metabolic processes  Under
these conditions  thermophilie cyanobactetia scem to
be the better option as broferuhizer m mixed consortia
Information about thermophiic ¢yanobactena that
grow at such high wmperatures 15 scanty and <o far
has not been looked 10to as the potential biofechhzer
Keeping this 1n nmuind the mesophilic Vovioc ANTH
and thermophilic Musticodladus sp, both 1solated
from the state of Meoghalaya were compdred with
respect to sefected metabolie processes with an amm o
enumerate therr use as potential bioterulizer 1n 1ice
ficlds of ditlerent temperature zones

Matcrials and Vlethods
Strams and  ultur ¢ Conditions

Nustoo ANTH was wsofated from the undersurtace
ol e gamciophnvntic thalh or  the  brvophyte
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collected from the N B Faceen DU
U niversity campts Shulleng and puniied  under
aveme condions  Azente caltules wete ciown
batches and maintaned 1 BG 11 (Ns modurm,'’
25°C with a photon fluence rate of SO pmcd m S
Whenever needed  the N- miediomn was supplemoented
with 5 mM KNO: (NO -mediumy o 2 mM NHL UL
ONHL medwm) or T mY | -gloterune (gluitamine
neGiumi

Mastigucladus spowas solated ftom the hot spring
of Jakiem, Meghalava state India and giown
e batch cultmes m D medium under
coutinuous light with a4 pheton fluence sate o S0
umol m° s at 45°C 10 BOD incubator and also at
25°C m the culture room Whenover rocded  culiures
were also grown m N medium (D-nedium without
sodree of  combmed  mitrezeny N mcdium
¢\ -meawm supplemented with 2 m¥ NH.(D o m
No-mediun supplemented wath o glatanune
All maedha for Vostoo ANTH and Macticodiudus wp
were hutfered  wea equimela concentriton of
HEPES, and pH was adjusied 1o 75 hefore
autoclaving

\nthoccr oy

Growth, Heterocvst Freguency and Natrogornase Acthivify

Grrowth was measured as moercdse m concentiation
ot Cnl u Heterooyst frequency m both th
Cyanobactena was cateulated as porcentage of total
vegetative cells after 96 h of o tbation i ditiorom
mtrogen media Acetylene reduction assay was used
(0 INCASUTE NITOZENASE dliv ity

Nitrate and Matrite Uptake Asaay

The N, NO,- and NH o growa cultures of Vostoc
ANTH and Masigodladus spowae danvested by
centrtfuganon duning the exponenual growa phisc
aatter 4 d growih)  washed  md resuspended m
Trnone-NaHCO  bulter (25 m¥ pH S 1)y Uptche
cxpenments wae mttiated by the additon of NaN\O
1100 udM) or KNO (100 uM) to the coll suspencian
Uptahe of NO~ and NOY was mcasuted by the vates
of then depletion front the medium The choiee of
100 1M extemal concentration {1 both the combined
N souiees was based on earbior sudios i Anahacna
sp PCC 7120 and Swiechococcs sp ~suam PCC
7942'1 Y Samples were withdiawne aticr 3 h oof
incubdtion, subjected to rapid conttrfugation at S000 g
and the cell-lice supernatants analyzed {or estdual
NO. o1 NO, Niate and nitrite concentralions woic
measured by the method of Canse ' and Snell and
Snell'” respectively

PHOPECHNCE 3T Y v

Nitrte Reduetase,  Nnte Redudtice  and  Glulanune

Svathotase CTransforase) detimt

P arcdovin-dependent nitrate reductase (NRy and
ninnte reductase (NiR) activities were moasued using
ditmonite educed methyl viologen as reductant’™!
Gluta ine synthetase gransterase GS) actnvity was
meastred as desciihed by Sampro e/ @’ ' However
Viastsodladus sp o incubation for the ensyme assass
was ertormed at higher tempaatwe 45 ¢ or
cultures stown ot 4537C In case of Vostoo ANTH|
cultures were aneuhated at 3 C o Protein was
masured accordmg to T owry ¢r af

Ammomum and Amino aad Transport Yssan

Ammonium tansport assay tor Aosvoc ANTH and
Vastgodadus sp was done using the adioacine
P°Cl muthylammonunm an analogue of ammonum
(sp activity 370 KBq umol 'Y Glutamine uptake
was measured using {UCl-glutamine (sp activity 256
KB umol ) for both the ¢yanobactenal strams NOs-
arown cultures were havested during the exponentidl
growih phase washed m Nz-medium and meubated 1n
N\,- nedium o1 N-medwum supplemented with 1mM
glatamine at 25 C for Vosvoc ANTH and at 45°C for
Vaticocladiy sp o After 48 h cells were harvedted
washed and tesuspended .n 10 ind HIPES-NaOH
hatfer (pH 7 0 1o a firal concenuation of 10 ug mL
Chie e tor both the sttans and cquilibrated tor 1 h
undet  therr  respectine growth condions
Methy lammonmium ot glutdaimine uptahe experiments
were started by addmg [ "Cl-mcthylammonium o
['"C | slutamine to 4 hinal concentiaton of 50 ule tor
both  the  ovanobactenia Whenever  nceded
dichlotophenyldimethyviurea (DCNU 10 WM o
cabomvl cvamde chlorophenyl hvdiarme (CCCP,
25 uMi was added 10 the cell suspension 30 min pror
1o the addiuon of labelled glutamine  \t ditferent time
mtervals 400 ul <ample was taken out guichby and
cells separated by cenutfugation through stheon ol
DC 530/ dinony Iphthalate (40760 vy into perchlone
acdiwater 1S985 vy and | TCY e purchlonc
acd  fracbion measured  using hiquid  ~santitlaton
counter 1Beckman  Model 1801)  The non specfic
binding of * *Cl-methy lammonium and glutamine weas
determined by medsuring theu mcorporation in the
oluene treated cells™

Cultures Conditions for Ahnets Differuntiation

Nostoo ANTH cultures were induced to <porulate
i BG-1H mediom lacking MgSO.L and replaced by
cqumolar MgCl- Mastigocladis sp on the other
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{ o-culivation of Rice and (vanshuctkinig

Rice seealmes 10 Telar govn or po B s
gansienod to 1S nl crfare oo atter o
dulled water DN mcdum end BGIE padun
10 ml ) was poured macpendentdy nato those by
and seedimgs carctu be placed ity e roa s dip pod
a the medum Masio ocadin spoamd Vodoco AN
woere fuan omoctdated i these lost tebes an b
respec ive srowth modid Tubes with Ve o 1y
powernt kept i the BOD incubatoe at 157C g wath
Aovtoc ANTH in the goowth dhumber ap 25 €

il

Results
Growth, Heturooyst Froquonoy aod Mdiogonase Achan
Both Mocue ANTH cnd Mastigectaedies opoveic
arown n bolly an g temperature 1anae of 2 o 60 (
Growth aos measved as inercase in ¢ ol aocontent on
37 d Masngocladusy sy giew best at 15 ¢ 23 .
mb, ' Chla m D N_madid However Novieo ANTH
wells dicd attemiperatures eacecdin & 3% C omd s ow
optumal wrowth o 25 C wlh (Fr o
Nomedrst Cononthowas consistonthy char i NO
N o Zeommne sapplenente d mod
Begiomey ard mltoponse actsily soe 10l ool e
cospb anod riroser supplomented oo e T
srowth Facroaost icgieroy and snoscn o ant v

wele ~ a1 S 1ol hurbar ot v

2
Hotonoy
1

of Havivo {uduy sp
tenal 25 ¢
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Farthor NO uptake oy Sowoc ANTHEw s 26 nimol
wa oy (Aleom N omcdivm 1o wol min mg
R o NO medwum and O amol i e (i a
a0 NH ncihum Henee, there w oo and 2xr4
1y tase ' NO 7 ouptabe by Vo wladus ~pooand
Aesfo ANTH, tespecinddy o the NO - medium
Corrpared 10N modium Tvencstimeh NO O uplahe
Mastugocbudie was 1 fold higher
¢oopered 1o vostoc ANTH urde <1 udas condiions

Tl

4>

tate of S)

PN and NO- medium Howo o e prosence of
NH a1 the growth moauim kd o midubion of NO
Uptine which was mere s oo wase of Yosie

887y cormpated o Yasrr oo iuan T3y than
Pormrospoctve N grown cells

Or he other hand, NO - uptahe by Yiesngociadus sp
ard ANTH was s swd By ) and 200
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Table 7 -F Hect of different itroen so b wes 31 oia die seCact SoNRY rirre reg it e (N R

GSyae v s ot Aoseoc ANFH and A1 so 0 edie sp

NR Oty
inmoe! \NO
ma B protan)

NOHOIT SCdhoey 1B

IOV (LU U HURNYE

ol NO

e Y g

nd glutanme sy Uofase (ransiorase

GY Koty
Gumot ¢ aatu nd hivdrox uoale
formea i ML pIoier 3}

Nl e by
corsatied
i n- ! "{‘H)IL’MH

T Nosior ANTH Masigochadion Nosioc ANTH Mastieecadas NMostre SNTH L Yast o dadus
o -p s

N\ y R+01 Qi6~04d S+ 27 16234+ 610 = 2464 = 123

NQO 42201} (A RVANEE U 745 =37 1790 2% AV 1689 + 64

N\ 32+£01 487 .02 2312 1926517 376+ ( [RIC

SROONate rcductase R = Nnwe reouctase GS = Glu inune sunthetase

N Nowmbadd rwogen NO =+ 10 mM NGO, N =2 2 nMANHAL L e
protemn) compaied 1o Aostoe ANTH (610 nmnol +- Tibte ¥ Toe offect of DOME and CCCP oy | CY dutanine

glutamy | hydioxamate min ! me ‘ protem) grown in N_
medivm However GS activity was tepressad by 31%
n Mastigodladus sp o as against 2% i Aostoc ANTH
when NO-  was added to the giowth medium  The
addinon of NHe™ 1o the medium also showed sumla
infubrtory etfect on the GS actnvity 1 Mastivocladus
<p (40 ¢ vand in Nostoc ANTH (38%) (Table 2

Methviammomum and Glutamine { ptake

Fhe state of ammomum uptake 1 Vostoe ANTH
and  Mastrzocladius sp was studied using [UCl-
methyfammonium  Both the organisms <howed a
biphasic pottern of methy lammomum uptahe marked
by an imual tapid phase lastmg tor 60 sce followed
Dy a vlower second phase that emained hnear during
the nont 10 mun of the expenmental  penod
Moty lammonium uptake activity 1 Mostoc ANTH
durmg the first ang  the sccond  phase was
SSand 73 nmol mg mun 'Chr w tespectively The
uptake rates {or the same cempound in Mastivacladaes
spocldhy were 42 and 1577 amol mp o Chf g
duning the st and second phase respectively The
additton ot NO - and NH. i the growth mcdium led
W sovarc repression of the methy lammoniun aptake
iy beth the cvanobacteria Overall the data showed
thal MEEOZen Mary JUOn MCedse s AHMonium tansport
acbivits n both the <rams

Studies on the uptake ol glutamine i Nosioc
AN TH and Maczgacladins sp abvo showed a biphasic
niure where an el tapid phase  1epresented
muacclular accumufanon followed by a slowes
second  phase epresening . asamilapon the
2lutamine uptake tates were lizher o glutanine-
grown (ulls than 1o N o-grown cells Such an imcrease
i e rdates wos stemficanthy dnbied by the addinon
of Chiopimphamcol manhibitor of prote n ssnthesis
hag 1y Al DOMU and CCCP nbimired  the
glutannie uptahe m both the strans « Tabk Yy

uptanc by Voune ANTH ind Masiisocladus <p

Growth medunn § UGt mine uptahe
tnmol | “C) glutaming taken up

mg ' mn FChe

Vestr ANTH ‘v/{l‘ltk’(’(l}l?h‘\ <p

Con ol 4100 137+ 6%
Coungol + DUNMU (J0 w0 e=ia P21 x20
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X -
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B b O Glutarane optene 1 Yos oo ANHIE rowp e N
(2~ C oY) citimme prdiu 2 C A at 1 AMlasngodludas
1= C oy o2 vom e mudum (w0 ad

(NOY fiown

\poorown ro N
vutirune ned et ©ompbon ol i*)
Caperentiel el ware wasped  ind Coarsterrec 0 N and
e tr gt In Yot wd b wd (65 hy g
2 C oy voe AN ana at b O e Wava ockadns sp Colie
vie hor fasested waskad and cesespensea in HEPRS Butrer
apd tsed for plutn e uptake av doseribod in Mutendds nnd
Marods The valies e re s ot two imdependon exper ments
cact VR 1op teales

viancte Dffes enuation

The nterest n alnete was lor s potential as
moct um to be ousad 10 populate ooe Diddds wath
ot et wnobacter strains Akmete
dticeentaticn i Voseoe ANTH stated unly when the
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Noomedium was used to @ow the ool facked either
sulphate or phosphate the former lnmitation leading o
quichet and lgher extent of ahinete difterentiation
{within 3 4 d a5 against 89 &y In contrast akinetes 1o
Masueodladus sp diflcientiated with i 10 d simply
when grown i D-N,-medium at lower temperatute
(25°C Table 4) By 40" d the akinetes percentage of
Aovioc ANIH n sulfate hmted N_-medium and
Mastiencladus <sp in normal D-N- medium  were
98 and 80% respecuvely at 23¥C Some degree ot
akmete ditferentiation (~20775 was also observed by
407 d in Mastigocladus sp grown at 453°C probably
due o exhaustion of media nutrients

Arufical Association of Rice Plants with Cvnobadteria

To st whether these two cyanobactena can be
wsed o5 biterhizer Mavuvorfodus sp ond Nostoc
ANTH wete incubated with nce seedhngs There was
considetable association of both these cyvanobactena
al  toom  temperature  (25°C)  However, when
mceubated at 45°C Nostoc ANTH died atter 24 h
Interestingly  Mastgocladis sp showed <iznmificant
dssaciation with rice toots even at 45°C for prolonged
pertod N -fixation activity was measured dafter 7 d of
incuhation It was higher in assacated cells of both
the cyanobactetra This activity was 1628 and
12 nmol C.H, produced ug h Chl g respecuvely m
axsoctated and tree-hiving cells of Nosioc ANTH o
25°C The conesponding values for Masrrgodludus
spoat 45°C samie were 627 and 462 nmol C_H.
produced pg 'h' (hla

Discussion

Morphologically Mosta ANTH and
Mastieod faclis spare different cyanobacteral genera
Nostoe ANTH wuthout oranching and Masnigodtadus
sp wath wuue  branchmg  Growth  experunents
conducted beyond 357°C fed o cell death in Yoaor

ANTH Howcver  there was mercase in growth,
heterocvst frequency  and  niogenase  oetivity

Mastieociucses spoat 45°C and beyond indicating s
thenmoplnhic natwie Both the cyanobaciena were able
touthize NGO NO: ,NH 7 and glutamine as <ole N
source  tor growth bat these wete whihitory 10
heteiocs st difterentianon and muogenase  activny
These observanons are simdar to carlier 1eports
other (yanobactena ' In guneral the appeatdapce ot
the Mastroocladus sp was more sellowish than of the
Nostoco ANTH This coutd be due o the fact that the
media composition used {or growth of Wastreocladns

Tabk +  the mme coure of thanete diffounti dion i Aosen
AN 23 o soltate hnmiing N mcdum and
Yastezc e adus <p o normad DN meaiun (295 Cand 15 ()

Akt e frequerey 170

T omx Sivior ANTH Masts, o ludus sp
W - _

25°C 25¢C 45 C
G yn ) an
h 810 00 (¢}
HY A ES R 12006 00
20 =zl 0 EVRUES I 04
G0 R2x10 20224 v
1 9510 500 £4¢ 010

sp lacked 11 one or more muinient(s) thet othurvw e 18
dvatlable o0 the ogamsm n the hot  sprng
A comparison ol heterocyst frequency  and
DIogunase activity i the two cyanobacterial gencra
at their respective growth temperatutes showed that
Nostoe ANTH had higher nitrogenase activily even
though  heterocyst  frequency  was  higher  an
Mcvtigodladus sp probably due to muic efficient
N g andror C-fixing machinery in the former

Further tnvestigations o niogen metabolism
aspects of the two 1solates established that mitrate and
nunte uptahe rates were mduable by NO.  and
repressible by NH.™ However. mittate uptake rates of
Mastigocladis sp were much higher (~10-fold) than
of Novioe  ANTH  As s the case with othes
(yanobadtena®™  the sesenty of mubiion by NH,
was mote pronounced 1n Nostue ANTH However 1n
contrast (o 4 complete repression of nibate and minte
uptake by NHL* 1 other cvanobacteria™ 1t was only
parttal in Mastieocludius sp

Again NR activity followed the triend of other
cevanobacteria - for  being NH,©  epressible-
depressible 7 and NO and NHL o had visible

inductive and repressive effects, respectively on the
MR actisity o Noswse ANTH  In contrast these
eflects were neghgble (<10% v case of
Masticodudus sp Fyven though this report on NiR
activity m Movoc ANTH s amilar o other
cvanobackcria 1t 1s m complete contiast with regard
to Masigocladis sp - Such observahons may be of
mmportance as Mastigodladus «p under  lield
condittons may be able 1o adapt i a nuach better way
agamst the mitrate-based chemical terthizers Joad 1
the fickds

Encios dependent cellular accumulation of
glutenine s cvadent by mhibitors ¢ffcats of DCMU
or CCCP on glutennne wptahe oy well as the
comparable  cftects on OGN activity and
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