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CHAPTER 1
INTRODUCTION

The increase in the World’s population and concerns related to food security,
disease outbreaks, global warming, and other environmental issues necessitate a
sustainable solution for high productivity of food grains. Cyanobacteria are one of
the most successful and sustained organisms during evolution. They are
photosynthetic prokaryotes taxonomically classified as members of the Kingdom
Bacteria. Historically, cyanobacteria were considered as plants or plant-like
organisms and were termed “Cyanophyta”, “Cyanophyceae” or “Blue-green algae”.
The detailed cytological and biochemical studies performed by bacteriologists on
axenic cultures led to the proposal to change the common name of “Cyanophyceae”
into “Cyanobacteria” and classified as bacteria. Cyanobacteria display some of the
most sophisticated morphological differentiation among the bacteria, and many
species are truly multicellular organisms. During their evolution, through early

symbiotic associations, they gave rise to the plastids of algae and higher plants.

Cyanobacteria are the first organisms to evolve elemental oxygen as a by-
product of photosynthesis and thus make the Earth’s environment habitable for life.
They are the most abundant and potent primary producers on Earth and significant
contributors to the sudden increase in atmospheric oxygen during the Great
Oxidation Event (Kauff and Budel, 2011). Apart from being the primary oxygen
producers, most of them are also efficient in atmospheric nitrogen fixation, which
makes them extremely important components of nutrient-deprived ecosystems and
extreme environments all over the Earth. Cyanobacteria significantly contribute to
the global primary production of the oceans and become dominant primary

producers in many extreme environments (Garcia-Pichel, 2009).
1.1 Morphological and ecological diversity of cyanobacteria

Cyanobacteria represents a phylogenetic old photosynthetic group with

several structural features including, cell wall made of muramic acid and
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glycopeptides, single thylakoid lamellae, light-harvesting antennae, polyphosphate
bodies, cyanophycin granules, polyhydroxyalkanoate granules, carboxysomes, lipid
bodies, the presence of water-soluble phycobilin pigments as accessory pigments,
gas vesicles, DNA-containing areas, and ribosomes (Chittora et al., 2020). ‘Cyan’
means blue-green colour due to combining blue pigment (phycocyanin) and
chlorophyll-a pigment. However, not all cyanoprokaryotes are blue-green. Yellow-
green, grey-green, black-grey, green, and red-colour are various pigments present in
cyanobacteria. Their structural complexity prompted their taxonomic distinction

mostly based on the morphological characters.

Morphologically, they vary from unicellular to multicellular filamentous
branched or unbranched forms. Cyanobacteria possess intercellular connections or
microplasmodesmata, considered a sign of multicellularity. Cells of cyanobacteria
contain chlorophyll-a, which participates in oxygenic photosynthesis and
carotenoids act as photoprotectants to protect chlorophyll-a from oxidative
degradation. Additionally, some genera exhibit morphological and functional cell
differentiation such as heterocytes (nitrogen fixing cells) and akinetes (dormant
cells). Their distribution, position and number are significant morphological

characters used to identify the cyanobacterial genera and species.

Cyanobacteria are a diverse group of organisms that thrive in almost all
habitable ecosystems on Earth. They can adapt to various soils and environments.
They are distributed ubiquitously and found in lakes, ponds, springs, wetlands,
streams, rivers and many terrestrial environments and play a major role in the
nitrogen, carbon and oxygen dynamics of many aquatic environments.
Cyanobacteria also occur in extreme physical conditions like temperature, light, pH,
salinity and desiccation, and nutritional availability (Gaysina et al., 2019). Tropical
regions such as those in India provide favourable conditions for the abundant growth
of cyanobacteria in natural ecosystems such as different soil types, freshwater
bodies, saline backwaters, estuaries and hyper saline saltpans (Rajakumar, 2004;

Chellappa et al., 2004).




Introduction

Aquatic cyanobacteria are divided into two ecological groups: planktonic
cyanobacteria (float freely on the water surface) and benthic cyanobacteria (adhere
to the submerged solid surfaces like sediments, rocks, stones, algae, and aquatic
plants). Cyanobacteria grow on exposed rock surfaces of monuments as epiliths,
hypoliths and endoliths, and impart a blackish brown colouration to the rock
surfaces (Anand et al., 2019). They are capable of colonizing bare areas of rocks and
soil in which higher plant vegetation is restricted or absent. Cyanobacteria have
established symbioses with a few invertebrates (echiruoid worms and marine
sponges), protists, bacteria and plants. Among plants, heterocystous cyanobacteria
form symbiotic associations with bryophytes (mosses, liverworts, and hornworts),

pteridophytes (4zolla), gymnosperms (cycads) and angiosperms (Gunnera).
1.2 Genus Nostoc

Nostoc 1s a heterocystous, filamentous cyanobacteria, widely distributed in
the free-living state. The genus differs from other heterocystous cyanobacteria in
that the trichomes with heterocytes and akinetes are embedded in the colonial
mucilaginous sheath. Due to their existence as well-known microbial pioneers in
harsh terrestrial ecosystems, they share a range of specific characteristics when
confronted with extreme conditions (e.g., UV stresses and drought), such as
producing large quantities of exopolysaccharides and mycosporine-like amino acids
(Sinha et al., 2001). Despite being first reported in the 19" century with type
species Nostoc commune Vaucher ex Bornet et Flahault, its taxonomy remains
complicated and problematic due to its heterogeneity, vast biogeographical
distribution and complicated life cycle. Nostoc is a polyphyletic genus, with wide
genetic diversity and more new taxa are expected in the future. Halotia, Mojavia,
Desmonostoc, Komarekiella, Compactonostoc and Desikacharia are the new genus

split from the genus Nostoc (Jiminez et al., 2023)

More than 250 species of Nostoc have been described worldwide to date;
however, they have not yet been sequenced or described in the literature. They are
taxonomically complicated warranting nomenclature revision (Komarek, 2013).

After an extensive study of Nostoc strains from numerous culture collections all
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across the globe and the newly identified isolates, it is more than well-established
that this genus is complex, diverse and highly heterogeneous and thus has many
morphotypes (Rehakova et al., 2007). Nostoc spp. are associated symbiotically with
diverse taxonomic groups of organisms (such as algae, bryophytes, pteridophytes,
gymnosperms and angiosperms), benefiting their hosts with nitrogen in the form of
nitrates (Rai and Bergman, 2000). In addition to nitrogen fixation (Adams and
Duggan, 2012), Nostoc spp. can also release phytohormones such as IAA and
cytokinins which improve plant growth (Hussain et al., 2010).

1.3 Ecology and diversity of the genus Nostoc

Nostoc spp. form macroscopic or microscopic colonies and are common in
both terrestrial and aquatic habitats. The success of the genus Nostoc in terrestrial
habitats is related to its ability to remain desiccated for months or years and fully
recover metabolic activity within hours to days after rehydration. Nostoc is
filamentous, forms trichomes that are embedded in exopolysaccharides
mucilaginous sheath generally divides by binary fission in one plane only and does
not exhibit true branching. Heterocytes and akinetes are formed, and reproduction
occurs by short, motile trichomes called hormogonia. Nostoc spp. sometimes forms
a mature colony of trichomes entirely within a firm surface pellicle, whereas others
form looser colonies and also produce aggregated filaments. The basic
characteristics of Nostoc spp. are 1) well-developed hormogonial phases in the life
cycle ii) terminal heterocytes developing from terminal hormogonial cells after
settling and cessation of movement and 1ii) akinetes developing by differentiation of
one vegetative cell midway between two heterocytes, followed by “centrifugal”

formation of akinetes (Komarek and Anagnostidis, 1989).

Nostoc has been reported in many lentic habitats including benthos of ultra-
oligotrophic lakes, swimming pools, high-altitude Kenyan lakes, Icelandic lakes,
Antarctic lakes and streams. Nostoc spp. are associated primarily with the benthos
but can form floating planktonic masses in aquatic environments. Nostoc
parmelioides and N. verrucosum attach to the benthos and can be found over a wide

geographic area. Paddy fields, one of the most common types of tropical and
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subtropical wetlands in the world, are favourable to the growth of Nostoc spp. The
ability of Nostoc spp. to withstand desiccation probably is crucial for success in a
variety of terrestrial habitats. The members of the genus require special adaptations
to obtain sufficient light, nutrients and dissolved inorganic carbon (DIC) in water
and to survive in the extreme variations in temperature, water supply and irradiance
on soils and barren rock surfaces (Yu and Liu, 2013). The extracellular
polysaccharide (EPS) sheaths act as a buffer zone between the cell and the

environment and contribute to desiccation tolerance.
1.4 Molecular characterization of cyanobacteria
1.4.1 DNA isolation and purification

The invention of molecular biology techniques brought a plethora of tools
that have been used to study species diversity and evolution. DNA isolation and
polymerase chain reaction are the basic molecular biology techniques. DNA-based
taxonomic evaluation of cyanobacteria is the most reliable method. A combination
of light microscopy and analysis of 16S rRNA gene sequences provides the most
powerful approach for studying the diversity of photosynthetic prokaryotes in vivo
and in vitro (Lopes-Corte’s ef al., 2001). While DNA isolation is a routine procedure
for most organisms including bacteria, viruses, fungi, parasites, insects, mammals
and plants, it is, for various reasons, a rather challenging one when performed on
cyanobacteria. Even though many DNA isolation procedures for cyanobacteria have
already been reported in the literature (Mazur ef al., 1980; Kallas ef al., 1983), their
respective efficiencies can greatly vary from one species to another. For the isolation
of DNA from cyanobacteria, specific protocols are needed even for each genus since
their cell walls contain large quantities of cellulose, pectins, murein and xylose as
well as synthesis and excretion of compounds (particularly complex polysaccharides
and proteins) forming the mucous envelope. The protein S layer present in
cyanobacteria interferes with cell lysis and DNA isolation, leading to the isolation of
a small quantity of DNA that is also contaminated (Fiori ef al., 2000; Kaczynska et

al., 2013). Such problems are severe in the genomic DNA isolation of filamentous
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cyanobacteria. Most of the heterocystous cyanobacteria contain higher quantities of

mucopolysaccharides that make DNA extraction very challenging.

DNA isolation procedures in cyanobacteria include CTAB-based method (Ausubel
et al., 1995), phenol chloroform-based extraction (Morin et al., 2010; Nubel et al.,
2000), modified phenol extraction method for filamentous cyanobacteria
(Kaczynska et al., 2013), xanthogenate-SDS nucleic acid isolation (Tillett and
Neilan, 2000), etc. However, the CTAB-based method is one of the best methods for
the extraction of cyanobacterial DNA. In cyanobacteria, this method helps to
remove the proteins and polysaccharides using CTAB in the presence of NaCl. It
also improves the efficiency of the extraction procedure, and the final purity of the

extracted DNA (Morin et al., 2010).

1.4.2 Quantification of DNA wusing agarose gel electrophoresis and

spectrophotometer

Agarose gel electrophoresis is a technique used to separate DNA fragments
of varying sizes ranging from 100 bp to 25 kb. This molecular method is used to
determine the quantity and approximate size of DNA molecules. The principle of
DNA quantification by agarose gel electrophoresis is based on the movement of
DNA molecules through a gel matrix in response to an electric field. The DNA from
the samples to be quantified is mixed with a loading buffer containing a tracking
dye, which helps in detecting the migration of DNA. The gel is stained with an
intercalating dye, ethidium bromide which binds to DNA and allows visualization of
the DNA bands under UV. The size of the DNA fragments can be estimated by
comparing their migration distance with that of the DNA ladder (Lee, 2012).

The purity and concentration of DNA can be measured using a NanoDrop
spectrophotometer. The micro-volume capability of NanoDrop spectrophotometers
allows the researchers to fast and easily run quality control checks of nucleic acid.
DNA concentration is determined by measuring the absorbance at 260 nm (A260).
The purity of the DNA sample is also checked using the UV absorbance at 260 nm
and 280 nm. A ratio of less than 1.8 indicated that the DNA samples were

contaminated either with proteins or with phenol. Similarly, the ratio of A260/A230
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was also determined for the assessment of nucleic acid purity. The expected ratio of

260/230 is commonly in the range of 2.0-2.2.
1.4.3 16S rRNA

The 16S rRNA gene is one of the most informative and highly studied
molecular markers for identifying cyanobacteria and inferring phylogenetic
relationships. The 16S rRNA is the “gold standard” in the systematics of
prokaryotes (Stackebrandt and Ebers, 2006). This gene has a conserved function and
is universally present in cyanobacteria (Ludwig and Klenk, 2001) and most of the
novel taxa have been identified using the 16S rRNA sequences (Tindall et al., 2010).
Among the molecular methods, the analysis of the 16S rRNA gene sequences has
proved to be a useful tool for elucidating the phylogenetic relationships among
cyanobacteria. According to the cyanobacterial 16S rRNA gene, the nucleotide
sequences are approximately 1.49 kb long. Studies of DNA divergence and gene
conversion tract confirmed that the 16S rRNA gene holds an important position in
deciding the course of evolution in the microbial world and it is the most highly
studied gene in phylogenetic analysis and is useful in determining the identification

of cyanobacterial species.
1.4.4 PCR primers to amplify 16S rRNA gene sequences

Polymerase chain reaction (PCR) is a robust technique to selectively amplify
a specific segment of DNA in vitro. It can be extensively modified to perform a
wide array of genetic manipulations. PCR primers are single-stranded DNA (usually
18-25 nucleotides long) that match the sequences at the ends or within the target
DNA and these are required to initiate DNA synthesis in PCR. Primer design is
based on an alignment of all 16S rRNA sequences of cyanobacteria available from

the Ribosomal Database Project and GenBank.

Nubel et al. (1997) designed the cyanobacteria specific primers CYA359F
(5'-GGGGAATTTTCCGCAATGGG-3'), an equimolar mixture of CYA781R(a) (5'-
GACTACTGGGGTATCTAATCCCATT-3") and CYAT781R(b) (5-GACTACA
GGGGTATCTAATCCCTTT-3") for specific amplification of 379 bp 16S rRNA
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partial gene sequence. The 16S rRNA gene of heterocystous cyanobacteria was
amplified using the primers A2 (5'-AGAGTTTGATCCTGGCTCAG) and S8 (5'-
TCTACGCATTTCACCGCTAC-3') (Giovannoni et al., 1988), pA (5'-AGAGTTTG
ATCCTGGCTCAG-3') and B23S (5-CTTCGCCTCTGTGTGCCTAGGT-3)
(Gkelis et al., 2005) and D1 (5'-AGAGTTTGATCCTGGCTCAG-3') and rD1 (5'-
AAGGAGGTGATCCAGCC-3") (Weisburg ef al., 1991). The universal primers 27F
(5'-AGAGTTTGATCMTGGC-3") and 1492R (5'-TACCTTGTTACGACTT-3") also
targeted 16S rRNA genes of cyanobacteria (Sekar et al., 2009).

1.5 Phylogenetic analysis

Phylogenetic analysis is a method used to elucidate the evolutionary
history and relationship among a group of organisms (Horiike, 2016). A
phylogenetic tree or phylogeny visualizes a graphical representation of the
evolutionary relationship between different organisms, showing the path through
evolutionary time from a common ancestor to different descendants. A phylogenetic
tree may be built either by character-based methods or distance-based methods. The
character-based approach derives trees that optimize the distribution of the actual
data pattern for each character. The commonly used character-based methods
include the Maximum Parsimony (MP) method and Maximum Likelihood (ML)
method. UPGMA (Unweighted Paired Group Method with Arithmetic mean), NJ
(Neighbor Joining), ME (Minimum Evolution method), and FM (Fitch-Margoliash
method) are built by distance-based method (Roy et al., 2014).

Molecular Evolutionary Genetics Analysis (MEGA) is user-friendly bio-
computational software designed for comparative analysis of homologous gene
sequences either from multigene families or from different species with a special
emphasis on inferring evolutionary relationships and patterns of DNA and protein
evolution. The software provides many convenient facilities for the assembly of
sequence data sets from files or online repositories, and it includes tools for the
visual presentation of the results obtained in the form of interactive phylogenetic
trees and evolutionary distance matrices (Kumar et al., 2008). MEGA version 7 is

one of the versions of MEGA which contains many sophisticated methods and tools
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for phylogenomics. This version is optimized for use on 64-bit computing systems

for analyzing larger datasets (Kumar ef al., 2016).

Phylogenetic Analysis Using Parsimony (PAUP) is a computational program
for phylogenetic analysis using maximum likelihood, parsimony and distance-based
methods. This phylogenetic program features an extensive selection of analysis
options and model choices and accommodates DNA, RNA, protein and general data
types. Usually, this software provides a wide range of pairwise distance measures,
from simple absolute differences to more complicated model-based corrected
distances. Furthermore, PAUP can use the minimum evolution and least-squares

functions to evaluate trees under the distance criterion (Inyang et al., 2022).
1.6 Phytochemistry of the genus Nostoc

The genus Nostoc is a rich source of secondary metabolites with diverse
chemical structures and biological activities. Multiple bioactive compounds
produced by different Nostoc species showed novel and a varied range of
bioactivities and chemical structures including novel peptides (e.g. cyclic
depsipeptides, cyclic peptides and lipopeptides), fatty acids, polyketides, alkaloids,
amides, terpenes, phenolics, sulphates, carbohydrates and other organic chemicals.
The genus Nostoc produces numerous peptides, including nostophycin, nostosin,
nostopeptolides, nostoweipeptins, and banyasin. These peptides are identified only
in this genus or sometimes only in one Nosfoc strain. Nostocyclamide a macrocyclic
peptide was first identified in Nosfoc sp. and nostophycin has been reported from
Nostoc calcicola (Juttner et al., 2001). These natural bioactive constituents exhibited
antimicrobial, antiviral, antifungal, immunosuppressive, anti-inflammatory,
proteinase-inhibiting activities and anticancer activities which are notable targets of
biomedical research. The ability of Nostoc spp. to produce biologically active
compounds could play an important role in the survival of the genus in terrestrial
and aquatic environments. Cyanotoxin a bioactive compound isolated from Nostoc
sp. 1s used as a pesticide, algicide, fungicide, weedicide and herbicide. The genus
Nostoc is a sole source of antimicrobial compounds such as nostocyclyne A,

nostofungicidin, nostocin A, ambigol A and B, hapalindoles, tjipanazoles and
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scytophycins that exhibit fungicidal activity against plant pathogens (Singh et al.,
2016).

Nostoc spp. produced medium and very long chain hydrocarbons. Most of
the fatty acids identified from Nostoc spp. were n-saturated, and mono-unsaturated
but also di-, tri- and oligo-unsaturated. Most of the bioactive compounds are
regarded as good candidates for drug discovery, with applications in agriculture. The
secondary metabolites of Nosfoc species supply novel and useful pharmaceuticals
that are hard to produce artificially because of their structural complexity (Nowruzi
et al., 2018). The bioactive compounds can affect plant gene expression and
encourage the accumulation of a wide range of compounds that help in the
stimulation of plant growth and protection against biotic and abiotic stress (Han et

al.,2018; Pan et al., 2019).
1.6.1 GC-MS analysis in metabolome profiling

Metabolomics deals with the study of high-throughput characterization of
metabolites and is the study of the metabolite composition of cell types, tissues,
organs, or organisms. Gas Chromatography and Mass Spectrometry (GC-MS) is an
important analytical technique used to qualitatively and quantitatively determine an
organic compound’s purity and stability and to identify components in a mixture.
This technique is widely used in metabolomics research. GC-MS is one of the most
employed versatile analytical platforms for metabolic profiling due to its robustness,
excellent separation capability, selectivity, sensitivity and reproducibility
(Mastrangelo et al., 2015). Chemical ionization (CI) and electron ionization (EI) are
the two main forms of ionization used in GC-MS. Nowadays, most GC-MS methods
in metabolomics use electron ionization. The advantages of El-based GC-MS are
ease of use (in terms of analysis time and operation), its capability to provide insight
into compound identification and the availability of several mass spectral

databases/libraries (Beale et al., 2018).

GC-MS technique enables comprehensive and standardized metabolite
analyses of complex biological samples. This technique is currently applied for the

analysis of metabolites of cyanobacteria (Scwartz et al., 2013) and helps in the
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detection of volatile compounds. For metabolomics, the coverage of this technique
has been extended by the chemical derivatization of polar metabolites, such as
sugars, amino acids, organic acids, and phosphates into volatile products. GC-MS
technology allows the analysis of a wide range of chemical metabolite classes in a
single run, which was found to be especially convenient for the profiling of primary
metabolism including uncharged primary metabolites and small secondary products.
GC-MS methodology consists of three steps; sample preparation, operation
considerations and data acquisition. This technique requires the analyte to have
significant vapour pressure between 30 and 300°C. The mass spectrometer acquires
a mass spectrum and visualizes the data as a histogram of the abundance of the ions

that reach the detector according to their mass-to-charge ratio (m/z).
1.7 Statistical analysis of metabolomics data

1.7.1 Principal component analysis, hierarchical clustering and heat map of

metabolites

Principal Component Analysis (PCA) is a multivariate data reducing
technique used to describe (highlight the similarity and dissimilarity between the
statistical units and the correlations between the variables), summarize (determine a
small number of new variables, uncorrelated linear combinations of the originals
with maximal variance) and visualize the information contained in a data set. It is an
unsupervised pattern recognition method capable of translating experimental data
into information about the similarity between samples and the respective variables
responsible for it. Through the grouping of the correlated information into a single
major component, this procedure reduces the dimensionality of the experimental
data (Beebe et al., 1998). This technique is very useful for identifying effective
variables in a process involving the treatment of complex spectroscopic data
(Anderson et al., 2017). It is a widely used statistical technique for analyzing

metabolomics data.

In PCA, a data set of interrelated variables is converted to a new set of
variables known as principal components (PCs). The PCs are uncorrelated and the

first few of these PCs retain most of the variation present in the entire data set. The
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first PC has the greatest level of variation since it is a linear combination of all the
actual variables. The second PC is also a linear combination of the actual variables
in such a way that it has the most variation in the remaining PCs (Kerner et al.,

2022).

Clustering is most common unsupervised learning approach, in which data is
segmented based on the similarity of instances (Hamidi et al., 2019). So data within
a cluster have high similarity in comparison to one another and are dissimilar from
the members of other clusters. Hierarchical Clustering (HC) is a strategy of cluster
analysis that seeks to build a tree based on their evolutionary relationship. In
statistics and data mining, hierarchical clustering is a mechanism for grouping data
at different scales by creating a dendrogram. Agglomerative Hierarchical Clustering
(AHC) is one of the most common HC methods in which clusters are created
bottom-up. In AHC, each instance is considered a cluster and then the clusters are

merged to create larger clusters (Fernandez and Gomez, 2008).

Heat map clustering is an extensively used graphic display that
simultaneously reveals row and column hierarchical cluster structure in a data
matrix. Heat map consists of a rectangular tiling of a data matrix with cluster trees
appended to its margins. Heat maps facilitate the inspection of row, column, and
joint cluster structures within a relatively compact display area. Heat map clustering
is useful for the two-dimensional representation of mass-spectrometry-based
metabolomics experiments. The colour-coded matrix elements and adjacent
dendrograms indicate functional relationships among variables and samples

(Wilkinson and Friendly, 2009).
1.8 Cyanobacterial nitrogen fixation in paddy ecosystem

Rice (Oryza sativa L.) belongs to the family Poaceae, and is one of the most
important and extensively grown cereal crops of South East Asia. It is an important
staple food crop with high optimum calorie content consumed by more than 60% of
the world's population and the speculative demand for five billion rice consumers by
the year 2030 is to be met from available land and water resources (Khush, 2005). It

requires large amounts of mineral nutrients, including nitrogen and phosphorus, for
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their growth, development, and grain production (Sahrawat, 2000). Rice ranks
among the highest, in terms of fertilizer usage, utilizing more than 60 million tonnes

of nitrogen in India.

The successful production of rice depends upon the efficient and economic
supply of nitrogen, an essential element required in higher quantities in comparison
with other essential elements. Modern agricultural practices, heavily dependent on
the application of synthetic fertilizers and pesticides, have raised environmental and
health problems that include deterioration of soil fertility, overuse of land and water
resources, environmental pollution, and an increased cost of agricultural production.
Therefore, it has become necessary to look for alternative renewable sources to meet
at least a part of the nitrogen demand of paddy. Promoting a stable symbiotic
association between agriculturally important crop plants and nitrogen-fixing
microorganisms is a topic of special interest for reducing current environmental and
health problems, derived from the use of chemical nitrogen fertilizers. In rice fields,
cyanobacteria are significant nitrogen contributors to the overall nutrient balance
and improving the productivity of rice and they also enhance the soil fertility. The
genus Nostoc is dominant in populations of fertilized and unfertilized rice fields in

India.

Biological  nitrogen  fixation (BNF) is the conversion of
inert dinitrogen (N;) into a combined form that can be used by plants, through the
catalytic process of theenzyme nitrogenase complex. The enzyme consists of two
proteins such as dinitrogenase reductase encoded by the gene nifH, and
dinitrogenase, encoded by genes nifD and nifK. The nitrogen fixation process is an
energy costly process, and the activity of nitrogenase is tightly regulated at both
transcriptional and post-transcriptional levels (Diez and Ininbergs, 2014).
Cyanobacteria are the only microorganisms that fix nitrogen and simultaneously
carry out oxygen-evolving photosynthesis under aerobic or microaerobic conditions
(Kulasooriya and Magana-Arachchi, 2016). Rice is cultivated in larger wet to
lowlands tropical areas that favour the growth of nitrogen-fixing cyanobacteria, by

providing suitable temperature, light, humidity, nutrient and water facilities (Singh
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et al., 2018). Repeated cropping of paddy followed by harvesting, maintains the
level of nitrogen content in the soil, due to the presence of cyanobacterial mats, thus
paddy cultivation is a sustainable practice for economic nitrogen conservation in
paddy soil (Pabbi, 2015). In the field, nitrogen-fixing cyanobacteria are dominant in
the harvesting stage of rice. Cyanobacteria can withstand extremes of temperature
and drought and show remarkable variation in growth, nitrogen fixation and stress
compatibility (Whitton and Potts, 2012). They produce exopolysaccharides,
especially from the genus Nostoc, which help them to overcome conditions of water

stress and also bind soil particles to increase the structure and fertility of the soil.
1.9 Cyanobacteria as a source of sustainable agriculture

Nowadays, agricultural practices are heavily dependent on the application of
synthetic fertilizers and pesticides, intensive tillage, and over-irrigation, which have
undoubtedly helped many developing countries to meet food requirements. The
“Green Revolution” practices are helping to boost agriculture productivity and
reduce the risk of chemical fertilizers on human health as well as the environment.
Thus, ‘green technology’ has been used by researchers to produce an eco-friendly
environment by the exploitation of microorganisms and also discusses several
aspects of the use of cyanobacteria to improve crop productivity and soil fertility.
Cyanobacteria are the most promising microbes for sustainable agriculture
development (Singh et al., 2016). Cyanobacteria are bestowed with the ability to fix
atmospheric N>, decompose organic wastes and residues, detoxify heavy metals,
pesticides, and other xenobiotics, catalyze nutrient cycling, inhibit the growth of
pathogenic microorganisms in soil and water, and also produce some bioactive
compounds such as hormones, amino acids, sugar, vitamins, and enzymes that
promote plant growth and yield (Higa,1991). The inoculation of cyanobacteria
influences various metabolic processes in plants since they activate the production
of defense proteins and enzymes that lead to a greater immunity of plants against

pathogens (Gongalves, 2021).

Cyanobacteria can offer a suitable alternative to chemical fertilizers which

can improve the quality of soil and plant growth, and minimize the crop production
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cost by supplementing the good crop management practices. Heterocystous
cyanobacteria are special in atmospheric nitrogen fixation and are capable of
converting N, to ammonia, nitrites and nitrates, which can be utilised by plants for
developing the potential to reclaim saline soil. The application of cyanobacteria in
paddy fields reduces the usage of chemical fertilizers (Kumar and Rao, 2012). The
nitrogen-fixing capacity of cyanobacteria aids their successful growth and survival
in habitats where no nitrogen is available. This trait of cyanobacteria makes them
agronomically and economically important as biofertilizers (Vaishampayan et al.,

2001).

Cyanobacteria can be used as a biofertilizer for monocot and dicot crops to
enhance plant growth and crop yield. Nostoc is one of the most promising genera for
plant growth promotion and they can supply nitrogen to the plant by using
nitrogenase enzymes to fix atmospheric nitrogen (Prasanna et al., 2016; Meeks and
Elhai, 2002). The capability of biological nitrogen fixation of cyanobacteria helps
the plants to grow without nitrogen in deficient soils and eliminates the need to use
expensive nitrogen fertilizers, which are frequently a source of pollution.
Cyanobacteria are gaining attention as plant-growth-promoting and biocontrol
agents in diverse crops, including rice, wheat, cotton, and legumes (Prasanna ef al.,

2015).
1.9.1 Cyanobacteria as a biofertilizer

In modern agriculture, microbes play a vital role in determining soil fertility
and structure. Cyanobacteria have potential applications in agriculture as
biofertilizers. Maintaining soil fertility using renewable bioresources is the main
requirement of sustainable agriculture to reduce the use of synthetic fertilizers.
Application of cyanobacteria as biofertilizers has been reported in barley, oats,
tomato, radish, cotton, sugarcane, maize, chilli and lettuce. Cyanobacterial
biofertilizers can control the nitrogen deficiency in plants, improve the aeration of
soil, and water holding capacity, and add vitamin B12 (Song et al., 2005).
Cyanobacteria play a chief role in the maintenance and build-up of soil fertility,

consequently yielding a natural biofertilizer. In addition, they also make the soil
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porous and produce adhesive substances, secrete phytohormones (auxin, cytokinins,
gibberellins), vitamins, and amino acids, improve the water-holding capacity of soil
through their characteristic gelatinous structure, increase biomass of soil after their
death and decomposition, decrease soil salinity, control weed growth, soil phosphate
availability by excretion of organic acids and extracellular phosphatase are the major
actions of cyanobacteria (Fig. 1.1). Cyanobacteria based biofertilizers are cost-
effective as they cost one-third to that of chemical fertilizers (Prasanna et al., 2013).
Cyanobacterial species are known to produce siderophores and therefore can affect
the development and productivity of crops (Rastogi and Sinha, 2009). Due to the
adaptation of cyanobacteria to most different environmental conditions, it is widely
used to enhance soil quality and fertility, so it has become one of the most important

biofertilizers (Dhar et al., 2007).
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Fig. 1.1 An overview of the beneficial effects of cyanobacteria on the
physiochemical and biochemical properties of soil and plant (Singh et al., 2018).
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1.9.2 Cyanobacteria as agents of bioremediation

Cyanobacterial species are emerging candidates for their application in
developing sustainable agricultural practices where they can be used for removing
various contaminants from soil and water. They can accumulate organic or inorganic
toxic substances and produce several detoxifying mechanisms, like bioaccumulation,
biosorption, biotransformation, and biodegradation (Mondal et al., 2019).
Cyanobacteria are capable of degrading a wide range of contaminants such as heavy
metals, pesticides, crude oil, phenanthrene, naphthalene, phenol, catechol, and
xenobiotics. Nostoc sp. can break down lindane residues (El-Bestawy et al., 2007)
and help to remove glyphosate from contaminated soils (Forlani et al., 2008).
Introduction of culture in soil by spraying and application of Nosfoc culture
immobilized on a neutral carrier are the two ways Nosfoc biomass can be used for
soil bioremediation. Nostoc linckia is a potential candidate for bioremediation of soil
contaminated with chromium and other metals. Nostoc spp. can remove numerous
heavy metals such as cadmium, chromium, copper, lead, and zinc (Al-Amin et al.,
2021). Nostoc hatei and N. ellipsosporum were used to bioremediate toxic pesticides

and fungicides (Jha and Mishra, 2005; Barton ef al., 2004).
1.9.3 Cyanobacteria against biotic and abiotic stresses

Abiotic stresses, including drought, flood, cold, heat, salinity and nutrient
deficiency, along with biotic stresses, including pathogens and pests, represent
major limitations on the yield of crops. In rice, an increase in its tolerance to salinity
has been analysed by the root inoculation with Nostoc calcicola and N. linckia,
isolated from saline soils increasing root length (El-Sheek et al., 2018) and
promoting seedling  growthand yield, as withN. commune and N.
carneum (Chittapun et al., 2018). The biostimulants from cyanobacteria can
antagonize different pathogens and pests of crops or activate local and systemic
resistance in plants. Several plant fungi can be effectively controlled by
cyanobacterial extracts, for example, Fusarium spp., Alternaria spp., Penicillium
spp., Botrytis cinerea, Rhizoctonia solani and Sclerotinia sclerotiorum. The

members of the order Nostocales are very effective against fungal pathogens. N.
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linckia, and N. commune have the antibiosis effect on tomato wilt disease caused by
F. oxysporum f. sp. lycopersici. Additionally, N. entophytum and N. muscorum
decreased the activity of Rhizoctonia solani in soybeans by an antibiosis mechanism
(Osman et al., 2011). Cyanobacteria offer an alternative and attractive approach,
without the negative impact of chemical control that is important for sustainable

agriculture.
1.10 Mass cultivation of cyanobacterial fertilizers

Scientific research has increasingly focused on the agricultural and
pharmaceutical importance of cyanobacteria. They grow faster than plants and are
characterized by a simple genetic system and a high yield of biomass and
metabolites (Wijfels ef al., 2013). Mass production of cyanobacteria depends on the
strain chosen and the effectiveness of the cultivation system (Balasubramaniam et
al., 2021). In the future, mass cultivation of cyanobacteria under controlled
conditions is the only method to meet the demand. Cyanobacterial vegetative cells
have a high potential for regeneration and can form new colonies. Reproduction
through trichomes produces a large number of new colonies in a short period and is

an effective method in mass cultivation of Nostoc spp. (Han et al., 2013).

Commercial production of photosynthetic cyanobacteria can be achieved by
three methods such as open-system cultivation using sunlight, closed-system
cultivation using sunlight and closed system cultivation using artificial light. In open
system cultivation, raceways or shallow open ponds are used. In the closed system
cultivation, solar energy is used as the source of energy and plastics or glass trays or
pots were used for growing. This method helps in preventing contamination of
grazers and competitors. Photobioreactors are used in the closed system of mass
cultivation using artificial light. High quality and quantity of the biomass of
cyanobacteria can be produced by this method. The cemented tank method, shallow
metal troughs method, polythene lined pit method and field method are the other
four methods used for the mass cultivation of cyanobacteria. The polythene lined

technique is the most suitable for small and marginal farmers for the preparation of
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biofertilizer. The polythene lined pit method is most suitable for farmers for the

preparation of biofertilizers using Nostoc inoculum (Singh et al., 2016).
1.11 Role of cyanobacteria in seed bio-priming

Seed bio-priming is a seed character enhancement technology that refers to
the inoculation of seeds with beneficial microorganisms, to increase the seed
germination percentage and germination rates in suboptimal environments, suppress
disease, control plant pathogens, promote growth, restrain side effects caused by
drought, and increase tolerance to high temperatures, salinity and heavy metals
(Bisen et al., 2015; Pedrini ef al., 2020). Seed bio-priming using microorganisms are
useful in almost all crops around the world and are an eco-friendly alternative to
chemical fungicides. Microorganisms including cyanobacteria and plant growth-
promoting rhizobacteria (PGPR) can help plants by improving, seed germination,

seed vigour index and enhancing yield production.

Seed bio-priming with cyanobacteria protects plants against biotic and
abiotic stresses, enabling farmers to enhance the production of food with minimal
risk and reducing cost. Cyanobacterial species are considered potential bio-control
agents and most of them exhibit antagonistic effects against plant pathogens such as
bacteria, fungi and nematodes, mainly as a result of the production of a variety of
biologically active compounds (Prasanna et al., 2008). Seed bio-priming using
cyanobacteria causes an increase in the germination rate, better development of
plants, and a higher production yield in a wide variety of cereal, horticultural, and
vegetable crops (Singh ef al., 2017; Toribio et al., 2021). Abo-Shady et al. (2018)
reported that priming barley grains in the suspension of Nostoc muscorum before
cultivation removes the toxic effect of granstar herbicide on the yield parameters of
barley plants. Besides, it could stimulate the production of some amino acids which

were not present in the control plant.
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Objectives

Keeping the above background under consideration, the present investigation

was proposed to carry out the following objectives:

. To collect and identify Nostoc spp. from different habitats of Kerala State.

o To provide taxonomic key, photomicrographs and morphological
descriptions.

J To conduct molecular characterization and phylogenetic analysis of the

selected Nostoc spp. based on the 16S rRNA gene sequencing.

. To study the biochemical characterization of selected Nostoc spp. using Gas

Chromatography-Mass Spectrometry (GC-MS) analysis.

. To analyse the effect of selected Nostoc spp. as a biofertilizer for rice

varieties Jyothi and Annapurna.
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CHAPTER 2
REVIEW OF LITERATURE

2.1 Introduction

Cyanobacteria (Cyanoprokaryotes) are commonly known as blue-green algae
occupy an important position in the evolution of eukaryotic algae. They are the
primitive life forms of Earth and have been recorded from the microfossils of the
Precambrian era (Schopf, 1968). Cyanobacteria have a significant impact on global
ecosystems, as their photosynthetic activity provides much of the oxygen necessary
for the sustenance of aerobic life forms (Bekker et al., 2004). They have evolved
specialized cells known as heterocytes to carry out nitrogen fixation. Cyanobacteria
has cosmopolitan distribution and surpassed only by bacteria (Adams, 2000;
Govindjee and Shevela, 2011). They can thrive in a wide range of ecological
habitats, ranging from marine freshwater, to terrestrial environments (soils, rocks,
buildings, tree barks, exposed rock surfaces in highly isolated and high-altitude
environments) including extreme habitats such as deserts, hot springs and polar
regions. In aquatic habitats, unicellular cyanobacteria are considered as an important
group regarding diversity, abundance and ecological character. Cyanobacteria are
also commonly encountered in symbiotic relationships with eukaryotic algae,

lichens, and plants (Whitton and Potts, 2000).

The effective protective and tolerance mechanisms of cyanobacteria, against
various abiotic stresses, such as desiccation (Dadheech, 2010), salinity (Hagemann,
2011), ultraviolet radiation (Zeeshan and Prasad, 2009), high light intensity (Lakatos
et al., 2001), extremes of temperature (Singh et al., 2005), oxidative (Hossain and
Nakamoto, 2003), acid (Gopalaswamy et al., 2007) and heavy metals (Turner and
Robinson, 1995) were well documented. Cyanobacteria are microscopic ranging

from 1-80 pm in diameter and show substantial morphological diversity.
Ultrastructure and morphological diversity of Cyanobacteria

Cyanobacteria exhibit remarkable variability in the morphology and

ultrastructure compared to other prokaryotes. Cyanobacteria were identified and
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categorized using morphological traits such as cell dimensions, colour and shape,
type of branching, cell contents and sheath characteristics. The morphology of
cyanobacteria with diverse colours and they occur as unicellular (e.g.,
Chroococcales) or filamentous (e.g., Oscillatoriales), and as solitary or colonies.
Unicellular cyanobacterial colonies have a regular (e.g., Merismopedia) or irregular
(e.g., Microcystis) distribution of cells. In colonies, the numbers of cells vary from
two to several thousand. Filamentous cyanobacteria exhibit both false and true
branching. False branching is found in all orders of filamentous cyanobacteria, while
true branching has been shown only in members of Nostocales (Komarek, 2013). In
filamentous cyanobacteria, cells remain adhered to each other after division, forming
chains of connected cells termed “trichomes”. Trichomes can be enveloped in
exopolysaccharide-based mucilaginous sheaths in some taxa called as filaments.
Exopolysaccharide sheaths are often environmentally inducible and provide several
putative functions, such as protection from UV radiation, desiccation and anti-
herbivory (Ehling-Schulz and Scherer, 1999). In some groups of cyanobacteria
specialised cells occur, which are morphologically different from vegetative cells,

that is, heterocytes and akinetes.

Heterocytes, are differentiated from vegetative cells by their somewhat larger
and rounder shape, diminished pigmentation, thicker cell envelopes, and usually
prominent cyanophycin granules. Heterocytes are specialised cells for nitrogen
fixation lack oxygenic photosystem, possess extraordinary thick cell walls that lack
biliprotein pigments and carboxysomes compared to vegetative cells commonly seen
in species adapted to nitrogen-depleted conditions (Anagnostidis and Komarek,
1999). The additional envelope of heterocytes consists of polysaccharides and a
glycolipid layer, which help to protect the enzyme nitrogenase from oxygen (Fay,
1992). In unfavourable conditions, cyanobacteria produce akinetes, which are
dormant cells helpful in sub-optimal conditions like overwintering. These are spore-
like, thick-walled and non-motile cells that germinate when conditions are suitable

for growth, and the desiccated akinetes in soil samples can survive up to 70 years.
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Hormogonia are a short chain of cyanobacterial filaments with a major role
in the relocation and symbiotic colonization of hosts. Hormogonia cells in some
cyanobacterial species contain gas vacuoles to regulate buoyancy in the water
column (Meeks and Elhai, 2002). These motile filaments associated with dispersal,
survival of the species in its natural habitat and reproduction through the creation of
necridial cells, can also be formed by filamentous species (Hernandez-Muniz and
Stevens, 1986; Damerval et al., 1991). Kumar et al. (2010) reported that the

formation of hormogonia can be induced by the exchange of metabolites.

The ultrastructure of the cell is visualized by transmission electron
microscopy (TEM) and in most cases exhibits significant variability among different
cyanobacterial species. Cyanobacterial cells are enclosed by a complex multi-
layered structure that protects the bacteria from harsh environmental conditions. The
cell wall composition of cyanobacteria is made up of a thin layer of peptidoglycan
and lipopolysaccharide outer membrane (Durai et al., 2015). The cyanobacterial
peptidoglycan layer is thicker (10-700 nm) compared to most gram-negative
bacteria. In filamentous species such as Oscillatoria princeps the thickness of this
layer was reported more than 700 nm. Apart from protection and sensing
environmental stress, the transport of metabolites and nutrients into and out of the

cell is one of the major roles of cyanobacterial cellular membranes (Hoiczyk, 2000).

According to Chittora et al. (2020), the components of the ultrastructure of
cyanobacteria are light-harvesting antennae, phycobilisomes, polyphosphate bodies,
cyanophycin granules, polyhydroxyalkanoate granules, carboxysomes, lipid bodies,
thylakoids, DNA-containing areas, and ribosomes. They are photosynthetic
prokaryotes possessing the ability to synthesize chlorophyll a and chlorophyll b.
Colour of cyanobacterial cell varies from chartreuse to blue-green to violet red,
depending on the ratio between phycocyanin, phycoerythrin, chlorophyll and
carotenoids. In a few taxa, chlorophyll b and d are observed (Miyashita et al., 1996;
Castenholz, 2001). Chlorophyll f is recently discovered from cyanobacteria grown in
wet environments (Behrendt et al., 2015). Cyanobacteria are unique since they are

the only prokaryotes that have both the photosystems (PSI and PSII) to perform

23



Review of Literature

oxygenic photosynthesis like wvascular plants (Stal, 1995). In addition to
photosynthetic pigments, cyanobacteria produce pigments that supposedly protect
the cells from intense irradiation, in particular the UV-wavelength range. These
pigments can mask the colour of chlorophyll and phycocyanin, for example,
scytonemin, a black pigment produced by Scytonema spp. (Dillon and Castenholz,
1999). Moreover, cyanobacteria have various storage bodies for carbon, nitrogen,
phosphate and the enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase

(RubisCO) (Castenholz, 2001).
2.2 Genus Nostoc

Nostoc is a genus of heterocystous cyanobacteria that represents one of the
earliest described cyanobacterial genera (Bornet and Flahault, 1888) belonging to
the family Nostocaceae in the order Nostocales (Castenholz and Waterbury, 1989)
that can form macroscopic or microscopic colonies that thrive in both terrestrial and
aquatic habitats (Liu and Chen, 2003). Cells of the order Nostocales are
characterized by division in a single plane, perpendicular to the filament axis (type
species N. commune) (Hensyl, 1989). Approximately 250-300 Nostoc species have
been described to date, indicating the enormous diversity and heterogeneity of the
genus Nostoc. It has also been reported that the majority of Nostoc species require
revisions (Komarek, 2013). Nostoc is a polyphyletic genus, with wide genetic

diversity and more new taxa are expected soon.

Nostoc spp. differs from other heterocyst-forming cyanobacteria in that the
trichomes with heterocytes and akinetes are embedded in colonial common
exopolysaccharide mucilage. The mucilaginous sheath that excretes EPS, plays a
major role in the protection of cells from physical or chemical stress and for
anchorage purposes (Garlapati et al., 2019). Heterocytes are specialized cells in
response to the lack of combined nitrogen in the environment and are the sites of
nitrogen fixation. It may be terminal or intercalary and arranged singly or in series.
Hormogonia, which are relatively short, motile filaments produced by Nostoc
species, and these characteristics in part, distinguish them from the members of the

closely related genus Anabaena (Sarma et al., 2004). Additionally, in response to
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nutritional limitations other than nitrogen, Nosfoc species produced spore-like
structures known as akinetes. All cells in a trichome other than heterocytes in some
Nostoc species can form akinetes whereas in N. commune, an extremely desiccation-

resistant terrestrial species, akinetes are never formed (Whitton, 1987).

Colonies of Nostoc spp. develop characteristic shapes, dimensions, aromas,
textures, and hues. These colonies can grow profusely if there is enough available
water (Mollenhauer ef al., 1999). For instance, Nostoc pruniforme colonies as large
as 25 cm in diameter have been seen. Likewise, N. commune can produce discoid
and flattened crusts as well as spheres ("pearls") with a diameter ranging from tens
of microns to three centimeters. In these colonies, the Nostoc trichomes are
embedded in a thick layer of exopolysaccharide belonging to biopolymer, which
also contains protein to protect the cells from the external environment. Colonies are
pigmented with a hue from yellow-green to red-brown, dark green to black.
Scytonemin, a blackish brown pigment, and nostocine A, a violet pigment, are
extracellular pigments identified from this genus. These pigments, along with
mycosporine-like amino acids, protect cells from high irradiance and UV radiation
(Ferroni et al., 2010; Castenholz and Garcia-Pichel, 2012). Nostoc reproduces in
different ways, including (1) single cells of N. commune fragmented from filaments
that can form new colonies; (2) akinetes that disperse and germinate; (3)
hormogonia (short free filaments) that disperse and form new colonies; and (4) large
colonies that can grow small attached colonies that break off and become separate

colonies.

Nostoc 1s an ecologically important genus that inhabits a wide range of
biotopes, from the tropics to the Arctic. It is a common inhabitant of freshwater
habitats, humid soils and seasonally inundated habitats (wetlands or estuaries)
almost absent in marine habitats (Dodds et al., 1995). Potts et al. (1987) identified
the colonies of Nostoc from extremely cold and dry habitats of Antarctic valleys.
Species of Nostoc mostly grow in benthonic communities of lakes or aerophytic
habitats (Komarek et al., 2003). In aquatic environments, species of Nostoc are

primarily associated with the benthos but can form floating planktonic masses (Joshi
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et al., 1981). Huber-Pestalozzi (1938) reported the formation of water bloom by
Nostoc spp. Moreover, Nostoc spp. occupy in a variety of terrestrial environments.
Nostoc muscorum and N. commune are common species reported from terrestrial
habitats. Soil is one of the most potential substrate for their growth, particularly in
moist or waterlogged conditions. Devi et al. (2010) suggested that water-logged rice
fields are ideal for the growth of Nostoc spp. Nostoc spp. could endure desiccation
for very long periods (years), a feature that is largely responsible for the success of
this genus in many terrestrial habitats (Dodds et al., 1995). Physiological processes
gradually cease as the Nosfoc colony dries out (Kviderova et al., 2011) and they

recover, quickly after being rehydrated (Gao, 1998).

Nostoc spp. participates in a wide range of symbiotic associations with hosts
from different groups of organisms. In such associations, motile hormogonia serves
as the infection unit, whose differentiation is triggered by the host at the initial
stages of the infection process. Nostoc spp. developed endophytic symbiotic
associations with bryophytes (mosses, hornworts and liverworts), pteridophytes (the
water fern Azolla), gymnosperms (cycads), and angiosperms (Gunnera) (Rai et al.,
2000). The cyanobionts are located either outside the cells, in specialized cavities in
the thallus as in liverworts and hornworts, or roots as in cycads, or intracellular in
symbiotic organs as in the angiosperms Gunnera sp. (Johansson and Bergman,

1992) or fungi of the genus Geosyphon (Kluge and Kape, 1992).

Symbiotic strains of Nostoc are the most common cyanobionts in lichens.
About 10% of lichens contain cyanobacteria (like Nosfoc) as the primary or only
photosynthetic partner, and it is the most prevalent phycobiont in N,-fixing lichens
and the N,-fixing symbiont in a small and diverse group of green plants (Rai ef al.,
2002). Nostoc-containing lichens can be the dominant primary producers in some
landscapes (Seaward, 1988). N. sphaeroides and N. commune, have strong stress
resistance, and are usually free-living, other species can develop a symbiotic
association with their host plants (Liaimer et al., 2016). The symbiosis between
plants and Nostoc species constructs a comparatively stable microhabitat for the

exchange of metabolites (Rikkinen, 2017).
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The genus Nostoc is a rich source of low and high-molecular weight organic
compounds (e.g. fatty acids, toxins, lectins, peptides, pigments, proteins,
polyhydroxyalkanoates, polysaccharides, etc.) having numerous biotechnological
applications such as biofertilizers (Chittora et al., 2020; Sholkamy et al., 2015),
biofuels (Nagappan et al., 2020; Singh et al., 2016), cosmetics (Morone et al.,
2019), nutritional and food additives (Gantar and Svircev, 2008; Rosales-Loaiza et
al., 2017), and pollution prevention (Dixit and Singh, 2014; Kumar et al., 2015;
Raghavan et al., 2020; Subash Chandra Bose et al., 2013; Tarawat et al., 2020).

2.3 Systematics and taxonomy of cyanobacteria with emphasis on genus Nostoc

Botanical and bacteriological classification systems used the morphology of
cyanobacteria for their classification. According to the botanical system of
classification, cyanobacteria have been traditionally grouped into five orders,
Chroococcales, Pleurocapsales, Oscillatoriales, Nostocales and Stigonematales,
which generally correspond to the five subsections proposed in Bergey’s Manual of

Systematic Bacteriology (Knoll, 2008; Whitton, 2008).

Komarek and Anagnostidis (1986 and 1989) proposed the most
comprehensive modern taxonomy revision of cyanobacteria in a series of
monographs. According to the modern classification system, cyanobacteria were
divided into four orders Chroococcales, Oscillatoriales, Nostocales and
Stigonematales. All the filamentous heterocystous cyanobacteria divisible in a single
plane were grouped under the order Nostocales (Komarek and Anagnostidis, 1989).
The highest degree of morphological diversity has been reported in the order
Nostocales (Komarek, 2013; Komarek et al., 2014). This order was divided into two
major groups: those taxa which undergo cell division in multiple planes (the
Stigonematales sensu stricto, e.g., Hapalosiphon, Mastigocladus and Stigonema)
and those taxa that never show reproduction in multiple planes (Nostocales sensu

stricto, e.g., Nostoc, Anabaena and Calothrix).

Since the late 18™ century, descriptions of cyanobacteria have begun to
appear in botanical literature. Myxophyceae (Stitzenberger, 1860), Cyanophyceae
(Sachs, 1874), Cyanophyta (Smith, 1938; Desikachary, 1959), Blue-green algae
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(Bourrelly, 1970; Golubic, 1979; Anand, 1981), Cyanochloronta (Bold and Wynne,
1978) and Cyanoprokaryotes (Komarek and Anagnostidis, 1998) are different
nomenclatures of this heterogeneous group. The first comprehensive taxonomic
monographs on blue-green algae were written by Thuret (1875), Bornet and Flahaut
(1888a and 1888b), and Gomont (1892) used as starting points for taxonomic
referencing. Geitler (1932) provided an updated taxonomic review and this system
of classification marked the beginning of the modern era of cyanobacterial
systematics. Since then, many revised systems have been proposed including those
of Elenkin (1938), Desikachary (1959), Fritsch (1959), Starmach (1966),
Kondrateva (1968), Bourelly (1970) and Golubic (1976). Two volumes of
monographic series on Cyanoprokaryota were compiled by Komarek and
Anagnostidis (1998, 2005), with Part 1 consisting of the order Chroococcales and
Part 2 consisting of the order Oscillatoriales. A manual of Cyanoprokaryota as Part
3, which consists of ‘Heterocystous Genera’ was published by Komarek (2013),

recently which is used for the identification of genus Nostoc, Anabaena, etc.

Mollenhauer et al. (1999) investigated macroscopic forms of cyanobacteria
from the genus Nosfoc from Europe and reported Nostoc caeruleum, N. commune,
N. microscopicum, N. parmelioides, N. pruniforme, N. verrucosum and N.
zetterstedtii can form visible colonies. Three aerophytic morphospecies of Nostoc
from different habitats in Brazil was studied by Sant’Anna et al. (2007). Based on
their morphology, especially on the shape and formation of the akinetes, life cycles
and ecology, these species were considered as new taxa of the genus Nostoc. N.
interbryum, N. viride, and N. alatosporum were the identified new species.
McGregor (2018) contributed the first detailed account of the Nostocales of north-
eastern Australia and described six species of Nostoc such as N. commune, N.

linckia, N. verrucosum, N. sphaericum, Nostoc sp. A and Nostoc sp. B.

The taxonomic account of the cyanobacterial community in India began in
the early 90s. Ghose (1919) studied the blue-green algae of Burma and Punjab,
considered to be the earliest contribution regarding cyanobacterial flora of India.

Cyanobacteria from different regions of India were investigated by different
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researchers. Bharaddwaja (1933) studied the myxophyceae of India. Banerje et al.
(1938) studied the Myxophyceae of Bengal. Freshwater algae of Manipur were
surveyed by Bharaddwaja (1963). Grover and Pandol (1975) investigated the algal
flora of rice fields in Ludhiana and its surrounding areas, meanwhile, Bendre and
Kumar (1975) surveyed the cyanophyceae of Meerut. Asthekar and Kamat (1980)
explored the Nostocales of Maratwada, Maharashtra. Prasad and Mehrotra (1980)
examined the blue-green algae of the paddy fields of Uttar Pradesh and Goyal et al.
(1984) analysed the algal flora of the rice fields of Jammu and Kashmir.

Tripathy et al. (1997) conducted a survey of epilithic blue-green algae
(cyanobacteria) from temples in India. The study reported thirty-three species of
blue-green algae belonging to the genera Gloeothece, Xenococcus,
Chroococcidiopsis, Plectonema, Nostoc, Calothrix, Chlorogloeopsis, Hapalosiphon
and Fischerella. Tiwari et al. (2005) investigated the distribution of cyanobacteria
from arid zones of Rajasthan and found that Nosfoc species was predominant.
Nostoc linckia, N. ellipsosporum, N. piscinale, N. muscorum and N. calcicola were

the identified Nostoc spp.

Muthukumar et al. (2007) reported the cyanobacterial diversity from
different freshwater ponds of Thanjavur, Tamil Nadu which includes thirty-nine
species belonging to twenty genera. Prasanna et al. (2009) studied the
cyanobacterial diversity in the rhizosphere of rice and its ecological significance.
The cyanobacterial strains belonging to the genera Anabaena and Nostoc comprised
80% of the rhizosphere isolates. A total of twenty-five species of Nostoc were
observed and the study concluded that Nosfoc is known to be one of the most
versatile diazotrophic cyanobacterial genera, observed as free-living and symbiotic
associations. Dey, (2010) gave an account of the cyanobacterial diversity in some
local rice fields of Orissa and observed fifty-eight taxa of which the majority were
non heterocystous and also highest abundance of cyanobacteria belonged to the

order Nostocales.

Samad and Adhikary, (2008) recorded N. commune, N. linckia, N.

microscopicum and N. punctiforme from the building walls and rock surfaces of
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monuments. Syiem et al. (2010) studied the significance of cyanobacterial diversity
in different ecological conditions of Meghalaya and identified sixty-five strains
belonging to eleven genera including Nostoc, Cylindrospermum, Anabaena,
Calothrix, Fischerella, Gleocapsa, Tolypothrix, Westiellopsis, Plectonema,
Stigonema and Loriella. Cyanobacterial diversity in the Western Ghats of
Maharashtra was conducted by Nikam er al. (2013). A total of ninety-four
cyanobacterial spp. belonged to thirty-eight genera, fourteen families and five orders
were reported and the most densely populated genera were Nostoc (Nostocaceae),
Chroococcus (Chroococcaceae) and Anabaena (Nostocaceae). Westiellopsis

prolifica was abundant in the region followed by N. calcicola.

Singh et al. (2014) identified twenty-nine cyanobacterial species from
different unexplored sites in Chhattisgarh, among them two were unicellular, four
colonial, nine unbranched non-heterocystous, twelve unbranched heterocystous, and
two pseudobranched cyanobacteria. N. punctiforme, N. paludosum, N. linckia, N.
spongiaeforme, N. carneum, N. ellipsosporum and N. commune were identified from
the region. Barman et al. (2015), surveyed thirty islands of Indian Sundarbans, a
total of thirty-seven cyanobacterial species were collected and heterocystous genera
like Nostoc (3), Anabaena (3) and Calothrix (1). The diversity of cyanobacteria in
the cultivated fields of Ahmednagar districts, Maharashtra was carried out by Wagh
et al. (2019). Twenty-nine species belonging to twelve genera including Nostoc
linckia and N. muscorum were identified and catalogued, mostly from sugar cane

fields.

The pioneers who worked on the cyanobacterial diversity present in Kerala
include, Parukutty, (1940) who studied the blue-green algae of Travancore. Amma
et al. (1966) studied the occurrence of blue-green algae in acidic soils of Kerala.
Anand et al. (1987) were the first to survey the blue-green algae occurring in the rice
fields of Kerala and reported species of Nostoc from the rice fields. Dominic and
Madhusoodanan, (1999) explored the blue-green algae from extreme acidic
environments of Kerala and identified forty-two species. Among them, nine Nostoc

species were observed and nineteen cyanobacterial species were recorded for the
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first time in India. Umamaheswari, (2005) isolated and characterised the Nostocales
of paddy fields of Kerala and observed one hundred and eleven cyanobacterial
species, among them Nostoc was one of the dominant genera with eleven species.
Jose and Francis, (2013) investigated the algal flora of the Idukki District of Kerala,
India, and discovered fifty cyanobacterial species under six families. Among these,
the unicellular forms of cyanobacteria dominated the cyanobacterial flora compared
to the filamentous forms. Sebastian and Joseph, (2013) studied the filamentous

cyanobacteria in a hill stream of Kerala and reported N. commune from that region.

A field study on the ecology and diversity of cyanobacteria from paddy
fields of Kuttanadu in Kerala State was conducted by Dhanya and Ray, (2015). They
discovered sixty four species of cyanobacteria belonging to twenty genera and six
orders, exhibiting a well-established diversity. Twelve species of Oscillatoria
predominated followed by Anabaena (9 species) and Nostoc (7 species). Geethu and
Shamina, (2020) investigated the filamentous cyanobacteria from the Western Ghats
of North Kerala, India and identified eighteen cyanobacterial taxa. Three Nostoc

spp. were recorded, among them, N. nylstromicum was a new record for India.

Thilak et al. (2020) conducted the isolation and taxonomy of blue-green
algae (Cyanobacteria) Nostoc and Anabaena. Nostoc muscorum, N. paludosum, N.
entophytum, N. humifusum, N. linckia, N. ellipsosporum, N. punctiforme and N.
spongiaeforme were the identified Nostoc spp. from paddy fields. Ram and Paul,
(2022) investigated mangrove-associated cyanobacteria of Nostoc spp. from Kerala
and reported nine Nostoc spp. including, N. bornetii, N. calcicola, N. carneum, N.
commune, N. ellipsosporum, N. linckia, N. sphaericum, N. spongiaeforme var.

varians and N. undulatum. N. bornetii was first recorded in India.
2.4 Factors influencing the growth of cyanobacteria

Cyanobacteria exhibit a wide adaptability to environmental conditions, light,
temperature, pH and nutrient composition of the suspending medium are the major
factors that influence the growth of cyanobacteria. They can survive a wide range of
temperatures; however, most of them prefer warm temperatures for optimum

growth. According to Pearl (2009), higher temperatures (up to 25°C) due to climate
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change may cause increased cyanobacterial growth rates and thus higher
cyanobacterial dominance in temperate water bodies. Rai et al. (2016) studied the
effect of pH, salinity and temperature on the growth of cyanobacteria. All the
collected strains showed best growth at 20°C and 30°C and the growth ceased at
40°C and 50°C. Spencer et al. (2014) analysed the effect of a wide range of
temperatures (10°C, 15°C, 20°C, 25°C, 30°C, and 35°C) on the growth of M.
spongiaeforme. The optimal growth of N. spongiaeforme occurred at 26°C.

Several ecological and environmental factors influence the cyanobacterial
colonization in the rhizosphere of paddy plants, as well as their subsequent growth,
abundance, physiological and biochemical activity. Environmental factors such as
the pH of the soil, nature (acidic or alkaline), temperature, light, moisture
availability, crop canopy and nutritional status of the soil may have a significant
impact on colonization. pH is one of the most critical soil parameters for
cyanobacterial abundance and growth and they prefer a neutral to slightly alkaline
pH for optimal growth. Normally cyanobacteria flourish on alkaline soil
(Karthikeyan et al., 2007; Singh, 1961). Bano and Siddiqui, (2004) reported the
optimum pH for the growth of cyanobacteria between pH 7.4 and 8. Wangwibulkit
et al. (2008) suggested that a pH higher than 9 or lower than 6 could inhibit the
photosynthetic efficiency and adversely affect the morphology of cyanobacteria.

Light intensity is another important factor in the growth of cyanobacteria.
Normally, species present in optimal illuminance are associated with their
photosynthetic apparatus. An excess or reduction of light can severely alter the
morphology and growth pattern of cyanobacteria (Tonk et al., 2005). Poza-Carrién
et al. (2001) studied the high light intensity significantly decreased the content of
phycobiliproteins (PBP) in Nostoc sp. Khajepour et al. (2010) investigated the
effect of light intensity and photoperiod on the growth and biochemical composition
of N. calcicola. The results concluded that, the optimum light regime for N.
calcicola is 21 pmol photons and 12/12 h light/dark photoperiod for high biomass

production.
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2.5 Phytochemistry and Chemotaxonomy of cyanobacteria

Phytochemistry is the study of the plant secondary metabolites, which are
synthesized for self-defense against insects, pests, pathogens, herbivores, ultraviolet
exposure and environmental hazards. Phytochemistry takes into account the
structural compositions of these metabolites, the biosynthetic pathways, functions
and mechanisms of action in the living systems as well as their importance in
various industries such as pharmaceuticals, nutraceuticals, and dietary supplements.
It is an important part of taxonomy, systematic botany, evolutionary sciences,
conservation biology, genetics and metabolomics (Egbuna et al., 2018). Natural
products, also known as secondary metabolites, are typically defined as substances
that are not directly required for an organism's primary metabolism. These
secondary metabolites are generally peculiar to specific organisms and are not
present during all environmental conditions. Natural products produced by
cyanobacteria enable them to survive in a wide range of environments those which
are extreme. These compounds from cyanobacteria are used to treat diseases and are
useful sources of bioactive compounds for drug discovery (Kultschar and Llewellyn,

2018).

Cyanobacteria are a significant source of potentially useful natural products,
as evidenced by the extremely high occurrence of unique, biologically active
chemicals that have been identified so far (Moore, 1996; Li and Liu, 2003; Han et
al., 2004). These secondary metabolites are often difficult to synthesize chemically
due to their complex structure. According to Ordog (2004), intracellular and
extracellular cyanobacterial extracts contain various biochemical substances such as
carbohydrates, proteins and amino acids, lipids, glycosides, alkaloids, flavonoids,
saponins, terpenoids and steroids. Cyanobacterial secondary metabolites are a rich
source of novel bioactive compounds applicable for the production of medicines and

agriculturally important chemicals.

The polyunsaturated fatty acids (PUFA) from cyanobacteria, which include
linoleic acid, a-linolenic acid, vy-linolenic acid, octadecatetranoic acid, and

eicosapolyenoic acids, are particularly fascinating (Vargas et al., 1998; Wang et al.,
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2000). Lipids, fatty acids, as well as other substances, provide intriguing information
for assigning the taxonomic position and some correlation with morphological
characteristics of cyanobacteria (Vasyurenko and Frolov, 1986; Kaneda, 1991;
Romano et al., 2000; Li and Watanabe, 2001; Dembitsky and Rezanka, 2005).
Bioactive compounds from cyanobacteria develop responses to biotic or abiotic
stress in the surrounding environment by offering protection and assisting in their

survival giving an advantage over other species.

Deyab et al. (2021) determined the phytochemical components of Anabaena
variabilis and Spirulina platensis using the GC-MS technique. Pentadecanoic acid
(29%), 12, 15-octadecadienoic acid methyl ester (10.26%), hexadecenoic acid
methyl ester (Z) (8.3%) and thieno [3,4-C] pyridine,1,3,4,7-tetraphenyl (5.86%)
identified as major compounds in 4. variablis. Seven compounds were identified
from S. platensis and the major compounds were hexadecanoic acid (29%), 9, 12,
15-octadecadienoic acid methyl ester (24%) and 9, 12-octadecatrienoic acid (z,z)

methyl ester (24.36%).

Devi et al. (2020) investigated the GC-MS profile of halophilic
cyanobacterial species Cylindrospermum muscicola HPUSDI12 and Phormidium sp.
HPUSDI13. Nine compounds were identified from the methanolic extract of C.
muscicola whereas twenty-four compounds were identified from the methanolic
extract of Phormidium sp. The study concluded that various pharmaceutically
important compounds can be identified through GC-MS analysis. A wide range of
secondary  metabolites are produced by cyanobacteria such as Microcystis,
Anabaena, Nostoc, and Oscillatoria which include 40% lipopeptides, 5.6% amino
acids, 4.2% fatty acids, 4.2% macrolides and 9% amides. Cyanobacterial
lipopeptides contain various cytotoxic compounds (41%), antitumor (13%), antiviral
(4%), antibiotics (12%), and the remaining 18% activities include antimalarial,
antimycotics, multi-drug resistance reversers, antifeedant, herbicides and

immunosuppressive agents (Burja et al., 2001).

Chemotaxonomy aims at the correlation of chemical data with systematic

classification based on morphological and phylogenetic characters. Chemotaxonomy
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identifies the chemical variation in microbial cells and the use of chemical
characteristics in the classification and identification of cyanobacteria.
Chemotaxonomic classification of cyanobacteria by analysing the composition of
whole-cell fatty acids. Kenyon (1972a) and Kenyon et al. (1972b) initiated the
analysis of fatty acid profiles of cyanobacteria. Caudales and Wells, (1992)
demonstrated that the filamentous heterocystous Anabaena and Nostoc could be
distinguished based on their cellular fatty acids. Vandamme et al. (1996) suggested
cellular fatty acid as a chemotaxonomic marker. Gugger et al. (2002) confirmed that
cellular fatty acids are chemotaxonomic markers of the genera Anabaena,
Aphanizomenon, Microcystis, Nostoc and Planktothrix. Borah et al. (2016) studied
the chemotaxonomy of the selected species of Nostoc and Cylindrospermum based
on fatty acid profile and Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR). The study proved that fatty acid profiling can be used as
a chemotaxonomic marker at least for the generic classification while ATR-FTIR

analysis of the strains was not suitable for chemotaxonomic studies.

Kriiger et al. (1995) evaluated the taxonomic importance of fatty acid
composition at the genus and subgenus level of cyanobacteria. Lipid and fatty acid
analysis provide useful chemotaxonomic information that can be used for the
classification and identification of cyanobacteria (Sato and Murata, 1988). Some
types only contain saturated and monounsaturated fatty acids, while others have di
and tri -unsaturated fatty acids (Kenyon, 1972; Kenyon et al., 1972). Hydrocarbon
and fatty acid composition can be used in the chemotaxonomy of cyanobacteria even
at the species level based on examination of fifty-five strains of cyanobacteria
belonging to the genera Nostoc, Scytonema and Cerococcids (Dembitsky and

Srebnik, 2002; Rezanka et al., 2003).
2.5.1 Nostoc GC-MS

Gas Chromatography and Mass Spectrometry is a useful tool to identify the
diversity of bioactive compounds from cyanobacteria and used to separate the
volatile and thermally stable substances present in the sample. It regularly and

reliably offers semi-quantitative information about different chemical compounds,
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depending on the biological material. Nostoc spp. is a promising source of
biologically active secondary metabolites. Secondary metabolites produced by
Nostoc spp. have significant applications in various industries like medical,
pharmaceutical, agriculture, etc. Hydrocarbons, lipids, pigments, mono and
polysaccharides, terpenoids and aromatic compounds are the chemical classes
reported from Nostoc spp. (Dembitsky and Rezanka, 2005; Dembitsky et al., 1999;
Temina et al., 2007; Liu et al., 2013). Temina et al. (2007) studied the uses of
extract of Nostoc for fistula treatment, cancer therapy, anti-inflammatory, immune-
boosting, and blood pressure control. Cyanovirin, a potential protein molecule
produced by Nostoc sp., has been shown to have a significant impact on the
treatment of HIV and influenza A virus (Boyd et al., 1997). Terpenoids, such as
noscomin and comnostins have been reported to have antibacterial activity against
different bacteria. N. flagelliforme, an edible species, produced a saccharide-rich

extract that exhibited anticancer activity.

The genus Nostoc is known for the production of structurally different types
of peptides and amino acid derivatives (cryptophycins, nostopeptolides, nostoginins,
nostocyclin, nostopeptins, nostofungicidine nostocyclopeptides, nostocyclamides
ABPs, MCYs, etc.) with a wide range of pharmacological activities (antimicrobial,
cytotoxic and enzyme inhibitor) (Dembitsky and Rezanka, 2005). GC-MS analysis
of the methanolic extract of Nostoc sp. identified thirty-two active compounds.
Some of the major compounds were 2,4,4-trimethyl-1-hexene, octadecane, 2,6,10-
trimethyl-14- ethylene-14-pentadecane, n-hexadecanoic acid, 9,12-octadecadienoic
acid, 9,12-octadecadienoyl chloride, phytol, 1,2-benzenedicarboxylic acid, mono(2-
ethylhexyl) ester and vitamin E (Devi and Mehta, 2016). These compounds showed
antialgal, antibacterial and antifungal activities. Salem et al. (2014) studied the GC-
MS analysis of Nostoc sp. from the river Nile in the Helwan and Menoufia regions
of Egypt. The presence of phenols, plasticizer compounds, phytol (acyclic diterpene

alcohol), and flavonoids was identified from in the GC/MS spectrum of Nostoc sp.

El Sheek et al. (2022) reported the bioactive compounds from N. calcicola

and N. linckia using GC-MS analysis. N. calcicola and N. linckia were found to
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contain numerous bioactive compounds that belong to different classes as fatty
acids, phenolics, antioxidants, steroids, alkaloids and flavonoids. N. calcicola scored
forty-nine bioactive compounds comprising 9-octadecenoic acid and oleic acid
(antimicrobial, antibacterial, antioxidant, anti-arthritic, hypocholesterolemic, and
anti-cancer activities), 12, 15-octadecadienoic acid methyl ester, p-xylene benzene,
1,4-dimethyl, and hexadecenoic acid methyl ester shows antimicrobial activities
against different plant pathogens (Liu and Huang, 2012; Johannes and Litaay, 2015).
Cyclohexane, cyclopentane, normal saturated hydrocarbons (C—C), fatty acids and
benzene derivatives were identified using GC-MS from Nostoc sp. (Dembitsky et
al., 1999). Dembitsky and Rezanka, (2005) isolated more than 200 secondary
metabolites from Nostoc and Anabaena. The GC-MS chromatogram of the
methanolic extract of N. fuscesence showed the presence of twenty-one bioactive
compounds. Among them, hexadecanoic acid, methyl ester (19.65%), ethyl oleate
(16.45%), heptadecane (9.74%) and benzenepropanoic acid, 3,5-bis (1,1-dimethyl
ethyl) 4-hydroxy, methyl ester (6.41%) were the major compounds and these
compounds exhibit pesticidal, anti-inflammatory, antioxidant and antifungal activity

(Gaikwad and Nalawade, 2020).

Yasin et al. (2018) studied the bio-efficacies of methanolic extracts of
Nostoc muscorum and Calothrix brevissima using GC-MS. Forty-two bioactive
compounds were identified, and the major compounds were cis vaccenic acid
(17.97%), 9-methylnonadecane (16.22%) and heptadecane (15.11%). The
methanolic extract of N. muscorum had branched alcohols (4.76%), alkane (33%),
phenolics (7.14%), fatty acids (23.8%), olefins (4.76%), phthalates (4.76%),
terpenes (7.14%,), fatty acid esters (4.76%), alkaloids (2.3%) and others (4.76 %).
Whereas C. brevissima had fifty detectable compounds comprising alkanes (16%),
alkaloids (20%), fatty acid (14%), olefins (10%), branched alcohol (2%), phthalates
(2%), fatty acid esters (6%), fatty acid amides (2%), terpenes (2%), phenolics (6%)
and others (20%). The methanolic extract of N. muscorum has significant
antioxidant activity as confirmed by DPPH, ABTS, FRAP assay and SOR

scavenging assays.
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Ananya and Kamal, (2016) identified twenty-nine compounds in the total
polar lipid of N. muscorum using GC-MS analysis. Docosane (23.11%), phthalic
acid (9.65%), tetracontane (8.53%), hexacosane (8.06%), hexatriacontane (7.25%),
pentacosane (6.09%), heptacosane (4.87%), tetracontane (3.77%), tetracosane
(3.53%), tetra-triacontane (2.51%), 9-octadecanoic acid (2.40%), and hexadecane
(2.16%) were the prevailing compounds. 2-pentadecyl-1,3-dioxolane (0.74%),
phenol, 2,4-bis (1,1-dimethylethyl (1.40%), hexadecanoic acid methyl ester (0.71%),
hexadecanoic acid ethyl ester (1.18%), tetradecanoic acid ethyl ester (0.09%),
phthalic acids (9.65%) and 9-octadecenoic acid (Z)-ethyl ester (2.40%) where the
potent bioactive compounds with various bioactive properties like anti-
inflammatory, anticancer, hypocholesterolemic, 5-Alpha reductase inhibitor, anti-

androgenic activity, and antimicrobial activity.

Mundt et al. (2003) isolated meroterpenoid, noscomin and comnostins A-E
from N. commune displayed antibacterial activity against Bacillus cereus, biofilm-
forming Staphylococcus epidermidis and Escherichia coli. Volk and Furkert (2006)
isolated norharman from M. insulare and showed antibacterial activity. Bhateja et al.
(2006) isolated carbamidocyclophanes from Nostoc sp. CAVN 10 showed moderate
antibacterial activity against S. aureus. Nostocyclamide, an antifungal compound
obtained from Nostoc sp. Nostodione from N. commune showed antifungal activity
(Bhadury and Wright, 2004). Cryptophycin, the depsipeptides isolated from Nostoc
sp. showed antifungal and antiproliferative activity (Schwartz et al., 1990; Chaganty
et al., 2004). Nostofungicidine, is an antifungal lipopeptide from the field-grown
terrestrial blue-green algae N. commune (Kajiyama et al., 1998). Tolypodiol
(diterpenoids), noscomin (meroterpenoids) and comnostin A-E (meroterpenoids)
from N. commune showed antibacterial activity against S. epidermis (Prinsep et al.,

1996; Jaki et al., 1999; Jaki et al., 2000).

Fatty acid profiling of N. commune, N. paludosum, N. pruniforme, N.
verrucosum and Nostoc sp. analysed using GC-MS (Temina et al., 2007). All
selected Nostoc spp. synthesized short (C3—C10) carboxylic acids, whose content is

usually smaller than that of long-chain fatty acids (C14—C18). Separation of
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hydrocarbons, volatile compounds and fatty acid methyl esters from Nostoc sp. was
carried out using GC-MS (Dembitsky et al., 1999). A total of 130 metabolites
including, 41 cyclohexane, 11 cyclopentane, normal saturated hydrocarbons (C7—

C30), fatty acids and benzene derivatives were identified from the extract of Nostoc

sp.

Abdel-Hafez et al. (2015) characterized the extracellular metabolites of .
muscorum using GC-MS analysis. Twenty-two compounds were identified and beta
ionone was reported as the most prevalent component. Piperazine derivatives,
isocyclocitral, a-trans-seequicyclocitral, phytol, oleic acid, fatty acids esters (methyl
palmitate and linoleic acid methyl ester), myristic alcohol and palmityl chloride
were the major components. Extracellular metabolites of N. muscorum have the
potential as effective fungicides to control the purple blotch disease of onion.
Peramuna (2013) studied the synthesis of neutral lipid in N. punctiforme. GC-MS
analysis results suggest that neutral lipids of N. punctiforme are mainly composed of

Cle6, C16:1, C18, C18:2 and C18:3 fatty acid chains.
2.6 Phylogenetics analysis

Phylogenetic analysis help to determine the evolutionary history and
relationship among a group of organisms by using molecular data such as DNA
sequence and amino acid sequence. It is very common in evolutionary biology and
molecular biology (Horiike, 2016). Nowadays, the molecular phylogenetic method
is very popular due to several reasons (Nei and Kumar, 2000). These include (1) the
popularity of the DNA sequencing method, (2) the establishment of methods for
phylogenetic tree constructions using gene or protein sequences, (3) the results of a
phylogenetic analysis being treated in a quantitative pattern, (4) availability of many

programs for the construction of phylogenetic tree.

Two methods are used for inferring the phylogenetic trees. The first method
is the distance-based method, which employs an evolutionary distance matrix. The
representative methods are UPGMA (Unweighted Pair Group Method with
Arithmetic) and NJ (Neighbor-Joining). The second method is the character-based

method, which directly uses the aligned sequences during tree inference. The
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representative methods are maximum parsimony, maximum likelihood, and the

Bayesian method.
2.6.1 Neighbor-Joining Method (NJ)

Neighbor-Joining method (NJ) is a widely used distance-based method for
inferring phylogenetic trees, which overcomes the disadvantage of UPGMA (Saitou
and Nei, 1987). The principal NJ method is to identify pairs of operational
taxonomic units (OTUs [= neighbors]) that minimize the total branch length at each
stage of clustering of OTUs starting with a star-like tree. Analysing a large dataset
(hundreds or thousands of taxa) is practical (Tamura, 2004; Niimura and Nei, 2005).
If the number of taxa is less than 100, other methods that are not based on
evolutionary distance take precedence over the NJ method. MEGA 7, PHYLIP
(Felsenstein, 1989), Clustal W and Clustal X are widely used for inferring
phylogenetic trees by this method.

2.6.2 Maximum Likelihood Method (ML)

According to Felsenstein (1981), the maximum likelihood method is a
character-based (statistical) method for inferring phylogenetic trees. It assigns
probabilities to specific possible phylogenetic trees using statistical techniques for
inferring probability distributions. As a result, the calculation time is longer than that
of the other methods. To assess the probability of particular mutations, this method
requires a substitution model. Thus, identifying the best substitution model must be
done in advance. The most well-known maximum likelihood programs are PHYLIP
and PhyML (Guindon et al., 2010). Currently, MEGA 7, RAXML (Stamatakis et al.,
2005) and TOPALi V2 (Milne et al., 2009) are widely used because they can
determine the best substitution model and use it to infer the phylogenetic tree using
the maximum likelihood method. This method is considered as a standard technique

in rRNA-based phylogeny reconstruction.
2.7 Molecular and phylogenetic analysis in Cyanobacteria.

Molecular studies are the most successful methods for inferring the

cyanobacterial phylogenetic relationships. The taxonomy of cyanobacteria has
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undergone radical changes as a result of the application of advanced molecular
biology techniques. Due to their universal prevalence and conserved function, the
16S rRNA genes are the most often employed genetic marker for identifying
bacteria and cyanobacteria. The conservative nature of the 16S rRNA gene, its
universal distribution and the availability of information in public databases
(GenBank, EMBL, DDBJ and RDP) make the gene very useful for phylogenetic
studies and taxonomy. Molecular information provides the basic criteria for
cyanobacterial taxonomy, but knowledge of their morphology, physiology, and
biochemistry is also necessary to construct a comprehensive phylogenetic system of

cyanobacteria (Komarek, 2006).

Molecular characterization including PCR-based methods, such as the 16S
rRNA sequences, nif gene(s), phycocyanin encoding locus and RNA polymerase
gene (Giovannoni et al., 1988; Ludwig and Schleifer, 1994; Nelissen et al., 1996;
Lee et al., 1996; Zehr et al., 1997; Honda et al., 1999; Neilan et al., 2002; Hartmann
and Barnum, 2010; Mishra et al., 2013; Singh ef al., 2013), RuBisCO large subunit
gene sequence (rbcL.X), hetR (Han et al., 2009; Schleifer, 2009), nitrogenase gene
nifD (Henson et al., 2004), the gene ndaF (Lyra et al., 2005), RNase P (rpB)
(Schon et al., 2002), etc., have been used as genetic markers for assessing

cyanobacterial taxonomy and phylogenetic-relations.

16S rRNA gene-based phylogenetic studies have been published on the
genera Microcystis (Neilan et al., 1997; Lyra et al., 2001), Anabaena,
Aphanizomenon, Planktothrix (Lyra et al., 2001), Nodularia (Lehtimaki et al., 2000;
Moftitt et al., 2001) and Nostoc (Huo et al., 2021). Nostoc is a complex and difficult
genus whose identification and taxonomy rely strongly on thorough morphological
characters, proper ecological evaluation, detailed molecular analyses, and highly

supportive and exhaustive phylogeny (Singh et al., 2020).

Arima et al. (2012) studied the phylogeny of the terrestrial cyanobacterium
N. commune and related Nostoc species using molecular genetics and
chemotaxonomic approaches. Eight genotypes of N. commune were characterized by

the differences among 16S rRNA gene sequences and the petH gene encoding FNR
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by random amplified polymorphic DNA analysis. The phylogenetic tree was
constructed based on 16S rRNA sequences using the NJ algorithm showed that N.
commune was clustered in a monophyletic group with N. flagelliforme and N.
punctiforme. Singh et al. (2020) examined the phylogeny of the genus Nostoc and
provided taxonomic descriptions of N. neudorfense sp. nov., from the Czech

Republic.

Kumar ef al. (2018) studied the molecular characterization and phylogeny of
some cyanobacterial strains isolated from soil and freshwater ecosystems. 16S
rRNA gene was selected for the study of molecular characterization. Nostoc sp.,
Limnothrix sp. and Phormidium sp. were identified using molecular characterization.
The constructed phylogenetic trees revealed their evolutionary relatedness with three
different OTUs. Makra et al. (2019) investigated the taxonomic relationships among
the species of Anabaena and Nostoc using 16S rRNA and rbcLX gene sequences.
The study concluded that polyphasic taxonomic approaches are required for the

reliable identification of cyanobacterial species.

Molecular phylogenetic characterization of two species of the genus Nostoc
based on the cpcB-IGS-cpcA locus of the phycocyanin operon studied by Teneva et
al. (2012). The study indicated that the genus Nostoc is heterogeneous and the
analysis of the IGS region between cpcB and cpcA showed that Nosfoc and
Anabaena are distinct genera. Rehekova et al. (2007) conducted a study on the
molecular characterization of selected desert soil cyanobacteria. Molecular
characterization of N. lichenoides, N. indistinguendum sp. nov. and N. desertorum
sp. nov was done based on the amplification of partial 16S rRNA sequences and
16S-23S internal transcribed spacer (ITS) regions of the strains. Maximum
parsimony, distance, and maximum likelihood methods were used to analyse all

aligned sequences.

Molecular characterization of Anabaena, Aphanizomenon and Nostoc strains
from Portuguese freshwater habitats was done using sequencing of 16S rRNA, nifH
and hetR fragments (Galhano et al., 2011). The strains of Nostoc showed a 98%

similarity with a 16S rDNA sequence of N. muscorum. The nifH partial sequence of
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strain also showed high similarity (99%) with N. muscorum. Singh et al. (2016)
investigated a new species of Nostoc isolated from Pune, using morphological,
ecological and molecular attributes. 16S rRNA, nifD, psbA, PC-IGS and rbcL gene
were amplified for molecular identification of the species. The observations of
phenotypic, genetic and phylogenetic data proved that the strain is a new species to
the genus Nostoc with the nomenclature N. punensis sp. nov. Mesfin et al. (2020)
described a novel species, N. oromo sp. nov. from Ethiopia based on the
morphology, ecology, phylogeny, and characterization of the 16S-23S ITS region of
the ribosomal operon. This species is phylogenetically in a clade of mostly

microscopic Nostoc isolated from desert soils in North and South America.
2.7.1 16S ribosomal RNA

16S ribosomal RNA (16S rRNA) gene is highly conserved in different
species of archaea and bacteria and has become an important molecular marker for
microbial phylogenetic analysis (Woese, 1987; Woese et al., 1990; Case et al.,
2007). The comparison of the 16S rRNA gene sequence of an isolate against a type
strain of all prokaryotic species is used for the classification and identification of
prokaryotes accurately and conveniently. Numerous studies have shown the
efficiency of the sequence analysis of genes encoding small-subunit ribosomal RNA
(16S rRNA) in the taxonomy of cyanobacteria (Nubel ef al., 1997; Komarek, 2006).
For the identification of cyanobacteria, a phylogenetic system based on the 16S
rRNA gene (rDNA) sequence information retrieved from organisms in pure cultures
has been developed (Turner et al., 1999). Nubel et al. (1997) designed the most
commonly used cyanobacterial PCR primers; CYA359F (forward), an equimolar
mixture of CYA781R(a) and CYA781R(b) (reverse) for specific amplification of a
379 bp of 16S rRNA gene sequence. CYA781R(a) and CYA781R(b) differentiate
by two polymorphic bases located at positions 7 and 23 (5’ to 3') these primers have
the benefits of giving a PCR product that corresponds to variable regions V3 and
V4, and that contain significant information for phylogenetic analysis (Yu and

Morrison, 2004). Based on 16S rRNA gene sequence analysis, the most
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comprehensive and widely used phylogenetic scheme of cyanobacteria is currently

available (Shiels ef al., 2019).
2.8 Richness of cyanobacteria in paddy fields

Rice (Oryza sativa L.) is the principal cereal crop belonging to the family
Poaceae, it plays a fundamental role as a staple food for more than half of the
world’s population including Asians and more particularly Indians. Rice cultivation
is largely dependent upon climatic conditions and seasons. Rice provides major
dietary energy and vocation for more than 40 billion people in Asia (Horie, 2019).
Rice growth, production and development depend on the availability of nutrients in
the soil. Soil organic matter provides significant quantities of nitrogen which is
essential for the growth and optimum yield of rice and is a primary element of
amino acid and protein building blocks, nucleic acids and chlorophyll (Shreshta et

al., 2020).

Rice fields are agronomically controlled wetland systems, widely known for
the vast diversity of cyanobacteria. The majority of paddy soils have a natural
population of cyanobacteria, which provides a potential source of nitrogen fixation
at no cost. The presence of cyanobacteria in paddy fields is reported in countries
such as India, Indonesia, Pakistan, Bangladesh, Sri Lanka, Iraq, Australia, Egypt,
Japan, Morocco, Philippines, and South-East Asia (Renaut et al., 1976). The rice
field ecosystem offers a favourable environment for cyanobacterial growth
concerning their requirements for light, water, high temperature and nutrient
availability. Due to this reason, the diversity of cyanobacteria was more abundant in
paddy soils than in upland soils. The abundance of N,-fixing cyanobacteria is

positively correlated with soil pH and phosphorous availability (Gupta et al., 2020).

Indian paddy ecosystems harbour mainly N,-fixing cyanobacterial species
belongs to the genus Nostoc, Anabaena, Tolypothrix, Aulosira, Cylindrospermum,
Scytonema and Westiellopsis (Nayak et al., 2004). Shiozaki et al. (2015) observed
that cyanobacteria are more abundant in tropical and subtropical regions as

compared to the temperate and sub-temperate regions. The most abundant nitrogen-
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fixing cyanobacteria include Nostoc muscorum, N. linckia, N. calcicola, N.
commune, Anabaena variabilis, A. oryzae, A. doliolum, Calothrix spp., Tolypothrix
spp., Scytonema spp., Westielliopsis prolifica, Aulosira fertilisima, Phormidium
fragile, Calothrix geitonos, Hapalosiphon intricatus, T. tenuis, Oscillatoria acuta,
Plectonema boryanumet, P. purpurascens, O. chlorine, etc. (Singh et al., 2015;
Singh, 1961). Prasanna and Nayak, (2007) reported the dominance of genus Nostoc
and Anabaena in most of the sites whereas Saadatnia and Riahi, (2009) observed

Anabaena as an important occupant of paddy field rhizosphere.
2.9 Symbiotic association between plant cells and cyanobacteria

Symbiotic cyanobacteria have unique features that make them particularly
significant in acting as N,-fixers for symbiotic association with plants of
commercial interest, such as cereals. They have the mechanism of protecting
nitrogenase from inactivation by oxygen (heterocytes). Cyanobacteria are unique in
that they can coexist with a wide variety of hosts, including fungi, sponges, protists,
and angiosperms. They are not constrained to roots but form symbiosis with various
plant parts, and do not need to be located intracellularly within the host plant
(Adams et al., 2006; Bergman et al., 2007). In a symbiotic relationship, both
partners benefit from each other in different ways. The provision of nitrogen that the

cyanobacteria can fix from the air benefits the host organisms (plants).

Symbiotic cyanobacteria are mostly heterocyst-forming, and in particular
belong to the genus Nostoc (Bergman et al., 1993). Colonization of cyanobacteria in
different parts of wheat plant observed by Gantar et al. (1999). Cyanobacteria
accumulate around the roots in the form of a thick biofilm, they are also found in
intercellular spaces in the root epidermis and cortex. The cyanobacteria are enlarged,
and the biomass yield increases. The rate of nitrogen fixation and EPS
(Exopolysaccharide) production increased at the same time. Nilsson et al. (2002)
isolated and identified twenty-one symbiotic Nostoc spp. from rice roots.
Paranodules were formed on the roots and they colonise on the surface and

intercellular spaces. The rate of N fixation by associated cyanobacteria was higher
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compared with those in free-living cyanobacteria. The symbiosis has diverse effects

on the growth and development of cyanobionts.

In Gunnera- Nostoc symbiosis an increased heterocyst formation of up to
80% could be observed. This would also demonstrate that only about 12% of the
fixed nitrogen remains in the cyanobacteria, while the remaining 88% is supplied to
the host organism in the form of NHj (Silvester and Mcnamara, 1973). Eily et al.
(2019) studied the symbiosis of Azolla-Nostoc. N. azollae cannot exist in nature
without the host plant Azolla, as the genome of the organism is adapted to the
symbiotic way of life. The symbiotic growth not only improves the quantity of many
plants but, in some circumstances, also the quality. The positive effects of co-culture

on the symbiotic partners and the environment are summarized in Fig. 2.1.

Effects on cyancobacteria: Exchange of:
- Receiving nutrients (carbon - Nitrogen
SOUrce) = Carbohydrates
- Stabilised environment - Phosphorus
- Enhanced growth - Secondary metabolites

Effects on soil:

- Increased water retention
- Improved soil aggregation
- Reduced salinity effects

Formation of biofilms

Attachement to roots
Penetration of roots

Effects on plants:

- Improved nutrient supply (N, C, P) - Reduced biotic and abiotic stress
- Enhanced growth and yield - Increased germination rate
- Increased resistance against plant disease - Increased content of valuables (i.e. pigments)

Fig. 2.1 Schematic overview of the effects of cyanobacteria—plant symbiosis on both
partners and their surroundings (Kollmen and Strieth, 2022).

2.10 Biological Nitrogen Fixation

Nitrogen (N), one of the most vital elements, plays an important role in plant
growth and various metabolic activities. It is often the limiting nutrient in both
natural and agricultural systems. Although nitrogen exists abundantly in the earth’s
atmosphere, dinitrogen (N;) is relatively inert and accounts for 78% of total
atmospheric gases, but this form are not available to plants. Conversion of nitrogen

to ammonia (NH3) by bacteria and archaea that contain an enzyme complex called
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nitrogenase (termed ‘diazotrophs’) using energy from ATP and reductant (electrons)
supplied by respiration (which can be aerobic or anaerobic) (Dixon and Kahn, 2004)

is termed biological nitrogen fixation (BNF). The overall reaction formula is,
N, +8H++8e—+16 ATP — 2NH3 + H, + 16 ADP + 16 Pi.

In nature, various nitrogen fixers are distributed, and the N, fixing ability of
those microbes can serve as a substitute for commercial fertilizers (Ladha et al.,
1997; Raymond et al., 2004). According to Ali et al. (2017), nitrogen-fixing
microbes can be divided into two categories (i) symbiotic (mutualistic relationship
between bacteria and leguminous plants and non-leguminous trees) and (ii) non-
symbiotic (free-living and endophytic organisms). Widely reported symbiotic N
fixers in soil are Frankia and Rhizobium species, whereas diazotrophic PGPR,
including Cyanobacteria (e.g. Nostoc spp.), Azospirillum, Pseudomonas,
Azotobacter and Acetobacter are non-symbiotic nitrogen-fixing microbes (Umar et
al., 2020). Among them, cyanobacteria are the only prokaryotes that fix nitrogen and
simultaneously perform oxygen-evolving photosynthesis (Kulasooriya and
Arachchi, 2016).

In cyanobacteria, the specialised cells (heterocysts) procure nitrogen fixation
by creating a microoxic environment. In the heterocystous genus Nosfoc and
Anabaena, usually, the time required for the formation of mature heterocysts is
between 12 and 20h (Adams, 2000b). The enzyme complex nitrogenase is
synthesized in heterocysts (Fleming, 1973). Nitrogen cannot diffuse directly into a
heterocyst through the cell wall and therefore passes from a vegetative cell into a
heterocyst via thin cytoplasmic channels (micro-plasmodesmata) (Fig. 2.2). There,
the enzyme nitrogenase reduces nitrogen to ammonia or ammonium. ATP is needed
for this reaction and is synthesized in the heterocyst, by PSI which remains active.
The reducing agent for nitrogen fixation must be provided by the neighbouring cells.
NADPH is formed as a reducing agent via the pentose phosphate pathway. The
reduced nitrogen is transferred to glutamate by the enzyme glutamine synthetase,
and thus glutamine is formed, which enters the vegetative cells through the micro-
plasmodesmata. Here, the enzyme glutamate synthase is present, which catalyzes the
reaction of glutamine with ketoglutarate to form two equivalents of glutamate.

Glutamate re-enters the heterocyst for further glutamine synthesis or be fed to other
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metabolic pathways. However, the fixed nitrogen is not only used by the
cyanobacteria to meet their own needs but it can also be released into the medium as
ammonium (Andersen and Shanmugam, 1977).

Nz
Thickened cell wall

Microplasmodesmata

Polar body

Metabolites

Glutamate
GOGAT

Glutamin
a-Ketoglutarat

Sucrose

N

PSI + P5SII

co,

0,

Heterocyst Vegetative cell

Fig. 2.2 Schematic illustration of nitrogen fixation in heterocysts and metabolic
exchange with neighboring vegetative cells. Fdxred = reduced ferredoxin, Gluc6P =
glucose-6-phosphate, Rib5P = ribulose-5-phosphate, 6Pgluc = gluconate-6-
phosphate, GOGAT = glutamate synthase, PSI = photosystem I, and PSII =
photosystem II (Kollmen and Strieth, 2022).

2.11 Cyanobacteria as a biofertilizer

The increase in world population is directly and indirectly dependent on the
demand for contamination-free healthy food. By 2029, the World Health
Organization expects the production of food to increase by 50%. “Green
Revolution” practices are also improving agriculture output and reducing the risk of
chemical-based fertilizers on human health as well as the environment. Green
technology utilises the use of cyanobacteria to improve crop productivity and soil
fertility. Cyanobacteria are crucial for enhancing plant growth and crop production.
They are good bio-fertilizers, improve solubilization and mobility of nutrients,
stimulate plant growth by their ability to produce bioactive compounds, such as
phytohormones and other plant growth regulator substances, like amino acids and
polysaccharides, as well as increase essential microelements in soil that are

necessary for ion uptake (Fig. 2.3). They are composed of numerous organic
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inclusion units capable of carrying out various specialized functions, which give

cyanobacteria their unique tasks and applications in sustainable agriculture.

Cyanobacteria can produce several bioactive molecules that enhance the soil
nutrient status, boost crop growth, and protect crops from diseases in addition to
fixing nitrogen (N;) to meet their own nitrogen needs. Cyanobacteria are emerging
microorganisms for the development of sustainable agriculture (Singh et al., 2016).
Since the time immemorial, cyanobacteria have been used as a biofertilizer in
agricultural systems. Diazotrophs are cyanobacteria useful for the development of
eco-friendly biofertilizers which are easily available and less costly. They are
important microbial members in rice fields employed as bioinoculants for improving
soil fertility, structure of soil and crop yields (Venkataraman, 1972; Kaushik, 1998;
Prasanna ef al., 2012). They are significant contributors of carbon, nitrogen,
phytohormones, and polysaccharides that enhance rice production and soil fertility
(Prasanna et al., 2012). Inoculation with cyanobacteria has also been proposed as a
biofortification strategy for staple crops (Rana ef al., 2012; Prasanna et al., 2016).
Cyanobacteria are used to improve crop productivity and they can degrade a wide
range of pollutants and perform different roles in the soil ecosystem to sustain soil

fertility (Subramanian and Uma, 1996).
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Fig. 2.3 Role of cyanobacteria in enhancing plant growth and stimulating the
response of defense systems (Elagamey et al., 2023).
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Beneficial effects of cyanobacterial inoculation were reported, not only for rice, but
also for other crops such as wheat (Triticum aestivum L.), soybean (Glycine max L
Merr.), oats (Avena sativa L.), tomato (Solanum lycopersicum L.), bean (Phaseolus
vulgaris L.), cotton (Gossypium hirsutum L.), sugarcane (Saccharum sp.), maize
(Zea mays L.), radish (Raphanus sativus L.), muskmelon (Cucumis melo L.), chili
(Capsicum annuum L.), and lettuce (Lactuca sativa L.) (Table 2.1) (Venkataraman
1972; Rodgers et al. 1979; Singh 1988; Arif et al., 1995; Thajuddin and
Subramanian, 2005; Karthikeyan et al., 2007; Maqubela et al., 2008; Saadatnia and
Riahi, 2009).

Table 2.1 Application of cyanobacterial inoculum on various plant species and main

effects produced.

Cyanobacteria Positive effects on plant Plant

Nostoc spp. Plant growth and pigment content | Rapeseed (Toth et al.,
(Takacs et al., 2019; Mohsen et 2019), wheat (Takacs et
al., 2016), seed yield (Toth et al., | al., 2019; Karthikeyan et
2019; Karthikeyan et al., 2007), al., 2007), cantaloupe
tolerance to cold and drought (Farrag et al., 2017),
stress (Setta ef al., 2018), leaf lettuce (Mohsen ef al.,
relative water content (Takacs ez | 2016), bean (Setta et al.,
al., 2019). 2018).

Cylindrospermum | Plant growth, pigment content and | Peppermint

sp. essential oil content (Shariatmadari ef al.,
(Shariatmadari et al., 2015; 2015), lupin (Haroun and
Haroun and Hussein, 2003) Hussein, 2003).

Calothrix sp. Plant growth (Shariatmadari et al., | Rice (Singh et al., 2011),

2015; Singh et al., 2011), macro-
and micronutrient content (Rana
et al., 2012), germination
(Prasanna et al., 2014), seed yield
(Karthikeyan et al., 2007),
essential oil content
(Shariatmadari et al., 2015),
phytohormones content (Priya et
al., 2015)

coriander (Kumar ef al,
2013),

peppermint
(Shariatmadari et al.,
2015),

wheat (Rana et al., 2012;
Karthikeyan et al., 2007),
cotton (Prasanna et al.,
2014).

Anabaena sp.

Plant growth (Singh et al., 2014;
Mahmoud et al., 2019),
germination (Kumar et al., 2013)
macro- and micronutrient content
and photosynthesis rate (Grzesik
etal.,2017)

pigment content (Haroun and

Rice (Singh et al., 2014),
spinach (Mahmoud et al.,
2019),

peppermint
(Shariatmadari et al.,
2015),

lupin (Haroun and
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Hussein, 2003),

essential oil content
(Shariatmadari et al., 2015)
phytohormones content (Bharti et
al., 2019), tolerance to thermal
stress (Piotrowski et al., 2015).

Hussein, 2003),

willow (Grzesik et al.,
2017),

wheat (Rana et al., 2012),
cotton (Prasanna et al.,
2014),

cumin (Kumar et al.,

2013).
Arthrospira Bulb diameter (Shalaby and ElI- Garlic (Shalaby and El-
fusiformis Ramady, 2014). Ramady, 2014).
Scytonema Tolerance to salt stress Rice (Rodriguez et al.,
hofmanii (Rodriguez et al., 2006). 2006).
Aphanothece sp. Plant growth, Tomato (Mutale-joan et

macro- and micronutrient content

al., 2020).

(Mutale-joan et al., 2020).

2.11.1 Cyanobacteria as bio-control agents

The bioactive compounds produced by cyanobacteria belong to the group of
polyketides, amides, fatty acids, indoles, alkaloids, and lipopeptides (Abarzua et al.,
1999; Burja et al., 2001) which have antifungal, antibacterial and antiviral potential
(Teuscher et al., 1992; Dahms et al., 2006). The potency and mode of action of
various cyanobacterial secondary metabolites are species as well as stress-specific.
Dahms et al. (2006) reported the anti-algal potential of cyanobacterial compounds
which inhibit the growth of pathogens by disturbing their metabolic and

physiological activities.

Research has focused mostly on the order Nostocales and Oscillatoriales
since early 2000. Extracts of Nostoc spp., Scytonema spp., Lyngbya lutea,
Anabaena spp., Fischerella sp.

Oscillatoria Microcystis  aeruginosa,

Spp-,
Phormidium tenue, Trichodesmium hildebrantii, Synechococcus elongates, and
Synechocystis sp. inhibited Aspergillus spp. mycelial growth in agar disk diffusion
assay (Marrez and Sultan, 2016; Shishido et al., 2015; El-Sheek et al., 2006; Pawar
and Puranik, 2008). Exo-metabolites from Nodularia harveyana and Nostoc insulare
exhibit antibacterial and antifungal properties (Volk and Furkert, 2006).
Extracellular diterpenoids from N. commune showed antibacterial effects (Jaki ef al.,

2000). Additionally, cyanobacteria possess molecules that can act as biopesticides,
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thus protecting the plant against pathogens, mainly fungi or bacteria (Table 2.2). In
addition, cryptophycin producer Nostoc sp. is the natural source of pesticides against

insects, fungi, and bacteria (Biondi et al., 2004).

The algicidal activity of cyanobacteria is restricted to the order
Stigonematales and Nostocales, and genera, Nostoc, Anabaena, Calothrix,
Fischerella and Scytonema. Nostoc sp. produced compounds cyanobacterins LU-1
and LU-2 show algicidal activity (Juttner et al., 2001). Nostocine A,
nostocyclamide, and nostocarboline are reported from different strains of Nostoc
spp. shows antialgal activity whereas Nostoc spongiaeforme TISTR 8169 produces

nostocine A with herbicidal, antibiotic, and algicidal properties.

Extracts of Anabaena oryzae, Tolypothrix tenuis, and Nostoc muscorum
possess a significant decrease in the natural infestation of Indian rice together with
the stem borer Chilo agamemnon and leaf miner Hydrellia prosternalis (Yanni and
Abdallah, 1990). Nostocarboline is an alkaloid and protease inhibitor obtained from

Nostoc sp. active against species of Trypanosoma, Plasmodium and Leishmania.

Table 2.2 Cyanobacterial species exhibiting antagonistic effects against different
plant pathogens.

Cyanobacteria Plant disease/ plant References
pathogens
Nostoc muscorum Cottony rot of vegetables and | De Caire et al., 1990
flowers (Sclerotinia Tassara et al., 2008
sclerotiorum), damping off, | Kulik, 1995
root and stem rots Zulpa et al., 2003

(Rhizoctonia solani),
wood blue stain
(Aureobasidium, Alternaria,

Cladosporium).
Nostoc strain ATCC Root rot (Armillaria spp.), Biondi et al., 2004
53789 fusarium wilt (Fusarium

oxysporum), fruit rot disease
(Penicillium expansum), bud-
rot of palms, fruit-rot or
kole-roga of coconut and
areca nut (Phytophthora
palmivora).

N. commune Black mold (Aspergillus Pawar and puranik, 2008
niger), ear rot disease in
maize (4. flavus).
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N. linckia

Tomato vascular wilts
(Fusarium oxysporum f. sp.
lycopersici).

Alwathnani and Perveen,
2012

N. entophytum

Damping off (R. solani).

Osman et al., 2011

N. piscinale

Rice sheath blight (R.
solani).

Zhou et al., 2020

Fischerella muscicola

Brown rust (Uromyces
appendiculatus, powdery

Hagmann and Juttner, 1996
Papke et al., 1997

mildew (Erysiphe graminis),
rice blast (Phytophthora
infestans and Pyricularia
oryzae).

Calothrix elenkenii Damping off (R. solani). Manjunath et al,, 2010

Anabaena variabilis Chaudari et al., 2012

Damping off (R. solani).

2.11.2 Improvement of physical properties of soil by Cyanobacteria

Cyanobacteria can excrete several extra-cellular compounds like
polysaccharides, peptides and lipids during their growth in soil. They can secrete
mucilage or slime, which increases the availability of nutrients and enhances soil
structure creating an ideal environment for the growth of advantageous
microorganisms and plays a role in enhancing soil characteristics. N.
muscorum excrete exopolysaccharides and enhance saline soil
stability. Exopolysaccharides (EPSs) of cyanobacteria, act as gluing agents, binding
soil particles, and promoting the formation of soil aggregates, thus increasing soil
stability (Mazor et al., 1996). Cyanobacteria can aid in the improvement and
recovery of infertile soils by releasing the holding and aggregation of soil particles
together, the accumulation of organic content, and an improvement in the water-
holding capacity of the upper soil layer. The addition of cyanobacteria to the soil
will enhance soil characteristics and texture by adjusting soil stabilization, nutrients,
moisture-holding capacity, and crust formation. Excretion of vitamins, amino acids,
and phytohormones (auxin, gibberellins, etc.), improves the water-holding capacity
of soil through their characteristic jelly structure, makes soil porous and produces
adhesive substances, increases in biomass of soil after their death and
decomposition, lowers the salinity of the soil, availability of soil phosphate is caused

by organic acid excretion, efficient absorption of heavy metals on the microbial

surface (bioremediation) are the major action of cyanobacteria (Roger and Reynaud,
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1982; Rodriguez et al., 2006; Saadatnia and Riahi, 2009; Wilson, 2006; Ibraheem,
2007).

2.11.3 Cyanobacteria for the protection against abiotic stress

Abiotic stress in plants is caused by a variety of factors, such as temperature,
droughts, light, and soil-related factors, including salinity, soil acidity and the
presence of heavy metals (Cramer et al., 2011). Response to high soil salinity can be
influenced by cyanobacteria that synthesise and accumulate protective substances,
maintain low intracellular ion concentrations, and express the so-called salt stress
proteins. Rodriguez et al. (2006) demonstrated the effect of the extracellular
products of Scytonema hofmanni on the growth of rice plants under salt stress and
these extracellular products made rice plants able to cope with stress caused by high
salt concentrations. In addition, rice plants showed an increase in tolerance to
salinity after inoculating roots with strains isolated from saline soils, such as V.
calcicola, N. linckia, and Anabaena variabilis (El Sheek et al., 2018). Singh et al.
(2011) reported treatment of rice roots with Oscillatoria acuta and Plectonema
boryanum showed an effective response to abiotic stress on rice by increasing the

activity of peroxidase, phenylpropanoid and phenylalanine ammonia-lyase.

Cyanobacteria effectively remove heavy metals from agriculture soil and
water. Anabaena variabilis, Nostoc muscorum, Aulosira  fertilissimia,
and Tolypothrix tenuis, may absorb and remove Cr, Cu, Pb, and Zn,
whereas Oscillatoria sp. and Synechocystis sp. can remove Cr, this was linked to

increasing the growth of wheat (Faisal et al., 2005).
2.12  Nostoc spp. as a biofertilizer for rice and other crops

Nostoc spp. are potential candidates that fix atmospheric nitrogen, so that can
be used as a biofertilizer for the cultivation of economically important crops like
rice, wheat and beans. This genus is found in both free-living forms and in
symbioses, covering a wide range of habitats, and is known to survive under
different C and N nutrition (Potts, 2000; Rai et al., 2000). Since Nostoc is the most

prevalent cyanobacterial genera in natural symbiotic associations (Rai et al., 2000),
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symbiotically competent Nostoc strains would likely be more prone than other non-
symbiotic cyanobacteria to form associations with a ‘new’ plant, such as rice.
Previous studies reported that some strains of Nostoc and Anabaena can colonize the
roots of wheat and carry out associative N,-fixation (Gantar and Elhai, 1999;
Gantar, 2000). The genus Nostoc can fix atmospheric nitrogen to ammonia, which
may then able to utilized or converted to a form that is beneficial for plant growth
and development (Esch, 2014). Researches indicate a positive effect of Nostoc spp.

inoculation on rice cultivation (Nillson et al., 2002; Perez et al., 2020).

Pereira et al. (2009) studied the effect of filamentous nitrogen-fixing
cyanobacteria as a biofertilizer for rice crops in Chile. N. commune showed the
highest N, fixation and survival rates despite the drastic desiccation system utilized.
The study concluded that Anabaena iyengarii var. tenuis, Nostoc commune, N.
linckia and Nostoc sp.l1 proved to be good options for the formulation of
biofertilizers for rice varieties. They also reported that using local strains of
heterocystous cyanobacteria as biofertilizers can reduce the use of synthetic fertilizer
by 50%, resulting in the same grain yield as the use of full doses of chemical
fertilizer. Hassan, (2020) reported the propagation of rice was tremendously fast
when treated with cyanobacteria such as Nostoc and Anabaena. An increase in 51%
of plant height, 68% in root length, 56% in fresh shoot weight, 92% in fresh root
weight, 120% in dry shoot weight, 146% in dry root weight, 32% in soil moisture,
30% in soil porosity and 9.3% decrease in soil bulk density were analysed by the

application of cyanobacterium Nostoc.

Begum et al., (2011) investigated the importance of cyanobacterial
biofertilizers on the growth and yield components of two rice varieties. The study
reported cyanobacterial inoculum 1 kg ha' (Nostoc spongiaeforme Dh 164, N.
commune Dh 169, Calothrix marchica Dh 167 and Stigonema Dh 168) produced a
significantly higher number of tillers/hills, panicles/hill, length of panicle, the
weight of 1000 grains, and yields of grain and straw as compared to the control. El-
Sheek et al. (2018) examined the effect of cyanobacterial isolates on rice seed

germination in saline soil and the results of the investigation showed that the
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inoculation with Nostoc calcicola and N. linckia increased root length and shoot
length of rice plants. The study also recommended the use of Nostoc calcicola and
N. linckia as biofertilizers for rice in saline soil for increasing growth and decrease

soil electrical conductivity.

Chittapun et al. (2017) studied the effects of cyanobacteria and chemical
fertilizers on the growth and yield of rice (Oryza sativa L.) cv. Pathum Thani,
Thailand. The results concluded that N. carneum TUBT04 and N. commune
TUBTOS5 showed promising characteristics as biofertilizers in terms of IAA and
exopolysaccharide production and secretion. In addition, the combined biofertilizer
with half of the recommended dose of chemical fertilizer significantly enhanced rice
production, and the study also recommended using a half dose of chemical fertilizer
combined with cyanobacteria to decrease rice production costs for farmers without

compromising any effects on the yield of rice.

Rogers et al. (1994) demonstrated the polysaccharide secretion by Nostoc
muscorum increased soil stability by 18% within 300 days. Simultaneously, the
carbon content of the soil was increased resulting in a 50% increase in the
germination rate of lettuce plants. Toth et al. (2019) investigated the influence of N.
entophytum and Tetracystis sp. on winter survival of rapeseed (Brassica napus L.).
The treatments with N. entophytum showed plant growth increase and survival,
which contributed to the significant increase of thousand seed weight (18%-25%)
and total yield (by 10%-24%). Tackacs et al. (2019) studied the biostimulating
effects of the cyanobacterium Nostoc piscinale on winter wheat in field experiments.
The cyanobacterial treatments increased the ear number, ear length, grains per ear,

thousand-grain weights and the yield of the winter wheat variety “Bdség.

Rao and Burns, (1990) demonstrated that the inoculation of a flooded brown
earth silt loam with a consortium of cyanophyceae (including N. muscorum)
increased the soil carbon and nitrogen content leading to a subsequent improvement
in soil aggregate stability. The effects of N. muscorum on soil physical, chemical,

and biological properties indicated the possible benefits of cyanobacteria as soil
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inoculants, not only for the improvement of soil aggregate stability but also as a

means of improving seedling emergence, plant growth, and yield.

Obreht et al. (1993) reported stimulation of root growth in the co-cultivation
of wheat with Nostoc 2S9B, Nostoc 2S6B and Anabaena C5 for 15 days in both
nitrogen-containing and nitrogen-free medium. A large stimulation of root length
was observed without any increase in root dry weight and also increased the
nitrogen concentration of roots and shoots co-cultivated with cyanobacteria.
Depending on the cyanobacterial strain, the cyanobacteria adhered to the roots and

led to an increase in the nitrogen content in the roots.

The growth of maize plants in combination with the cyanobacterial
strains, Anabaena sp., A. doliolum, Nostoc carneum, and N. piscinale was assessed
(Prasanna et al., 2016). An increase in the amount of pigment in the cyanobacteria
was shown in combination with increased growth of the plants. Also, the amount of
carbon, nitrogen, and phosphate in the soil increased by 10-39%, 4-43%, and 13-
32% respectively. Karthikeyan ef al. (2007) observed the gain of yield and total
biomass of wheat by co-cultivation with Nostoc sp., Calothrix ghosei
and Hapalosiphon intricatus. In addition, the nitrogen and protein contents of the
grains also increased. Inoculation of soil with a suspension of N. entophytum and
Oscillatoria angustissima or a combination of two strains significantly increased the
germination percentage and accelerated the other measured growth parameters and
photosynthetic pigment fractions of pea (Osman et al., 2010). The study also
concluded that N. entophytum fixed more nitrogen, produced more
exopolysaccharides, and contained more auxin and cytokinin than O. angustissima.
According to Obana et al. (2007), heterocystous cyanobacteria have a beneficial
impact on plant development and nutrient uptake. They demonstrated that the
application of Nostoc improved plant growth and ion uptake while also increasing
the organic C and N content of the surface soil, and they also reported Nostoc spp.

provide the microelements required for the growth of plants.
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2.13 Seed bio-priming

Seeds are the primary requirements for agriculture. Therefore, it is essential
to maintain the quality of the seeds using nature-based solutions having multiple
advantages. Bio-priming has proven to be the simple, cost-effective and
environmentally friendly delivery system of beneficial microorganisms in the agro-
ecosystem among pre-sowing procedures. Seed bio-priming is an innovative skill of
biological seed treatment which includes the integration of seed hydration and
inoculation of the seeds with beneficial microorganisms. Microbial inoculants such
as plant growth-promoting rhizo-microorganisms (bacteria, cyanobacteria or fungi)
are used for bio-priming of seeds. It is a sustainable ecological approach using
specific microorganisms that promote plant growth by producing plant growth-
promoting substances enhancing nutrient uptake or protecting seedlings/plants

against soil-/seed-borne plant pathogenic organisms (Prasad et al., 2016).

Recently, bio-priming of seeds has been used as a substitute for synthetic
chemical pesticides and fertilizers for being eco-friendly and safer for future
agriculture and gaining importance in the seed, plant and soil health improvement
programs. Seed bio-priming refers to a standard method for the introduction of
disease resistance through bio-control agents (Prabha et al., 2019). It is a promising
technique that improves the stress tolerance of seeds before germination (Harman
and Taylor 1988; Jenson et al., 2004). It improves crop yield by enhancing seed
germination, vigour, viability, plant growth and protection against seed or soil-borne
pathogens. Bio-priming of seeds is a suitable substitute for seed treatment, because
the microorganisms multiply continuously, occupy the growing root surfaces, form a
biofilm around the roots and protect the plants from diseases throughout the crop-
growing stage. The elicitation of systemic resistance in plants that can protect the
plants from foliar pathogens during the later stages of their growth and development
is another benefit of seed bio-priming. This supports the idea of promoting seed bio-
priming techniques among farmers, which will not only protect the health of the

seeds and crops but also contribute to ensuring ecological sustainability.
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Seed bio-priming can also improve the nutritional and physiological qualities of the
seed, resulting in better germination and adaptation under various soil conditions.
When combined with beneficial microbial agents associated with plant roots, seed
bio-priming can augment plant immunity and productivity. Recent research by
several groups revealed that these microbes also elicit what is known as induced

systemic tolerance (IST) against biotic and abiotic challenges (Yand et al., 2006).
2.13.1 Role of cyanobacteria in seed bio-priming for plant growth promotion

Cyanobacteria have been found to secrete growth-promoting substances e.g.
auxins, cytokinins and gibberellins (Phytohormones) in their exopolysaccharides
(Chamizo et al., 2018). These chemicals have important functions in plant growth
metabolism, regulations and development (Hashtroudi et al., 2013). For example,
cytokinins enhance seed germination, shoot length and grain weight, amongst other
attributes of plant growth (Mazhar et al., 2013). According to Mahmood et al.
(2016), seeds soaked in cyanobacterial suspensions allow imbibition into the seeds
and favour optimal conditions for their inoculation and colonization in the seed.
Moreover, the application of advantageous microbes to seeds, such as cyanobacteria,
can be a successful method for delivering the inoculum into the soil after
germination (O’Callaghan, 2016). Seed immersion or priming in cyanobacterial
inoculum results in an increase in the germination rate, improved plant development,
and a higher productive yield in a wide variety of cereal, horticultural and vegetable

crops (Rodriguez et al., 2006; Saadatnia and Riahi, 2009).

According to Jacq and Roger (1977), rice seeds pre-soaked with
cyanobacterial culture extracts showed enhanced germination, promotion of root and
shoot growth and an increase in the weight and protein content of grains (Fig. 2.4).
Muioz-Rojas et al. (2018) studied the positive effect of bio-priming seeds with
cyanobacteria on germination and seedling growth of Acacia hilliana, Senna
notabilis, Grevillea wickhamii, Triodia epactia and Triodia wiseana. Seeds of plants
were soaked in cultures of Nostoc microscopicum and Microcoleus paludosus. A
significant positive effect of seeds bio-primed with cyanobacteria on germination

and seedling growth of two species, Senna notabilis and Acacia hilliana,
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respectively was noticed. Chua et al. (2019) conducted a study on the bio-priming of
seeds with cyanobacteria and analysed the effects on native plant growth and soil
properties. Leptolyngbya sp., Microcoleus sp., Nostoc sp. and Scytonema sp. were
used for the study. Bio-primed seeds using cyanobacteria produced seedlings with
longer shoot and radicle lengths for several species, compared with non-primed
seeds. Bio-primed seeds of Eucalyptus gamophylla, Grevillea wickhamii and
Triodia wiseana produced both longer shoots and radicles, whereas bio-primed

seeds of Acacia hilliana and Senna notabilis produced seedlings with noticeably

longer radicles.

Mass culture Culture harvesting

Slurry of cyano-culture Homogenization of cells Mass culture

Coating on rice seeds

Trials on
rice
primed
with
cyano-
bacterial
strains

Fig. 2.4 Seed bio-priming in rice plants with cyanobacterial inoculum (Prabha et al.,
2019).

Ismail and Abo-Hamad, (2017) investigated the effect of different treatments
of Anabaena variabilis on the growth and physiological aspects of Hordeum vulgare
and Trigonella foenum-graecum. Three treatments of A. variabilis (seeds primed in
1% fresh cyanobacterial extract, seeds sown in soils inoculated with 3 g fresh or dry

cyanobacterial cells per 1 kg soil and wet seeds primed with 3 g dry cyanobacterial
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powder per 1 kg seeds) were examined. In all treatments, the germination
percentage, shoot length, and fresh and dry weights of plants were increased. The
physiological parameters such as photosynthetic pigments, proteins, glutamic-
oxaloacetic and glutamic-pyruvic transaminases (GOT and GPT) activities were also

markedly increased especially in seeds primed with cyanobacterium dried cells.

Fitriati e al. (2015) examined the influence of Nostoc spp. on germination of
paddy seedlings. Rice seeds were soaked in a medium that contained Nostoc strains
in different quantities. Application of Nostoc strains CPG24 and GIA13a on the
germination of the seedling of the paddy variety influenced the plant height. The
study concluded that effective inoculum for paddy seedlings is between 0.1 g to 0.3
g fresh weight given on the 1% day of germination. Toribio ef al. (2021) analysed the
effect of cyanobacterial extract from Anabaena spp., Tolypothrix spp., Nostoc spp.
and Trichormus spp. to control the incidence of damping-off caused by Pythium
ultimum in cucumber seedlings. Seed bio-primed with extracts of cyanobacteria
showed a remarkable promoter effect in the early stages of plant development,
although the extract is an effective control agent against damping-off caused by P.

ultimum in cucumber seedbeds.
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CHAPTER 3
MATERIALS AND METHODS

To study the morphological, biochemical and molecular characterization of
Nostoc spp. and its assessment as biofertilizer for rice, the following methodologies

were adopted.
3.1 Chemicals and Glasswares

The analytical and molecular grade chemicals used for the study were
purchased from HiMedia, SRL and Merck (India). The master mix for PCR
amplification was purchased from Takara, Japan. The primers used for PCR were
purchased from Eurofins, Genomics India Pvt. Ltd., Bangalore. All the glassware
and plastic ware were purchased from Borosil, Riviera and Tarsons (India). Conical
flasks (100, 250, 500 and 1000 ml), petri dishes (100%15 cm), measuring cylinders
(10, 100, 250, 500 and 1000 ml), beakers (5, 10, 50, 10 and 250 ml) and
micropipettes (0.5-10, 10-100 and 100-1000 pL) were used for the preparations of
culture media, buffers and biochemical assays. For the molecular characterizations,

Eppendorf tubes were used.
3.2 Morphological characterization of Nostoc spp.
3.2.1 Study area

The State of Kerala located in the southwestern fringe of the Indian
Peninsula, is rich in flora and fauna including several endemic species. Among the
lower plants, algae are one of the least known and less documented groups (Easa,
2004). The geographical area of the State is 38,852 sq km, which is 1.18% of the
country and the State lies between 8°17'N to 12°47'N latitude and 74°52'E to
77°24'E longitude. Kerala shares its border with Karnataka in the north & northeast,
Tamil Nadu in the east (Western Ghats) & southeast and the Arabian Sea in the
west. Based on physiography, Kerala can be divided into three climatically distinct

zones, viz. coastal, midland and highland zones.
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The climate of the State is humid with an average temperature ranging from
19.8°C to 36.7°C and the average annual rainfall from 1,520 mm to 4,075 mm. Rain
in Kerala is mostly the result of seasonal monsoon, which experiences two
monsoons i.e., the Southwest monsoon starting in June and the Northeast monsoon
starting in mid-October finally ends around mid-November. The soil of Kerala can
be broadly grouped into coastal alluvium, mixed alluvium, acid saline, kari, laterite,
red, hill, black cotton and forest soils. A warm humid climate with perennial water
resources and nutrient-rich soil has contributed to diverse vegetation with enormous
species diversity in the State. The present study was carried out in the Western
Ghats regions and paddy fields of Kerala. Rice is the staple food for the people of
Kerala, and the rice ecosystem is correspondingly varied and strongly conditioned
by the regional climate and landforms. Heterocystous cyanobacteria are abundant in

the paddy fields and appear as floating masses on the surface.

The Western Ghats is one of the eight hotspots of biodiversity in the world
and is an ecologically sensitive area. Western Ghats regions of Kerala refers to the
practically unbroken hill chain (except the Palakkad Gap) running roughly in the
north-south direction, for about 1500 km parallel to the Arabian Sea coast, from the
river Tapi (about 210 16' N) down to just short of Kanyakumari (about 8019' N) at
the tip of the Indian peninsula. About 40% of Western Ghats lies in Kerala and all
the fourteen districts of Kerala are included in the Western Ghats ecoregion. Due to
the great topographic heterogeneity (from sea level to 2695 m at its highest point,
the Anamudi peak) and a strong rainfall gradient (annual precipitation of 700 cm
along west-facing slopes) contribute to tremendous cyanobacterial diversity in this
area. Location details of the study areas (Table 3.1) and a map of the study areas are

presented in Fig. 3.1.
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Table 3.1 Location of study sites in different districts of Kerala, India

SI. No. District Study areas Location
(Latitude/Longitude)
1 Kasargod Ranipuram 12.4280°N,
75.3616° E
2 Kozhikode Kakkayam 11°33'03"N, 75°55'32" E
Peruvannamuzhi 11°34'37"N, 75°49'22" E
Koodaranji 11°33'03"N, 76°03'23" E
Mavoor 11°26'67"N, 75°91'67" E
Purakkattiri 75°75'89" N,
11°34'41" E
Mukkam 11°19'66"N,
75°59'54"E
3 Wayanad Kuruva island 11°49"25"N, 76°05'37" E
Kalpetta 11°61'03"N, 76°0828" E
4 Malappuram Nilambur 11°28'S5"N, 76°23'86" E
Nadukkani 10°05'24"N, 76°40'29" E
Ramanattukara 11°25'87"N
75°78'03"E
Calicut University 11°16'99"N
76°1027"E.
Chelari 11°6'46"N,
75° 53" 18" E
Tanur 10°98'20"N, 75°87'54" E
5 Thrissur Sholayar 10°17'29"N, 76°52'03" E
Mattampuram 10°56'77"N, 76°24'84" E
Alapad 10°44'79"N,
76.15'59"E
6 Palakkad Nelliyampathy 10°32'09"N, 76°52'03" E
Attapadi 11°06'81"N, 76°56'62" E
Pothundi dam 10°54'18"N, 76°62'54"E
Nenmara 10°59'34"N,
76'60'06" E
7 Idukki Vagamon 9°40"21"N,
76°52'03" E
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Fig. 3.1 Map of Kerala showing the study area
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Fig. 3.2 Habitat of epipsammic Nostoc spp. in the paddy fields
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Fig. 3.3 Habitat of epilithic Nostoc species
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3.2.2 Sampling methods for cyanobacteria

Sampling was done from different habitats including agricultural fields, rock
surfaces, soil, fresh water and bark of trees from different districts of Kerala during
the southwest monsoon (June to September) and northeast monsoon (October to
December) during 2015-2017 (Fig. 3.2 & 3.3). Specimens were collected using
spatula, forceps, needles and scalpels in collection bottles. The identification number
for each specimen was given according to the collection area and number of
collections from each area. Samples were collected and kept in separate bottles
based on their morphological appearance. Field observations of habit and habitat

were noted in the field book at the time of collection.
3.2.3 Culturing, isolation, purification and maintenance of Nostoc spp.

Collected samples were cleaned using distilled water and cultured in BG-11,
medium (Table 3.2 devoid of nitrogen source, NaNO3) (Rippka et al., 1979). pH of
the medium was adjusted to 7.4 with 1N HCIl or NaOH using a digital pH meter and
the medium was autoclaved at 121°C for 20 minutes. The cultures were maintained
in the culture room under fluorescent light (3000 lux) at 25+2°C and illuminated

with 14h light followed by 10h darkness.

Table 3.2 Composition of BG-11, medium (Rippka et al., 1979)

Composition g/l

MgS0,.7H,0 0.075
K,HPO,.3H,0 0.04
CaCl;.2H,0 0.036
Citric Acid 0.006
Ferric Ammonium Citrate 0.006
Disodium EDTA 0.001
Na,COs3 0.02
Trace Metal Solution 1 mL

The final pH was adjusted to 7.4
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Table 3.3 Composition of trace metal solution

Chemicals g/l

H3;BO, 2.86
MnCl,.4H,0 1.81
ZnS0,.7H,0 0.22
CuS0,.5H,0 0.079
Co(NO3).6H,O 0.049
Na,Mo0O,4.2H,0 0.39

To isolate Nostoc spp. streak plate, dilution and pour methods were adopted.
For preparing semi-solid medium 1.2% w/v (12 g/l) of agar was used. The plates
were sealed and kept on culture racks provided with white fluorescent lamps (3000
lux) at 254+2°C and provided light for 14h. Colonies of Nosfoc spp. started to appear
on agar plates within 14-21 days of incubation. Individual colonies were picked up
and re-streaked on new agar plates. Alternatively, all the individual colonies were

shifted into a 20 ml liquid medium in a conical flask.
3.2.4 Identification of Nostoc spp.

Photomicrographs were taken using a system-connected Leica DM 1000
LED microscope and cell measurements were made from the digital images using
Leica Application Suite (LAS version 5.0.2). The morphological characteristics such
as the nature of the colony and filaments, thickness and colour of the mucilaginous
sheath, shape, size and colour of vegetative cells, size and position of heterocysts,
the occurrence of akinetes, granules presence or absence were recorded.
Identification of Nostoc spp. was made using cyanobacterial taxonomic manuals of
Desikachary (1959), Prescott (1982), Anand (1989) and Komaérek (2013). The
validity of the species name was verified as per Algaebase (http://www.

algaebase.org) (Guiry and Guiry, 2022).
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3.3 Biochemical characterization of Nostoc spp.

Biochemical characterizations of Nostoc spp. were conducted by analysing
the chlorophyll content (Mackinney, 1941). Quantitative estimation of chlorophyll-a
content is important to study the growth and photosynthetic rates.

Procedure
. Centrifuged 10 ml of culture at 5000 rpm for 5 minutes.
o Washed the culture pellets and suspended them in 4 ml of methanol and

vortex thoroughly.

o Solvent evaporation was prevented using aluminium foil covers on the

mouth of the tubes.

° Incubated the tubes in a water bath at 60°C for 1h in the dark, with

occasional stirring to prevent oxidation.

o Cool the tubes and centrifuge the contents at 5000 rpm for 10 min at room
temperature.
J The clear supernatant was transferred to a clean test tube and the pellet was

re-extracted as mentioned above until the extraction was completed.

. Pool out the supernatants and makeup to a 10 ml final volume with 80%
methanol.

J Read the absorbance at 663 nm in a spectrophotometer against a methanol
blank.

Calculate the quantity of chlorophyll using the following equations;
Amount of Chl a= Age3%12.63

(12.63 is the correction factor)
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34 Molecular characterizations of Nostoc spp. using 16S rRNA gene

sequence analysis
3.4.1 Isolation of genomic DNA

Genomic DNA was extracted and purified using the CTAB method (Ausubel et al.,
1995). The preparation of buffers and stock solution for genomic DNA isolation is
presented in Tables 3.4 & 3.5. The procedure adopted for isolating pure DNA is as

follows;

Procedure

J Exponentially growing cyanobacterial cultures grown in BG-11, medium
were harvested (14-21 days old cultures) by centrifugation at 9000 rpm for 5

minutes. Discard the supernatant.

o Added double distilled water again, centrifuged at 9000 rpm for 5 minutes.

Discarded the supernatant.

. Re-suspended cells in 564 pL lysis buffer (10 mM Tris-HCI (pH-8); 1 mM

trisodium citrate; 1.5% SDS), spun well.

o Incubated for 1h at 37°C after the addition of 30 uL of 10% SDS and 6 pL of
10mg/ml proteinase K and 20 pL of lysozyme. Spin well.

J Added 100 pLL 5M NaCl. Mixed well and 100 pL. CTAB/NaCl buffer (pre-
warmed) was added. Mixed thoroughly and incubated the mixture at 65°C

for 10 min.

. Lysate was extracted with an equal volume of chloroform: isoamyl alcohol

(24:1). Centrifuged at 14000 rpm for 10 min at room temperature.

J Transfer the aqueous phase to a 1.5 ml clean microcentrifuge tube. Added an

equal volume of phenol: chloroform: isoamyl alcohol (25:24:1). Mix well.

. Centrifuged at 14000 rpm for 10 min at room temperature.
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Take the aqueous phase and transfer it to a new 1.5 ml microcentrifuge tube

(without interrupting the white bottom layer).

Added an equal volume of ice-chilled isopropanol. Invert gently and

incubate at (-80°C) for 1h.
Centrifuge at 14000 rpm for 15 min at 4°C.

Discarded the supernatant and washed the pellet with 200 pL of 70% (v/v)
ethanol. Centrifuged at 14000 for 5 min at 4°C.

Discarded the supernatant and let the pellet air dry for 15-20 min at room

temperature.

Resuspend the dried pellet in a minimum quantity of TE buffer containing

RNase (10mg/ml).

Incubated at 37°C for 20 min. The purified DNA was quantified using a

nanodrop 2000 spectrometer (UV scanning Thermo scientific).

Isolated DNA was stored at -20°C until further use.

Table 3.4 Preparation of buffers for cyanobacterial genomic DNA isolation
(Sambrook et al., 1989)

SIL. Buffer Method of preparations Comments
No.
1 Lysis buffer-100 ml (10 Take 1 ml of Tris HC1 (1 M), | Store at 4°C.
mM Tris- HCI (pH-8); 1 0.029 g of trisodium citrate | Avoid foaming
mM trisodium citrate; (Himedia) and add 1.5 g of
1.5% SDS), SDS adjusted final volume
to 100 ml
2 CTAB/NaCl extraction Add 10 g CTAB (Himedia) | CTAB will take
buffer:100 ml, 10% CTAB | in 80 ml 0.7 M NaCl time to dissolve.
in 0.7 M NaCl (Himedia heat at 60°C and Avoid foaming.
stir. Adjust the final volume
to 100 ml with 0.7 M NacCl.
3 TE (10 mM:1 mM) buffer: | Take 1 ml of Tris HCI (1 M), | TE (10 mM) is

100 ml, 100 mM Tris- HCI | 0.2 ml of EDTA (0.5 M). written since
(pH-8), 1 mM EDTA (pH- | Makeup to 100 ml with there is TE with
8) sterile double distilled water | 1 mM EDTA.
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taken in a reagent bottle,
mixed thoroughly and
autoclaved.

TAE buffer 50X ; 1 litre

Measure 242 g of Tris base;
added 100 ml of EDTA (0.5
M); 57.1 ml of glacial acetic
acid and around 0.50 ml of
sterile double distilled water.
Dissolved the salt and
adjusted volume to 1 litre.
Autoclaved.

It will dissolve
much more
easily in a 500
ml solution

Gel loading buffer (6X):
100 mL 0.25% (w/v)
bromophenol blue 30%
(v/v) glycerol

Dissolved 0.25 gm of
bromophenol blue (Himedia)
in 99 ml of 30% (v/v)
glycerol (Himedia). Kept on
a magnetic stirrer for several
hours to get the dye
completely dissolved.
Dispensed to reagent bottles
and kept at 4°C.

Strong dyes
handle carefully

Proteinase K-storage
buffer: Glycerol (50 mL),1
M Tris-HCI (pH 7.5) (1
ml), CaCl; (0.29 g) dd
H,O to 100 ml.

Kept 100 ml storage buffer
in a screw cap tube, added
100 mg of proteinase K, mix
thoroughly and aliquot to 1.5
ml microcentrifuge tubes.

Store at -20°C

RNase A

Prepare 10 mg per ml stock
solution in 10 mM sodium
acetate buffer, pH 5.2. Heat
to 100°C for 15 minutes;
cool at room temperature,
and adjust the pH to 7.4
using 0.1 volume of 1 M
Tris-HCI, pH 7.5.

Store at -20°C.

Lysozyme buffer; 1 ml

Prepare 10 mg lysozyme per
1 ml of 10 mM Tris-HCl
(pH-8) stock solution

Store at -20°C
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Table 3.5 Preparation of stock solution for cyanobacterial genomic DNA isolation
(Sambrook et al., 1989)

SI. No.

Reagents

Method of preparations

Comments

1

Tris (pH 8.0), 500 ml

Weighed 60.55 g Tris base
(Himedia) and dissolved in
300 ml of double distilled
water. Adjusted the pH to 8
by adding conc. HCI. Made
the volume to 500 ml.
Dispensed to reagent
bottles and sterilized by
autoclaving.

Tris base will take
time to dissolve.

0.5M EDTA (pH 8.0),
100 ml

Dissolved 18.61 g of
EDTA-disodium salt
(Himedia) in 100 ml of
water. Adjusted pH to 8.0
by adding NaOH pellets.
Made the volume to 100
ml. Dispensed into reagent
bottles and autoclaved.

pH of EDTA
solution is
temperature
dependent. EDTA
will entirely
dissolve only when
pH becomes 8.

5M NacCl, 500 ml

Added 146.1g NaCl
(Himedia) to 200 ml of
water and mixed well.
When the salts get
completely dissolved,
adjust the final volume to
500 ml with double
distilled water. Dispensed
into reagent bottles and
autoclaved.

Nacl will take
much time to
dissolve.

3M sodium acetate
(pH 5.2), 100 ml

Weighed 24.60 g of
anhydrous sodium acetate
(Merk) and dissolved in
100 ml of water and mixed
well. When dissolved
completely adjusted the pH
of the solution to 5.2 with
glacial acetic acid (99-
100%). Dispensed to
reagent bottles and
autoclaved.

Sodium acetate
will take much
time to dissolve.

Ethidium bromide
(100 mg/ml),100 ml

Weighed 1 g ethidium
bromide and added to 100
ml of double distilled
water. Kept on magnetic
stirrer to ensure that the dye

Ethidium Bromide
is a powerful
mutagen and is
moderately toxic.
So handle with
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has dissolved completely.
Dispensed to amber
coloured reagent bottle and
stored at 4°C

caution.

6 Chloroform: Isoamyl
alcohol (24:1), 500 ml

Measured 480 ml of
chloroform and 20 ml of
isoamyl alcohol. Mixed
well and stored in amber
bottle in room
temperature.

Chloroform will
evaporate so close
the cap tightly and
keep in amber
coloured bottles.

7 10% SDS, 100 ml

Weighed 10 g SDS and
dissolved in distilled water
and make up to 100 ml.
Mixed well and stored at
4°C.

Avoid foaming

8 Phenol: chloroform:
Isoamy]l alcohol
(25:24:1), 500 ml

Measured 250 ml of
phenol, 240 ml of
chloroform and 10 ml of
isoamyl alcohol. Mixed
well and stored at room
temperature

Stored in amber
coloured bottle.

9 70% (v/v) ethanol,
500 ml

Take 355 ml of ethanol:
mix with 145 ml of double
distilled water. Dispensed
to reagent bottle and stored
at 4°C.

Stock ethanol is
99% (v/v) hence
355 ml is taken
instead of 350 ml

3.4.2 Quantification of DNA

Genomic DNA was quantified using UV scanning Thermo scientific

NanoDropTM 2000 spectrophotometer. The amount of DNA was calculated based
on its OD at 260/280 nm. The DNA quantity was calculated based on 1 OD of
DNA=50ng of double-stranded DNA. 1% (w/v) agarose gel was used for DNA

visualization for qualitative analysis. 5 pL. DNA samples were mixed with 1 uL 6X

gel loading dye and loaded in each well. The gel was incorporated with 1 ul of (10

pug/ul) ethidium bromide and the gel were run using a horizontal electrophoretic

unit containing 1x TAE buffer until the tracking dye reached the bottom edge of the

gel. A 1 kb DNA ladder was used to compare the molecular weight of the DNA

sample. The genomic DNA bands were visualized using UV-based E-Gel image

analyzer.
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3.4.3 PCR amplification of 16S rRNA gene

PCR amplification of the 16S rRNA gene using genomic DNA and
cyanobacterial gene-specific primers was performed using a PCR thermal cycler
(Eppendorf- Vapoprotect, Germany). Emerald green master mix consisting of (7aq
DNA polymerase, 10X reaction buffers, dNTPs and magnesium chloride) from
Takara, Bangalore, India was used as a PCR reaction mixture. DNA primers were
obtained from Sigma Aldrich, Bangalore. The composition of the PCR reaction
mixture is shown in Table 3.6 and primer sequences and reaction conditions are
shown in Table 3.7. PCR amplification products were examined by 1% agarose gel
prepared in 1X TAE buffer containing 100 mg/ml ethidium bromide. 5 pl of PCR
products was loaded and electrophoresis was performed at 90 V power supply with
1X TAE as electrophoresis buffer for about 45 minutes. 100 bp DNA ladder was
used as the molecular weight standard. After the amplification, the image of agarose
gel electrophoresis was captured under UV light using a Gel documentation system
(E- gel imager-Life technology). The amplified PCR products were sequenced from
Agrigenome Lab Pvt. Ltd. (Cochin, Kerala), on a charge basis.

Table 3.6 PCR primer sequences and their reaction conditions

Gene Primer Sequences (5' to 3') Reaction References
conditions
16S Forward primer- 94°C 3 min,
RNA | CYA359F GGG GAA TYT TCC | 94°C 45 sec Nubel et al.,
GCA ATG GG 50°C I min and | 1997
27F-AGA GTT TGA TCC TGG | 72°C 1.30min | 4pe 1991
CTC AG in 30 cycle,
72°C 10 min

Reverse primer-

Equimolar mixture of CYA781Ra
and CYA781Rb

CYA781R(a) GAC TAC TGG
GGT ATCTAATCCCATT
CYA781R(b) GAC TAC AGG
GGT ATCTAATCCCTITT
1492R- TAC GGY TAC CTT GTT
ACGACTT
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Table. 3.7 PCR mix consisted of the following components

Reagents Reaction Volume (uL)
Master mix 12.5

Forward primer (10uM) 1

Reverse primer(10uM) 1

Template DNA (~50ng) 1

Sterile double distilled water to make the final volume 9.5

up to 25 puL

Final volume per tube 25 uL

3.4.4 Sequence analysis

16S rRNA PCR amplicons of the isolates were purified and sequenced from
Agrigenome Lab Pvt., Ltd. (Cochin, Kerala) using ABI 3730XL DNA Analyzer
according to the Sanger dideoxy sequencing method. The reverse and forward DNA
sequences were analyzed and cloned using Bio-Edit.v.7.1.3 software (Ibis
Biosciences, Carlsbad). Species identification and homology between the sequences
were identified from the 16S rRNA  sequence using BLAST
(https://www.ncbi.nlm.nth.gov/BLAST/). The nucleotide sequences (16S rRNA
partial sequence) of Nostoc spp. were submitted to GenBank, NCBI-database
(http://www.ncbi.nlm.nih.gov).

3.4.5 Phylogenetic analysis

MEGA 7.0 software (Kumar et al., 2016) based on the neighbor-joining and
maximum likelihood method (Felsenstein, 1981) and the branching support of 1000
bootstrap (Felsenstein, 1985) was used for the phylogenetic analysis of Nostoc spp.
Phylogenetic tree construction based on 16S rRNA sequence was initially performed
using the cloned sequence from this study and also with the sequences retrieved
from GenBank and aligned with ClustalW. Table 3.8 shows the list of sequences

retrieved from GenBank with strain name, accession number and location.
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Table 3.8 List of sequences retrieved from NCBI for phylogenetic analysis with
strain number, GenBank accession number and location

S1. No. Strain name GfenBank Location
accession number
1 N. ellipsosporum str MG596757 Czech Republic
Lukesova 51
2 N. ellipsosporum V strain V AJ630450 Czech Republic
3 N. minutum NIES-26 LC228976 Japan
4 Nostoc sp. CENA67 MN551902 Brazil
5 Nostoc sp. HKAR-6 KF751605 India
6 N. punctiforme HPU NR 08 MK122775 India
8 N. punctiforme SULS E-1 KP792332 India
9 Nostoc sp. MZUC6 MF109994 India
10 N. piscinale AUS KP052646 India
11 N. punctiforme SAG 60.79 GQ287652 France
12 Nostoc sp. Rul-3d LC325254 Japan
13 N. commune BEA ONO032966 Spain
14 Nostoc insulare SAG 54.79 KM019927 Germany
15 Nostoc sp. Collema sp. KF359719 Finland
AR75
16 Nostoc sp. Peltigera KF359692 Finland
aphthosa UKS52
17 Nostoc sp. Pannaria EF174203 Chile
Sphinctrina
18 Nostoc sp. CY7 KY421772 India
19 N. punctiforme BHUS3 KY129709 India
20 N. punctiforme SAG 60.79 GQ287652 Egypt
21 N. calcicola TSZ 2203 0Q627023 Kazakhstan
22 Desmonostoc muscorum MK248032 Russia
ACSSI 046
35 GC-MS analysis of Nostoc spp.
3.5.1 Sample preparation for GC-MS
J 15 days old actively growing cyanobacterial cells were harvested by
filtration.
. Cyanobacterial cells washed with distilled water (3 times) and kept in a dry
place for 5 to 6 days.
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. The dried biomass was subjected to organic extraction by crushing using a

mortar and pestle and extracted using HPLC gradient methanol.

o The powder was mixed in methanol (1g: 10mL), vortexed for 5 min and

sonicated for 2 min.
o Centrifuged at 3000rpm for 10 minutes at 4°C.

. The supernatant was pooled and centrifuged with methanol until the pellet

became white in colour.

o Filtered the sample using Whatman No. 1 filter paper.
. The extract was evaporated and concentrated by air drying.
o The air-dried residue was dissolved in HPLC gradient methanol to make the

stock solution.

. The extract was then sterilized using a nylon syringe filter (diameter 25 mm

and pore size 0.22 um) and used for GC-MS analysis for bioactivity studies.
3.5.2 Analysis of methanolic extract using GC-MS

Shimadzu GC-MS, QP2010S equipped with Elite-5 MS (0.25 mmx30 m,
0.25 pm film thickness) capillary column was used for GC-MS analysis of the
methanolic extract of Nostoc spp. The operating conditions were as follows: the GC
temperature program consisting of 70°C for 2 min, incremented at 70°C to 200°C
and holding for 5 min. The temperature was finally adjusted to 280°C for 15 min.
The injector temperature was 260°C; the sample injection volume was 1 pl; and the
split ratio was 100:1. Mass spectrometry conditions were: electron impact as the ion
source, ionizing voltage70 eV, source temperature 200°C, electron multiplier at 2000
eV, scan speed 1000 amu/s, and scan range 50-500 m/z. The constituents of the
methanolic extracts were identified by comparing the retention indices and matching
the recorded mass spectra of each compound with NIST11 and WILEYS8 Library.
The quantification of all the identified components was investigated using a percent

relative peak area.
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3.5.3 Phylogenetic analysis using chemical components

The components identified using GC-MS from the methanolic extracts of
Nostoc spp. were scored for the presence or absence of specific components and the
data were analyzed using PAUP software. Cluster analysis was carried out with
UPGMA (Unweighted Pair Group Method with Arithmetic averages) using the
components from the methanolic extracts of the four samples to determine the

presence of identical and distinct chemical compounds in each species.
3.6 Assessment of Nostoc spp. as a biofertilizer for rice varieties
3.6.1 Bio-priming of rice seeds using Nostoc inoculum

3.6.1.1 Plant material

Rice seeds of two high-yielding varieties Jyothi and Annapurna were
collected from the Regional Agricultural Research Station (RARS), Pattambi,
Kerala, India. Table 3.9 shows the duration of variety, bran colour, grain type and

major characteristics of the rice varieties.

Table 3.9 Major characteristics of the rice varieties

Duration Bran colour
Rice variety (Days) and grain Important characteristics
y type
Jyothi 110-125 Red Susceptible to sheath blight disease.
(PTB 39) long and bold | Tolerant to brown plant hopper.
Annapurna Red Susceptible to blast and sheath
(PTB 35) 95-100 short and bold bhght dlseages. Plant hopper-
resistant variety.

3.6.1.2 Surface sterilization of rice seeds

Uniform-sized rice seeds were selected for the experiments and were pre-
washed for 1 min in teepol solution to remove dirt. The washed seeds were surface
sterilized using 0.1% (w/v) HgCl; solution for 5 min and further washed thoroughly

with distilled water for 4-5 times.
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3.6.1.3 Experimental design for bio-priming of rice seeds

Nostoc spp. biomass was harvested by centrifugation after growing for 15 days
(exponential phase). The cells were washed in distilled water thoroughly.
Cyanobacterial biomass was homogenized using a sterilized mortar and pestle. 1%
of the extract was prepared by suspending 1 g of the cell in 100 ml of distilled water
(Shariatmadari et al., 2011). Equal quantity of seeds were soaked in different Nostoc

inoculum. Bio-primed seeds and control were kept in paper glass for germination.
Experimental design for seed biopriming

Treatment 1: Seeds primed in water (control)

Treatment 2: Seeds primed in 1% extract of Nostoc ellipsosporum FY 150125
Treatment 3: Seeds primed in 1% extract of Nostoc sp. CU150162

Treatment 4: Seeds primed in 1% extract of Nostoc punctiforme FY 150188
Treatment 5: Seeds primed in 1% extract of Nostoc sp. CU150191

3.6.1.4 Growth parameter analysis of rice seedlings

3.6.1.5 Germination Percentage (GP)

The germination percentage of seeds of all the treatments was calculated using
the following formula described by Abdul-Baki and Anderson, (1973) and expressed

as in percentage.

__ Seed germinated

GP= x 100

total seeds

3.6.1.6 Analysis of morphological characters

Root length, shoot length and leaf number of rice seedlings of each treatment
and control were analysed on the 7™ day of treatment to find out the effect of seed

bio-priming.
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3.6.2 Assessment of rice growth parameters using biofertilizer
3.6.2.1 Sterilization of soil

The soil used for the experiment was collected from the paddy fields of
Chovva, University of Calicut, Kerala. The soil was packed in autoclavable

polythene bags and sterilized for 40 min in an autoclave at 121°C at 15 psi pressure.
3.6.2.2 Experimental design

Seeds primed with different Nostoc species and water were separately grown
in grow bags (38 cm x 35 cm). The primed seeds were transplanted on the 14™ day
to the grow bags which contain sterilized soil. Added dried Nosfoc inoculum to the
soil on the 7" day after planting in the ratio 1 g: 1 kg (cyanobacteria inoculation:
soil) (Chittapun et al., 2017). All the grow bags were maintained at an equal
distance and each treatment had an experimental unit of n=3. Observations were
recorded on the 7™, 14" and 21% days after the multiplication of inoculum in the

grow bags and also analyzed during the harvesting time.
Treatment 1: Hydroprimed (control) and without Nosfoc inoculum
Treatment 2: Seeds primed in 1% extract of N. ellipsosporum and 1g/ 1kg inoculum

Treatment 3: Seeds primed in 1% extract of Nostoc sp. CU150162 and 1g/ lkg

inoculum
Treatment 4: Seeds primed in 1% extract of N. punctiforme and 1g/ 1kg inoculum

Treatment 5: Seeds primed in 1% extract of Nostoc sp. CU150191 and 1g/ lkg

inoculum
3.6.2.3 Effect of Nostoc inoculum on the growth and yields of rice plant

The effect of different Nostoc inoculums on rice growth and yield was
quantitatively analyzed by examining the morphological and biochemical

parameters.
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3.6.2.4 Quantification of chlorophyll content

Total chlorophyll content from rice plant tissues treated with different Nostoc

spp. inoculum was determined using Arnon’s (1949) protocol.
Procedure

. 0.05 g of fresh leaves of rice from all the treatments were homogenized in a

pre-cooled mortar and pestle in 10 ml of 80% chilled acetone.

o Homogenate was centrifuged at 5000 rpm at 4°C for 10 min and the

supernatant was collected in a 100 ml conical flask.

o The procedure was repeated until the pellet became white in colour.

. The final volume of the homogenate was made up to 20 ml using 80% (v/v)
acetone.

. The absorbance of the solution was measured at 645 nm and 663 nm using

UV-Visible spectrophotometer (Shimadzu, Japan) against the blank solvent
(80% acetone).

The total chlorophyll was calculated using the equations;
Total chl (mg/g) of tissue = (20.2 (As45) + 8.02 (Ass3)/ 1000 x W) V
Where, A= Absorption at a specific wavelength
V= Final volume of chlorophyll extract in 80% acetone
W=Fresh weight of tissue extracted
3.6.2.5 Quantification of total protein

Total protein content from plant tissues treated with different Nostoc spp.

inoculum was determined using Lowry et al. (1951) protocol.
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Procedure

100 mg leaf tissues from all the treatments were separately homogenized on

a prechilled mortar and pestle using 2 ml of extraction buffer.

The extract was collected in a 2 ml microcentrifuge tube and centrifuged at

10,000 rpm for 10 min at 4°C.
The supernatant was used for total protein quantification.

50 pl of the supernatant from each sample was taken in a test tube and the

volume was made up to 10 ml with double distilled water.
To it, 5 ml of solution C was added and kept at room temperature for 10 min.

0.5 ml of solution D was added to the mixture and the contents were mixed

well, then incubated in the dark for 30 min.

The absorbance was measured using a UV spectrophotometer (Shimadzu,

Japan) at 660nm.

A standard curve was prepared using a gradient concentration of BSA (1

mg/ml) and the total protein content was measured.

Table 3.10 Reagents used for the estimation of total protein

Reagents Preparations

Extraction buffer 100 mM Tris-HCI, 10 mM DTT, 1 mM PMSF and 1% PVP

dissolved in 80 ml double distilled water and the final volume
made up to 100 ml using double distilled water.

Solution A 2.0 g of Na,COs dissolved in 0.1 N NaOH solution and final

volume made up to 100 ml.

Solution B 0.1 g of sodium potassium tartrate and 0.005 g CuSO4.5H>O

dissolved separately in 5 ml distilled water and both solutions
were mixed well and the final volume was adjusted to 10 ml.

Solution C 100 ml of solution A and 2 ml of solution B were mixed well

to obtain solution C.

Solution D Folin-Ciocalteau Phenol was prepared by diluting with distilled

water in the ratio 1:1 and kept at 4°C until use.
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3.6.2.6 Quantification of total sugar

Total sugar content from plant tissues treated with different Nostoc spp.
inoculum was determined according to the Anthrone method (Hedge and Hoftreiter,

1962).
Procedure

. Leaf samples (10 mg) from each treatment were incubated with 0.5 ml of 2.5

N HCI for three hours in a boiling water bath.

. After cooling to room temperature, the samples were neutralized with

sodium carbonate powder until the effervescence stopped.

J Diluted the neutralized samples to a final volume of 10 ml using double

distilled water and centrifuged at 5000 rpm for 10 min.

o 0.5 ml of the supernatant from each sample was taken in separate test tubes

and the final volume was made up to 1 ml with double distilled water.

o To each tube, 4 ml of anthrone reagent was added and kept in a boiling water

bath for 8 min and was rapidly cooled by keeping it on ice.

o Absorbance at 630 nm was measured using UV-Visible spectrophotometer

(Shimadzu, Japan).

. The standard curve was prepared using gradient concentrations of glucose
(10 mg/100 ml). The total sugar content of the samples was quantified from

the standard graph.

Table 3.11 Reagents used for total sugar and soluble sugar quantification

Reagents Preparation

Anthrone reagent 200 mg of anthrone powder dissolved in 100 ml of ice-chilled
98% (v/v) HoSO4 and kept at 4°C until use

2.5 N HCI 20.83 ml of concentrated HCl was diluted to 100 ml by
adding double distilled water
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3.6.2.7 Morphological parameters

SI. No. Characters
Growth characters

1 Plant height

2 Leaf Numbers

3 Leaf length

4 Leaf breadth

5 Number of tillers
6 Panicle length

Yield characters

1 Number of panicle

2 Number of spikelets per panicle
3 Number of grains

4 Number of chaffed grains

5 Number of filled grains

6 Weight of 100 grains

3.6.2.8 CHNS analysis of rice seeds

Elemental analysis of dried rice seeds (5 mg) from different treatments was
done using a CHNS analyzer (Thermo Scientific FLASH 2000 HT). Total nitrogen,
carbon, hydrogen and sulfur content were determined using a CHNS analyzer. For
the CHNS analysis, freeze-dried and crushed samples are weighed (5 mg) and mixed
with an oxidizer in a tin capsule, which is then combusted in a reactor at 950°C. The
combustion products CO2, SO2, and NO; are carried by a constant flow of carrier
gas (helium) that passes through a glass column. The integrated TCD (thermal
conductivity detector) and dedicated Eager 300 software allow the operation of the
FLASH 2000 HT analyzer as a stand-alone instrument to determine elemental

weight percentages of N, C, H, and S.
3.7 Statistical analysis

PCA (Principal Component Analysis), HCA (Hierarchical Cluster Analysis),
and Clustered heatmap of phytoconstituents were executed with XLSTAT 2023
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software (Addinsoft, USA). A Venn diagram of chemical compounds was generated
using BioVinci software 2.0. version (BioTuring Inc., San Diego, CA, USA).
Analysis of Variance (ANOVA) and heterogeneity test were conducted using SPSS
23.0 software for the study of the effect of different Nostoc inoculum on the growth
of rice varieties Jyothi and Annapurna. All the results were given as mean+SE for

three replicates of each sample.
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CHAPTER 4
MORPHOLOGICAL CHARACTERIZATION OF
NOSTOC SPECIES FROM KERALA

4.1 Abstract

Nostoc is a cyanobacterial genus most commonly found in a wide range of
terrestrial and aquatic ecosystems where their growth becomes conspicuous and
abundant. The diversity of Nostoc species from Kerala has not been completely
explored. Hence, this study investigated the diversity of Nostoc species from
different locations from paddy fields, rock surfaces, bark of trees and freshwater
bodies of different districts of Kerala. The vegetative and reproductive
characteristics such as shape, colour and size of the colonies; width and length of
trichome; entangled or not, the form of trichome; shape, colour and thickness of the
sheath; shape, size and colour of vegetative cells, heterocysts and akinetes as well as
colour and ornamentation of cell walls of the akinetes, were used for the
identification. Collected samples were subjected to species-level identification based
on the cyanobacterial taxonomy manuals. A total of thirty-nine Nostoc spp. were
identified, among them thirty-four species were identified up to species level and the
remaining five species were identified up to genus level. Among them, most of the
species were collected from rock surfaces of the Western Ghats. Twenty-five Nostoc
spp. were collected as epilithic. Nostoc aureum f. variabilis, N. bornetii, N.
caeruleum, N. calcicola, N. carneum, N. citrisporum, N. comminutum, N. commune,
N. edaphicum, N. ellipsosporum, N. ellipsosporum var. violaceum, N. flagelliforme,
N. fuscescens, N. gelatinosum, N. hatei, N. humifusum, N. indistinguendum, N.
interbryum, N. kihlmanii, N. linckia, N. locularis, N. microscopicum, N. minutum, N.
muscorum, N. nylstromicum, N. oryzae, N. paludosum, N. passerinianum, N.
pruniforme, N. punctiforme, N. sphaericum, N. sphaeroides, N. tibeticum, N.
undulatum, Nostoc sp. CU150162, Nostoc sp. CU150191, Nostoc sp. CU167213,
Nostoc sp. CU150122 and Nostoc sp. CU150172 were the identified Nostoc species.
Among the collected Nostoc spp. N. indistinguendum, N. locularis and N. tibeticum

are new records of the cyanobacterial species of India.



Morphological characterization of Nostoc species from Kerala

4.2 Results
4.2.1 Systematic account
Phylum Cyanobacteria Stanier 1973

Synonyms: Blue-green algae, Cyanophyceae, Myxophyceae, Cyanophytes,
Cyanoprokaryotes

Cyanobacteria are photosynthetic prokaryotes that lack a cell nucleus and
other cell organelles. They occur as unicellular, colonial or multicellular filamentous
forms. Cells (vegetative cells, heterocysts and akinetes) can be spherical, ellipsoid,
barrel-shaped, cylindrical, conical or disc-shaped. Some cyanobacterial taxa can
produce aerotopes. The position, number and distribution of the heterocysts and
akinetes are considered important morphological characteristics of species and
genera. Cyanobacteria can be identified based on cell dimensions, shape, colour,
presence or absence of heterocysts and akinetes, type of branching, sheath

characteristics and cell contents.
Order Nostocales

The order Nostocales represents a large monophyletic cluster of filamentous
cyanobacteria, comprising both branched and unbranched forms. The species has
diversified thallus and specialised cells (heterocysts and akinetes). The order
contains false and true branched forms, unbranched and isopolar and the filaments
of a few families have heteropolar structures. The order consists of 19 families,

including almost 132 genera.
Family Nostocaceae C.A. Agardh 1824 ex Kirchner 1898

The family is characterised by filamentous, heterocystous, isopolar
cyanobacteria with uniseriate trichomes, surrounded by fine or firm mucilaginous
sheaths, filaments straight, flexuous, contorted or screw-like coiled, without false or
true branching. They grow in solitary filaments or form microscopic or macroscopic
colonies. Trichomes isopolar, moniliform or cylindrical, constricted or not

constricted at the cross-walls, sometimes attenuated terminal cells. Cells barrel,
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spherical, cylindrical, terminal cells rounded, conical, acutely pointed or cylindrical.
Heterocysts present (absent only in genera Isocystis and Raphidiopsis), terminal or

intercalary. Akinetes are sometimes larger than vegetative cells.
Genus Nostoc Vaucher ex Bornet et Flahault 1888

Thallus micro-macroscopic, gelatinous, amorphous or spherical, later
irregularly spherical, lobate, smooth or warty on the surface. Filaments aggregated
and loosely or densely entangled in gelatinous colonies, usually macroscopic,
sometimes gathered in peripheral parts enveloped by periderm, which is flattened,
lobate, irregular mass, or forming an amorphous mucilaginous mat. The
mucilaginous envelope surrounds the trichome colourless or yellow-brownish, rarely
slightly violet. Trichomes are uniseriate, unbranched, moniliform, isopolar (same
width along the whole length), apical cells morphologically not different from other
cells, flexuous, cylindrical and always constricted at cross-walls. Cells barrel to
cylindrical, terminal mostly rounded. Heterocysts solitary, rarely adjacent,
intercalary or terminal (their frequency or absence is dependent on nitrogen
metabolism), sometimes in the apical position of initial colonies, spherical to oval.
Akinetes arise in rows, maximally 2 times larger than vegetative cells, usually oval,
cylindrical or spherical. Reproduction occurs by motile hormogonia of different

type, by disintegration of colonies and less frequently by germination of akinetes.

Among 228 species (infraspecific) reported up to date, 108 are currently
accepted as taxonomically valid taxa. A total of 39 Nosfoc species of epilithic,
epipsammic, epiphytic, benthic and corticolous forms were collected from different
regions of Kerala. Among them, 34 species were identified up to the species level
and the remaining 5 species were identified up to the genus level. Taxonomic
descriptions of characters of each taxon along with their photomicrographs and

taxonomic key for identification are described here.

la. Trichomes enveloped by clear and distinct sheath...........c..ccocoviiiniinninnn. 24
1b. Trichomes not enveloped by clear and distinct sheath ............c.ccooceeiiiiininenene 2
2a. Trichomes with indiStiNCt ENVEIOPE .....ccvvvveieiiieiieeiiecieece e 3
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2b. Trichomes without indistinct eNVEIOPE .......c.vveeeeieeeriieeiieece e 6
3a. Heterocysts terminal ...........cc.eeeciieeiiiieeiiiecieecee e N. sphaericum
3b. Heterocysts terminal or intercalary............ccceeecvieriieeiienieeiiienie et 4
4a. Trichomes loosely entangled ............cccveiieiiieiiiiiieieeeee e 5
4b. Trichomes densely entangled.............ccceeviieiiieiiiinieiiieieeeee e N. linckia
Sa. Cells greyish, 3.7-4.3 pm broad..........ccceeevveeeviieeeiieeeee e N. carneum
5b. Cells pale green, 2.5- 3 pm broad..........ccoeoeiiiiiiieniiinieeiee e N. calcicola
62, AKINELES PIESENL.....cuviieiiieeiiiieeciieeeieeeetreeeteeeeteeeeteeesbeeesebeeesaseeessseeessseeesseesnsens 7
6b. Akinetes absent Or UNKNOWIN.......cc.eiiiiiiiiiiiieiieie et 13
7a. Cells usually more than 5 pm in length ...........ccooovieiiiiiiiiiiiie e, 8
7b. Cells usually less than 5 pm in length. .........cccccoeviieiiiiiiiiiiiee e, 9
8a. Cells elongated.........coceiiiiiiiiiiieiee s N. bornetii
8b. Cells quadrate or barrel shaped...........cccveeviiieiiiieiiececee e 12
9a. Cells barrel Shaped...........c.oovuiiiiiiiiiii e 10
9b. Cells cylindrical to quadrate ...........ccceeveuveeeiieenieeeniie e Nostoc sp. CU150162
10a. HeteroCysts SINGLE .....cccviieiiieeiie ettt 11
10b. Heterocysts more than 2 in @ raW .......ccceeeevveeeciieenieeeniee e N. undulatum
11a. Cells barrel shaped, yellowish brown ..........cccccoceeveivinicniincnnnn N. sphaeroides
11b. Cells barrel shaped, blackish brown ...........ccoccocevvininiiiiniincnnnn. N. humifusum
12a. Akinete with sculptured eXpOSUIe.........coceevuerierienierienienienieniens N. gelatinosum
12b. Akinetes in row, without sculptured eXposure ............ccccceeruveennennee. N. muscorum
13a. Cells spherical to compressed spherical ..........cccoccveeeiiieeiiiieiiecee e 14
13b. Cells other than Spherical............ccocuiieiiiiiiiiieiieceece e e 18
14a. Filaments mostly straight...........ccccoveeviieniiiiiieeeieeeees Nostoc sp. CU150172
14b. Filaments mostly not straight.............ccccoeiiiiiiiiiiiiicee e 15
15a. Cells less than 4 pm in diameter...........cceeeveevieeveenneencnne N. aureum f. variabilis
15b. Cells more than 4 pm in diameter ...........ccceeviieiiierieeriieeie e 16
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16a. Heterocysts long attenuated ..........ccccceevveevieeeiieeeciieeeieens Nostoc sp. CU150122
16b. Heterocysts not attenuated...........ccveeeriieeeiiiieeiieceeeeee e e 17
17a.Cells dark green, granules not prominent ..............cccceeeeveerreennenne. N. comminutum
17b. Cells yellowish green, granules prominent.............c.cccceevueennee. Nostoc sp. 167213
18a. Cells rectangular or ellipsoidal ...........ccceerieiiiiiiieniieieeeceee e 19
18b. Cells barrel or quadrate shaped...........cceeeviiirciieciieee e 20
19a. Cells less than 5 pm in length ..o, N. hatei
19b. Cells more than 5 pm in length..........ccccooiiiiiiiiiie 21
20a. Cells less than 5 um broad and more than 3 pm long............ccceevveviieviieniinnnens 22
20b. Cells less more than 5 pm broad and less than 3 pm long .............. N. interbryum
21a. Cells less than 4 pm broad...........cceeeeeeriienieeiieniieeeeie e, N. nylstromicum
21b. Cells more than 4pm broad ..........cccecceeriiiiiieniiiieeeeeeeeee, N. passerinianum
22a. Cells quadrate, constricted at cross wall..........cccceevieeiiiieiiiecee e 23
22b. Cells quadrate, not constricted at cross wall........c..ccccceeenieninncnnen, N. caeruleum
23a. Cells violet, granules prominent......................... N. ellipsosporum var violaceum
23b. Cells green, granules prominent ............cceccveeerveeerieeeneeensveensneeessneesnnnes N. oryzae
24a.With envelope, akinetes abSent...........cccveveiiieeiiieeiiieeieeeee e e 28
24b. With envelope, akinetes PreSEeNt ..........ccevueeieruerrierierienieeieneee et 25
25a. Sheath thick and lamellated .............ccooiiiiiiiiiiiii e, N. tibeticum
25b. Sheath thin and unlamellated..............coocieiiiiiiiiiiiiie e 26
26a. Cells elongated or cylindrical, akinetes more than 6pm broad.............cccoce.ee.e. 27
26b. Cells barrel shape, akinetes less than 6pum broad........................... N. punctiforme
27a. Cells cylindrical more than 5 pm broad, akinetes spherical to ellipsoidal more

than 12 pm broad ..........coecvieviiiiiiieeee e N. citrisporum
27b. Cells cylindrical less than 5 pm broad, akinetes elongated more than 12 pm

|02 16 USRS N. ellipsosporum
28a. Heterocysts usually terminal in pOSTtiON.........c.cevveriierieeiierie e 29
28b. Heterocysts terminal or intercalary..........ccceecveerierciienieeiienie et 31
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29a. Cells barrel Shaped..........coocuiiieiiiiiiiiieciie e e e 30
29b. Cells other than barrel shaped............cccccvveviiiiniiieniieeieeee, N. indistinguendum
30a. Colonies macroscopic, OliVe Green .......ccevveveiierrieeieerieeeieeniee e N. commune
30b. Colonies microscopic, Yellow brOWN .........cccceeevverieecieenieeniiennnne, N. edaphicum
31a. Heterocysts SPherical ........ccuieiieiiiiiiieiiiciece et 32
31b. Heterocysts elongated...........cccvveeevieiiiieeiiie e N. fuscescens
320, CellS GIODOSE .....ueiieiiiiieiiete e e 33
32b.Cells compressed spherical...........ccoocueviieniieiieniiiieee, Nostoc sp. CU 150191
33a. ACTOLOPES PIESCNL....eeieiiieeiiieeiieeeiieeeiieeeireeeieeeeteeeeaeeeenaeeeenneeenaneeas N. locularis
33b. ACTOtOPES ADSENL.....eevieeiiieiieeiiieiie ettt ere e ebe e e N. pruniforme
34a. Cells spherical or barrel shaped, more than 3.5 pm long .........cccceveevvieirennnnnne. 35
34b. Cells spherical or barrel shaped, less than 3.5 um long ...................... N. minutum
35a. Colonies free, MICTOSCOPIC. ..uicurreeririeeiiiieeitieeeirreeeitreeereeeereeesreeesreeesreeesseeenns 36
35b. Colonies attached together, MacroSCOPIC .......cocvevveeierverieeseeneennenne N. kihlmanii
36a. Colonies olive green, cells spherical..........cccoocvveriiiieiiiinieeeeeeee e, 37
36b. Colonies yellow, cells barrel shaped ........ccccocovviiiiiiiennnnnns N. paludosum
37a. Heterocysts terminal spherical...........cccooevieiniiieiniiieiiiieeee N. microscopicum
37b. Heterocysts terminal intercalary ..........cccccoceevevvenieienicneenennne. N. flagelliforme

1. Nostoc aureum f. variabilis B.N.Prasad, R.K.Mehrotra & Y.Singh 1977
Komarek, 2013, vol. 19, pp. 998-999, fig. 1295.

Description: Colonies small, attached to a substrate, light green, soft, mucilaginous.
Sheath not observed. Trichomes are short, flexuous, and loosely entangled. Cells
globose to short barrel, 3.5 um wide, blue-green. Heterocysts terminal and
intercalary, solitary, olive, spherical to oblong, 4.5 um in diameter. Akinetes not

observed.
Distribution in India: West Bengal (Gupta, 2012).

General Environment: Freshwater species.
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Habitat: Appeared as a green-coloured gelatinous mass on wet soil of paddy field.
Comment: The species has been reported as a first record from Kerala.

Specimens examined: INDIA: Kerala; Malappuram, Calicut University,

30.08.2016, CU No: 150121 (Fig. 4.1A & B).
2. Nostoc bornetii Gain 1911
Komérek, 2013, vol. 19, pp. 998-999, fig. 1298.

Description: Colonies gelatinous brown, spherical red mass. Sheaths are not visible,
hyaline. Trichomes are loosely entangled. Cells elongated or cylindrical, greenish-
brown, 6.0-10.2 um long, 4 um broad, granules prominent. Heterocysts spherical or
oblong, 8.3-9.8 um long, 5-6 um broad. Akinetes in rows, oval, up to 7.3 um long,
4.9 um broad.

Distribution in India: Kerala (Ram and Paul, 2022).
General environment: Terrestrial species.
Habitat: Appeared as brown-coloured mucilaginous balls on rock surfaces.

Specimens examined: INDIA: Kerala; Palakkad, Pothundi dam, 27.08.2015, CU
No. 144445; Thrissur, Sholayar, 02.07.2016, CU No: 144490 (Fig. 4.1 C&D)

3. Nostoc caeruleum Lyngbye ex Bornet et Flahault 1888

Bornet & Flahault, 1888, vol. 7, pp. 177-262; Komarek, 2013, vol. 19, pp. 963-964,
fig. 1256.

Description: Colonies yellow brown gelatinous spherical mass. Sheaths around the
trichome were lacking or indistinct. Trichomes are densely and irregularly arranged,
flexuous, yellowish brown, barrel to quadrate, sometimes slightly longer or shorter
than wide, 5.0-8.4 um long, 4.6 um broad, granules prominent. Heterocysts are

intercalary, olive green, spherical, 6.4—7.8 um in diameter. Akinetes unknown.

Distribution in India: Kerala (Philip, 2020); West Bengal (Gupta, 2012)
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General environment: Freshwater species.
Habitat: Appeared as a yellowish-brown coloured gelatinous mass on rock surfaces.

Specimens examined: INDIA: Kerala; Kozhikode, Kakkayam, 08.06.2017, CU No:
167207 (Fig. 4.1E & F)

4. Nostoc calcicola Brébisson ex Bornet Flahault 1888

Bornet & Flahault, 1888, vol. 7, pp. 177-262; Desikachary, 1959, pp. 384;
Komérek, 2013, vol. 19, pp. 984-986, fig. 1280.

Description: Colonies are irregular, flat, gelatinous, blue-green, and rarely
yellowish-green. Sheaths are usually indistinct, more distinct at colonial margins,
and colourless. Trichomes are loosely entangled, long, flexuous, and irregularly
curved. Cells barrel-shaped, isodiametric or almost spherical, green, pale green or
blue-green, 2.5-4.5 pm long, 2.5-3.0 um broad, granular content greenish,
prominent. Heterocysts are spherical, terminal or intercalary, slightly larger than

vegetative cells, 4—6 um in diameter. Akinetes are unknown.

Distribution in India: Kerala (Ram and Shamina, 2016); Assam (Basumatary et al.,
2022); Goa (Gomes, 2012); Maharashtra (Nikam et al., 2013); Tamil Nadu (Kumar
and Sridhar, 2012); Uttar Pradesh (Yadav et al., 2021); Tripura (Kant et al., 2020).
West Bengal (Gupta, 2012); Jharkhand (Gupta, 2021); Karnataka (Gupta and Das,
2019); Khandesh (Jaiswal, 2017); Ladakh (Kant and Gupta, 1998).

General environment: Terrestrial species
Habitat: Appeared as a green mucilaginous mass on rock surfaces.

Specimens examined: INDIA: Kerala; Palakkad, Nelliyampathy, 15.06.2017, CU
No: 150178 (Fig. 4.1G & H).

S. Nostoc carneum [Lyngbye] Agardh ex Bornet et Flahault 1888
Synonyms: Nostoc rufescens C.Agardh 1824; Anabaena rufescens (C.Agardh)

Kirchner 1878; Nostoc spongiiforme C.Agardh ex Bornet & Flahault 1886.
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Bornet & Flahault, 1888, vol. 7, pp. 177-262; Desikachary, 1959, pp. 381, pl. 69,
fig. 6; Komarek, 2013, vol. 19, pp. 968-970, fig. 1261.

Description: Colonies yellow gelatinous mass, macroscopic, fine, lobate, and
irregularly clustered. Trichomes are loosely contorted and flexuous. Sheaths are
indistinct and unclear. Cells are almost isodiametrical, or cylindrical, greyish, 4.5—8
um long, 3.7-4.3 um broad, with granules present. Heterocysts are intercalary,
oblong to spherical, light yellow, 5.6-7.1 pum long, 5.5 pm broad. Akinetes not

observed.

Distribution in India: Kerala (Ram and Shamina, 2016); Manipur (Silvia et al.,
2015), Tamil Nadu (Muthukumar et al., 2007); Goa (Gomes, 2012); Telengana
(Srinivas and Aruna, 2016); Punjab (Singh et al., 2022); Kolkata (Gupta, 2012);
Karnataka (Gupta and Das, 2019); Khandesh (Jaiswal, 2017); Punjab (Singh et al.,
2022); Rajasthan (Jain, 2018).

General environment: Freshwater species

Habitat: Appeared as a pale yellow-coloured gelatinous mass on rock surfaces and

paddy fields.

Specimens examined: INDIA: Kerala; Malappuram, Tanur, 13.08.2015, CU No:
144440; Malappuram, Nadukkani, 13.07.2016, CU No: 150108; Malappuram,
Nilambur, 03.06.2016, CU No: 144479 (Fig. 4.2A & B).

6. Nostoc citrisporum Prasad et Mehrotra 1976
Komarek, 2013, vol. 19, pp. 1000, fig. 1300.

Description: Colonies mucilaginous, small, soft. Filaments are flexuous and loosely
entangled. Sheath distinct only in the periphery, wide, hyaline. Cells cylindrical,
green, 5.4-6.8 um long, 5.5 um broad, granules prominent. Heterocysts intercalary,
spherical, 6.1-7.8 um in diameter. Akinetes are spherical to ellipsoidal, 12-14 pm in

diameter.

Distribution in India: Rajasthan (Jain, 2018); West Bengal (Gupta, 2012).
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General environment: Terrestrial species
Habitat: Appeared as pale green-coloured gelatinous balls on rock surfaces.
Comment: The species has been reported as a first record from Kerala.

Specimens examined: INDIA: Kerala; Idukki, Vagamon, 08.06.2017, CU No:
167283 (Fig. 4.2C & D).

7. Nostoc comminutum Kiitzing 1850
Kiitzing, 1850, vol. 2, pp. 1-8; Komarek, 2013, vol. 19, pp. 1000-1001, fig. 1301.

Description: Colonies green, irregularly lobed, gelatinous, membraneous softballs.
Trichomes are flexuously curved and densely entangled. Cells blue-green or dark
green, spherical to compressed spherical, 4.3-5.0 um in diameter. Heterocysts are
terminal, green, spherical, and distinctly larger than vegetative cells, 5.8 pm in

diameter. Akinetes are unknown.

Distribution in India: Kerala (Philip, 2020); West Bengal (Gupta, 2012).
General environment: Freshwater species

Habitat: Appeared as a dark green-coloured gelatinous mass on rock surfaces.

Specimens examined: INDIA: Kerala; Kozhikode, Kakkayam, 08.06.2017, CU No:
150174 (Fig. 4.2E & F).

8. Nostoc commune Vaucher ex Bornet et Flahault 1888

Bornet & Flahault, 1888, vol. 7, pp. 177-262; Desikachary, 1959, pp. 387;
Komarek, 2013, vol. 19, pp. 979-980, fig. 1273.

Description: Colonies are macroscopic, olive-green gelatinous masses, initially
spherical, later irregularly flattened, crispy or wavy, sometimes like mats. Sheaths
are present, visible mostly at the margin of colonies. Trichomes are flexuous,
densely entangled, and later freely entangled. Cells spherical or barrel, olive green,

3.9-6.4 uym in diameter, granules prominent. Heterocysts are mostly terminal,
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sometimes intercalary, spherical or hemispherical, olive green, 5.6-6.5 pum in

diameter. Akinetes are unknown.

Distribution in India: Kerala (Geethu and Shamina, 2021;Vijayan and Ray, 2015);
Manipur (Silvia et al., 2015); Goa (Gomes, 2012); Orissa (Samad and Adhikary,
2008); Tamil Nadu (Anand and Subramanian, 1994); Sikkim (Bhakta et al., 2010);
Assam (Dasgupta and Ahmed, 2013); Punjab (Singh et al., 2022); Uttarakhand
(Verma and Asthana, 2005); Chattisgarh (Singh et al., 2014); Tripura (Kant et al.,
2020); Jharkhand (Gupta, 2021); Karnataka (Gupta and Das, 2019).

General environment: Freshwater species
Habitat: Green-coloured gelatinous balls collected as epilithic and epiphytic forms.

Specimens examined: INDIA: Kerala; Thrissur, Sholayar, 27.08.2016, CU No:
150126; Thrissur, Mattampuram, 02.06.2016, CU No. 144476 (Fig. 4.2G & H).

9. Nostoc edaphicum Kondratyeva 1962
Kondratyeva, 1962, vol. 19, pp. 58—65; Komarek, 2013, vol. 19, pp. 975-978,
fig. 1268.

Description: Colonies are microscopic, globose, gelatinous, enveloped by periderm,
intact, oval and yellowish brown. Trichomes are densely coiled together, not
attenuated towards ends, and flexuous. Cells shortly barrel or spherical, yellowish-
brown or green, granules prominent, 4.5 um in diameter. Heterocysts are mainly
terminal, rarely intercalary, spherical, yellow, 4.9-7.0 um in diameter. Akinetes are

unknown.

General environment: Terrestrial species

Habitat: Appeared as green-coloured jelly-like balls on rock surfaces.
Comments: The species has been reported as a first record from Kerala.

Specimens examined: INDIA: Kerala; Thrissur, Sholayar dam sites, 09.09.2016,
CU No: 150128 (Fig. 4.3A & B).
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10.  Nostoc ellipsosporum [Desmazieres] Rabenhorst ex Bornet et Flahault 1888

Bornet & Flahault, 1888, vol. 7, pp. 177-262; Desikachary, 1959, pp. 383, pl. 69,
fig. 5; Komarek, 2013, vol. 19, pp. 989-990, fig. 1285.

Description: Colonies are brown, gelatinous, flattened, and irregular. Trichomes are
loosely entangled, and flexuous. Sheath present, distinct at the periphery, hyaline.
Cells elongated or cylindrical, brown, 5.2—10.0 um long, 4.1-4.3 um broad, granules
prominent. Heterocysts are oblong to cylindrical, olive green, 8.1-15.2 pum long,
5.9-7.02 um broad. Akinetes in a series, olive green, cylindrical to elongated, 11-16

um long, 6.5 pm broad.

Distribution in India: Kerala (Vijayan and Ray, 2015; Thilak et al., 2020; Ram and
Paul, 2022); Goa (Gomes, 2012); Manipur (Silvia et al., 2015); Maharashtra (Nikam
et al., 2013); West Bengal (Gupta, 2012); Tripura (Kant et al., 2020); Uttar Pradesh
(Yadav et al., 2021); Punjab (Singh et al., 2022); Jharkhand (Gupta, 2021);
Karnataka (Gupta and Das, 2019); Rajasthan (Jain, 2018).

General environment: Terrestrial species

Habitat: Appeared as a yellowish brown-coloured gelatinous mass on rock surfaces

and soil.

Specimens examined: INDIA: Kerala; Wayanad, Kuruva Island, 07.07.2015, CU
No: 144414; Malappuram, Calicut University, 30.08.2016, CU No: 150125;
Thrissur, Alappad, 25.09.2016, CU No. 150164 (Fig. 4.3C & D).

11.  Nostoc ellipsosporum var. violaceum Rao 1937
Rao, 1937, vol. 6, pp. 339-375; Desikachary, 1959, pp. 383, pl. 68, fig. 4.

Description: Colonies gelatinous, irregularly expanded, light violet. Trichome
flexuous, loosely entangled. Sheath absent. Cells quadrate, constricted at cross-
walls, 4-8 pm long, 4 pm broad. Heterocysts are oblong or cylindrical with rounded

ends, 4-8 pm long, 4-6 um broad. Akinetes not observed.
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Distribution in India: Kerala (Ram and Paul, 2022); West Bengal (Gupta, 2012);
Karnataka (Gupta and Das 2019); Ladakh (Kant and Gupta, 1998).

General environment: Freshwater species
Habitat: Appeared as a light violet gelatinous mass on rock surfaces.

Specimens examined: INDIA: Kerala; Kozhikode, Kakkayam, 12.10.2016, CU No:
150165 (Fig. 4.3E).

12.  Nostoc flagelliforme Berkeley et Curtis ex Bornet et Flahault 1888
Bornet & Flahault, 1888, vol. 7, pp. 177-262; Komarek, 2013, vol. 19, pp. 975,
fig. 1264.

Description: Colonies are macroscopic, gelatinous, olive green, and on the surface
slightly verrucose. Sheaths are distinct, and hyaline. Trichomes are flexuous. Cells
spherical, olive green, 5.6-6.0 um wide. Heterocysts spherical or hemispherical, 5

um diameter. Akinetes are unknown.

General environment: Terrestrial species

Habitat: Appeared as green-coloured mucilaginous balls on rock surfaces.
Comments: The species has been reported as a first record from Kerala.

Specimens examined: INDIA: Kerala; Kozhikode, Kakkayam, 02.08.2016, CU No:
150120 (Fig. 4.3F-H).

13.  Nostoc fuscescens Fritsch 1912
Fritsch, 1912, pp. 1-66; Komarek, 2013, vol. 19, pp. 1003—1004, fig. 1307.

Description: Colonies spherical, yellow-brown, with thin periderm. Sheaths are
prominent, recognizable only near the laminated colonial periphery, with an inner
layer of yellow-brown. Cells are barrel-shaped, yellow-brown, 4.0-5.1 um long,

3.5-4.9 um broad. Heterocysts are terminal and intercalary, mostly not enveloped by
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sheaths, spherical or slightly elongated with pointed ends, 6.0—6.7 um long, 5.2 um

broad. Akinetes are unknown.

Distribution in India: Maharashtra (Gaikwad and Nalawade, 2020).

General environment: Freshwater species

Habitat: Appearsed as brown-red coloured mucilaginous balls on rock surfaces.
Comments: The species has been reported as a first record from Kerala.

Specimens examined: INDIA: Kerala; Thrissur, Sholayar, 10.09.2016, CU No:
150145 (Fig. 4.4A-C).

14.  Nostoc gelatinosum Schousboe ex Bornet et Flahault 1888

Bornet & Flahault, 1888, vol. 7, pp. 177-262; Komarek, 2013, vol. 19, pp. 988-989,
fig. 1284.

Description: Colonies olive green gelatinous mat, irregular, flat. Sheaths are not
clear. Trichomes are loosely entangled. Cells long cylindrical, longer than wide,
constricted at the cross wall, yellow-green, 5-8 um long, 4 um broad. Heterocysts
are intercalary and terminal, olive green, oval to ellipsoidal, 6-11 pum long, 5-6 pm
broad. Akinetes are long elongated oval, with sculptured exospores (small warts or

short spines) and dark green cell walls.

Distribution in India: West Bengal (Gupta, 2012); Karnataka (Gupta and Das,
2019); Kerala (Philip, 2020); Tripura (Kant et al., 2020).

General environment: Freshwater species
Habitat: Appeared as green-coloured gelatinous mass on rock surfaces.

Specimens examined: INDIA: Kerala; Idukki, Vagamon, 26.08.2017, CU No:
167229 (Fig. 4.4D-H).

15. Nostoc hatei Dixit 1936

Dixit, 1936, pp. 93-106, fig. 4; Desikachary, 1959, pp. 389, pl. 67, fig. 2; Komarek,
2013, vol. 19, pp. 1004, fig. 1305.
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Description: Colonies mucilaginous, blackish brown, up to 2 cm in diameter.
Sheaths absent. Trichomes are irregularly curved or twisted, densely entangled.
Cells are ellipsoidal, 4.4-5.6 um broad, longer than wide. Heterocysts are single,

almost spherical, pale yellow, 5-6 um broad. Akinetes not observed.

Distribution in India: Assam (Basumatry et al., 2022); Goa (Gomes, 2012);
Maharashtra (Nikam et al., 2013); Punjab (Singh et al., 2022); West Bengal (Gupta,
2012); Karnataka (Gupta and Das, 2019); Khandesh (Jaiswal, 2017), Punjab (Singh
et al., 2022); Kerala (Philip ef al., 2020).

General environment: Freshwater species
Habitat: Appeared as a brown-coloured gelatinous mass on rock surfaces.

Specimens examined: INDIA: Kerala; Malappuram, Nadukkani, 11.09.2015, CU
No: 144461; Sholayar, Thrissur, CU No: 144488 (Fig. 4.5A & B).

16.  Nostoc humifusum Carmichael ex Bornet et Flahault 1888
Desikachary, 1959, pp. 384; Komarek, 2013, vol. 19, pp. 989, fig. 1283.

Description: Colonies mucilaginous, irregular, sometimes small, olive green-
blackish green. Filaments densely entangled, flexuous. Sheath absent. Cells barrel
shaped blackish green. 4 pm broad, 4.5 um long. Heterocysts are oblong, elongated,
olive yellow, 4.5 pm wide, 6 um long. Akinetes in a series, oval, elongated,

sometimes dumbbell shaped, 8.2 um long, 4.5 um wide.

Distribution in India: West Bengal (Gupta, 2012); Jharkhand (Gupta, 2021);
Karnataka (Gupta and Das, 2019).

Specimens examined: INDIA: Kerala; Kozhikode, Purakkattiri, 24.08. 2016, CU
No: 150116 (Fig. 4.5C & D).

General environment: Terrestrial species

Habitat: Appeared as black-coloured gelatinous balls on the wet soil of paddy
fields.
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17.  Nostoc indistinguendum Rehakova et Johansen 2007

Rehakova et al., 2007, vol. 46, pp. 481-502; Komarek, 2013, vol. 19, pp. 1004—
1005, fig. 1308.

Description: Colonies microscopic, blackish-green gelatinous mass. Microcolonies
spherical to oval later completely confluent with trichomes, at first compact and
indiscernible, then loosely arranged. Sheaths thick. Trichomes are curved and bent,
irregularly arranged. Cells globose or compressed barrel, 5.6 um long, 4.8—-6.7 um
broad, granules prominent. Heterocysts are spherical or hemispherical, usually

apical, rarely intercalary, olive green, 4.5—7.0 pm in diameter.

General environment: Terrestrial species

Habitat: Appeared as a dark green-coloured gelatinous mass on rock surfaces.
Comments: The species has been reported as a first record from India.

Specimens examined: INDIA: Kerala; Kozhikode, Peruvannamuzhi, 25.08.2017,
CU No: 167242 (Fig. 4.5E & F).

18.  Nostoc interbryum Sant’ Anna et al., 2007

Sant’Anna et al., 2007, vol. 34, pp. 96, fig. 1; Komarek, 2013, vol. 19, pp. 1004—
1005, fig. 1309.

Description: Colonies green mucilaginous mass, microscopic, with firm colourless
periderm. Filaments are short (up to 30 cells), moniliform, slightly coiled or curved,
and embedded in a yellow gelatinous mass. Cells shortly barrel-shaped, almost
spherical, smaller than wide, green, 3 um long, 5.8 pm broad, granules prominent.
Heterocysts are mostly terminal, rarely intercalary, spherical, olive green, 6 um in

diameter. Akinetes are unknown.
Distribution in India: Kerala (Geethu and Shamina, 2021).
General environment: Terrestrial species

Habitat: Appeared as a yellowish-coloured gelatinous mass on rock surfaces.
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Specimens examined: INDIA: Kerala; Idukki, Vagamon, 29.08.2017, CU No:
167296 (Fig. 4.5G & H).

19. Nostoc kihlmanii Lemmermann 1900

Synonym: Nostoc planctonicum Poreckij et Cernov 1929

Lemmermann, 1900, vol. 18, pp. 24-32; Komarek, 2013, vol. 19, pp. 960-961,
fig. 1252.

Description: Colonies attached, firm, gelatinous, irregularly torn, pale blue-green,
composed of two or a few colonies together, periderm firm, and smooth at the
surface. Trichomes are irregularly entangled, without individual sheaths. Cells are
barrel-shaped or spherical, isodiametric, shorter than wide, green, with aerotopes,
3.7-4.6 um long, 3.9-5.3 um broad. Heterocysts are spherical, terminal intercalary,

solitary, and olive green; 4.9—-6.6 um in diameter. Akinetes are unknown.
Distribution in India: Tripura (Kant et al., 2020).
General environment: Freshwater species

Habitat: Pale green-coloured gelatinous balls collected as epilithic and corticolous

forms.
Comments: The species has been reported as a first record from Kerala.

Specimens examined: INDIA: Kerala; Kozhikode, Koodaranji, 01.10.2016, CU No:
150171; Kozhikode, Koodaranji, 01.10.2016, CU No. 150168 (Fig. 4.6A-E).

20.  Nostoc linckia [Roth] Bornet et Flahault 1888

Bornet & Flahault, 1888, vol. 7, pp. 177-262; Desikachary, 1959, pp. 377;
Komarek, 2013, vol. 19, pp. 968-969, fig. 1260.

Description: Colonies are mucilaginous, attached to plants or rock substrates, later
irregularly clustered, amorphous, usually brownish green or dirty olive green,

disintegrating, gelatinous clusters. Filaments are flexuous, densely entangled, and
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variously curved. Sheaths may or may not be present, colourless, and visible
occasionally in the marginal parts of the colonies. Cells are almost spherical or
shortly barrel-shaped, pale blue-green, 5.6 um in diameter, granules present.
Heterocysts are spherical larger than vegetative cells, 4.5-6.6 pm in diameter.

Akinetes are unknown.

Distribution in India: Kerala (Thilak et al., 2020); Telangana (Srinivas and Aruna,
2016); Goa (Gomes, 2012), Maharashtra (Nikam et a/., 2013); Orissa (Samad and
Adhikary, 2008); West Bengal (Gupta, 2018); Uttar Pradesh (Yadav et al., 2021);
Punjab (Singh et al., 2022); Tripura (Kant et al., 2020); Khandesh (Jaiswal, 2017).

General environment: Freshwater species

Habitat: Green-coloured gelatinous mass collected as epilithic, epipsammic, and

benthic forms.

Specimens examined: INDIA: Kerala; Idukki, Vagamon, 26.09.2016, CU No:
150163; Palakkad, Nenmara, 25.08.2015, CU No: 144443; Wayanad, Kuruva Island,
07.07.2015, CU No: 144416 (Fig. 4.6F & H).

21. Nostoc locularis An 1992
Komarek, 2013, vol. 19, pp. 1006, fig. 1313.

Description: Colonies are soft, spherical, small gelatinous, pale yellow, like beads.
Colonies are divided into numerical ellipsoidal loculi, mucilaginous, wide, soft,
transparent, pale yellow, 75—-88 um broad. Trichomes are loosely arranged within
loculi. Cells spherical, 4.4-4.9 um in diameter, aerotopes present. Heterocysts

terminal, spherical, 5.8 um in diameter. Akinetes not observed.

General environment: Freshwater species
Habitat: Appeared as yellowish spherical balls on rock surfaces.

Comments: The species has been reported as a first record from India.

Specimens examined: INDIA: Kerala; Thrissur, Sholayar, 17.09.2016, CU No:
150150 (Fig. 4.7A & B).
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22.  Nostoc microscopicum Carmichael ex Bornet et Flahult 1888

Synonym: Nostoc macrosporum Meneghini ex Bornet et Flahault 1888 incl.
Komarek, 2013, vol. 19, pp. 978-979, fig. 1269-1270.

Description: Colonies irregular spherical, mucilaginous, olive green, enveloped by
periderm. Filaments flexuous, densely and later loosely entangled, with yellow
sheath at the colonial margin. Cells barrel or almost spherical shaped, olive-green to
dark green, 4.47-5.8 um in diameter. Heterocysts terminal, spherical-oblong, olive

green, 5.7-8.9 um long, 6.04-6.8 um broad. Akinetes not observed.

Distribution in India: West Bengal (Gupta 2012); Jharkhand (Gupta, 2021);
Karnataka (Gupta and Das, 2019); Rajasthan (Jain, 2018); Kerala (Ram and
Shamina, 2017).

General environment: Terrestrial species

Habitat: Appeared as a dark green-coloured gelatinous mass on the wet soil of

paddy fields.

Specimens examined: INDIA: Kerala; Mavoor, Kozhikode. 09.07.2015, CU No:
144433 (Fig. 4.7C & D).

23. Nostoc minutum Desmazieres ex Bornet et Flahault 1888

Bornet & Flahault, 1888, vol. 7, pp. 177-262; Komarek, 2013, vol. 19, pp. 984-985,
fig. 1278.

Description: Colonies are green gelatinous in appearance, small, at first spherical,
later flattened. Filaments are flexuous, densely entangled, and often enveloped by
individual sheaths. Sheaths are yellowish. Trichomes with sheath 12.0-13.7 pum
broad. Cells shortly barrel-shaped to spherical, yellowish green, 3.5 pm in diameter,
granules prominent. Heterocysts barrel to spherical, pale yellow, 3.5-4.3 um in

diameter. Akinetes are unknown.

Distribution in India: Kerala (Philip, 2020); Tripura (Kant et al., 2020); West
Bengal (Gupta, 2012); Khandesh (Jaiswal, 2017).
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General environment: Freshwater species
Habitat: Appeared as yellow-coloured gelatinous balls on rock surfaces.

Specimens examined: INDIA: Kerala; Thrissur, Sholayar, 02.08.2016, CU No:
150131 (Fig. 4.7E & F).

24.  Nostoc muscorum Agardh ex Bornet et Flahault 1888

Synonym: Desmonostoc muscorum (Agardh ex Bornet et Flahault 1888) Hrouzek et

Ventura 2013.

Bornet & Flahault, 1888, vol. 7, pp. 177-262; Hrouzek et al., 2013, vol. 13, pp.
201-213; Komarek, 2013, vol. 19, pp. 1016, fig. 1281, 1327.

Description: Colonies are brown gelatinous, flattened masses up to 2-5 cm in
diameter, attached by the lower surface. Filaments are densely entangled. Cells
quadrate to cylindrical, longer than wide, 5.6-10.4 um long, 3.7-5.0 um broad,
brown, granules prominent. Heterocysts are terminal or intercalary, spherical to
oblong, olive green, 6.4—8.3 um long, 5.4—7.3 um broad. Akinetes present in a row,

oblong, olive green, 7.6-9.2 um long, 5.5-6.6 um broad.

Distribution in India: Kerala (Thilak ez al., 2020); Meghalaya (Kharkongor and
Ramanujam, 2014); Assam (Dasgupta and Ahmed, 2013); Punjab (Singh et al.,
2022); Telengana (Srinivas and Aruna, 2016); Tripura (Kant et al., 2020);
Maharashtra (Nikam et al., 2013); Goa (Gomes, 2012); Karnataka (Gupta and Das,
2019); Khandesh (Jaiswal, 2017); Rajasthan (Jain, 2018); West Bengal (Gupta,
2012).

General environment: Freshwater species

Habitat: Brown-coloured gelatinous balls collected as epilithic, epiphytic and

epipsammic forms.

Specimens examined: INDIA: Kerala; Kozhikode, Peruvannamuzhi, 24.08.2015,
CU No: 144441; Kozhikode, Mukkam, 26.08.2015, CU No. 144444; Malappuram,
Chelari, 03.09.2016, CU No: 150133 (Fig. 4.7G & H).
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25. Nostoc nylstromicum Claassen 1961
Komarek, 2013, vol. 19, pp. 1008-1009, fig. 1315.

Description: Colonies gelatinous, dark brown. Trichomes are loosely entangled,
and flexuous. Cells are cylindrical, greenish-brown, 4.5-8.4 um long, 3.3 um broad.
Granules present. Heterocysts are mostly terminal, spherical, 5 pum in diameter,

intercalary, cylindrical, 5.1-7.5 um long, 3.9—4.7 um broad. Akinetes not observed.
Distribution in India: Kerala (Geethu and Shamina, 2021)
General environment: Freshwater species

Habitat: Yellowish brown-coloured gelatinous mass collected as epilithic and

epiphytic forms.

Specimens examined: INDIA: Kerala; Kasargod, Ranipuram, CU No: 150192,
15.08.2016; Kozhikode, Peruvannamuzhi, 24.08.2015, CU No: 144441(Fig. 4.8 A-
B).

26.  Nostoc oryzae (Fritsch) Komarek et Anagnostidis 1989
Synonym: Anabaena oryzae Fritsch 1949
Komarek, 2013, vol. 19, pp. 1008-1009, fig. 1316

Description: Colonies green gelatinous mass. Trichomes are straight, densely
aggregated. Cells barrel shaped, green, 5.5-6 um long, 4.5 pm broad, and granules
prominent. Heterocysts terminal oblong, intercalary spherical, olive yellow, larger

than vegetative cells, 6—7 um in diameter. Akinetes not observed.

Distribution in India: West Bengal (Gupta, 2012); Jharkhand (Gupta, 2021);
Karnataka (Gupta and Das, 2019); Khandesh (Jaiswal, 2017); Ladakh (Kant and
Gupta, 1998); Punjab (Singh ef al., 2022); Rajasthan (Jain, 2018).

General environment: Terrestrial species

Habitat: Appeared as a yellowish-green-coloured gelatinous mass on paddy soil.
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Specimens examined: INDIA: Kerala; Malappuram, Ramanattukara, 03.07.2015,
CU No: 144413 (Fig. 4.8C & D).

27.  Nostoc paludosum Kiitzing ex Bornet et Flahault 1888

Bornet & Flahault, 1888, vol. 7, pp. 177-262; Desikachary, 1959, pp. 375, pl. 69,
fig. 2; Komarek, 213 vol. 19, pp. 980-981, fig. 1274.

Description: The colony is microscopic in clusters, gelatinous mass, pale green,
without periderm. Filaments loosely entangled, with yellowish gelatinous sheaths.
Trichomes are flexuous and irregularly coiled. Cells barrel to quadrate, pale green,
in some parts of trichome sometimes cylindrical, 4.0-6.3 pm long, 4.5 um broad.
Heterocysts are spherical or oblong, sometimes slightly elongated, a little larger than

vegetative cells, 3.9—6.7 um in diameter. Akinetes not observed.

Distribution in India: Kerala (Ram and Shamina, 2016); Assam (Dasgupta and
Ahmed, 2013); Maharashtra (Nikam et al., 2013); Goa (Gomes, 2012); Punjab
(Singh et al., 2022); Tripura (Kant et al., 2020); West Bengal (Gupta, 2012);
Jharkhand (Gupta, 2021); Karnataka (Gupta and Das, 2019); Ladakh (Kant and
Gupta, 1998); Punjab (Singh ef al., 2022); Rajasthan (Jain, 2018).

General environment: Freshwater species
Habitat: Appeared as green -coloured gelatinous balls on rock surfaces.

Specimens examined: INDIA: Kerala; Thrissur, Sholayar, 27.08.2016, CU No:
150129 (Fig. 4.8E & F).

28.  Nostoc passerinianum [DeNotaris] Bornet et Thuret ex Bornet et Flahault

1888.

Bornet & Flahault, 1888, vol. 7, pp. 177-262; Desikachary, 1959, pp. 385;
Komarek, 2013, vol. 19, pp. 988-989, fig. 1282.

Description: Colonies gelatinous attached by the lower surface, yellowish brown.
Trichomes are mostly parallel, slightly flexuous, and loosely entangled. Cells

rectangular, ellipsoidal, constricted at cross walls, yellowish green, 5.0-8.7 um long,
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4.5 um broad. Heterocysts are intercalary, rarely terminal, oblong or elongated, olive

green, 7—8 um long, 7 um broad. Akinetes are unknown.

Distribution in India: Goa (Gomes, 2012); Tripura (Kant et al., 2020); West
Bengal (Gupta, 2012); Karnataka (Gupta and Das, 2019); Kerala (Ram and
Shamina, 2017).

General environment: Terrestrial species
Habitat: Appeared as yellowish green coloured gelatinous mass on rock surfaces.

Specimens examined: INDIA: Kerala; Malappuram, Nadukkani, 24.06.2016, CU
No: 150106 (Fig. 4.8G & H).

29.  Nostoc pruniforme [Linnaeus]| Agardh ex Bornet et Flahault 1888
Komarek, 2013, vol. 19, pp. 962-963, fig. 1253—-1254.

Description: Thallus globose, soft, olivaceous. Colonies are mucilaginous, green,
and spherical. Trichomes are irregularly entangled. Cells globose, olive green, 4.5
um broad, 4.5-6.4 um long, Heterocysts spherical, 5.5-6 pm in diameter. Akinetes

not observed.

Distribution in India: Tripura (Kant et al., 2020); West Bengal (Gupta, 2012; Sen
and Naskar, 2003).

General environment: Freshwater marine species
Habitat: Appeared as green-coloured gelatinous balls on rock surfaces.

Comments: The species has been reported as a first record from Kerala.

Specimens examined: INDIA: Kerala; Ranipuram, Kasargod, 23.06.2016, CU No:
150104 (Fig. 4.9A).

30.  Nostoc punctiforme (Kiitzing ex Hariot) Hariot 1891
Synonym: Nostoc hederulae [Kiitzing] Meneghini ex Bornet et Flahault 1888.

Hariot, 1891, vol. 5, pp. 29-32; Komérek, 2013, vol. 19, pp. 973-974, fig. 1267.

111



Morphological characterization of Nostoc species from Kerala

Description: Colonies are small, spherical, dark green or blackish mucilaginous
masses, attached to a substrate, less than 1.5 mm, later confluent into a blackish
gelatinous mass, several cm large. Sheaths are thin and firm. Trichomes are
flexuous, in the young stage agglomerated together. Cells shortly barrel to
ellipsoidal, blackish green, 4.4—6.1 um long, 5.1-5.6 um broad, granules prominent.
Heterocysts are intercalary, spherical or barrel-shaped, olive green, 4.4-5.7 um long,
4.4-6.2 um broad. Akinetes in a row, ellipsoidal to elongated, green, 7.1-8.8 um

long, 4.3-5.6 pm broad with a smooth colourless cell wall.

Distribution in India: Kerala (Thilak ef al., 2020); Assam (Saha et al., 2007); Goa
(Gomes, 2012); Maharashtra (Nikam et al., 2013); Orissa (Samad and Adhikary,
2008); Meghalaya (Kharkongor and Ramanujam, 2014); Uttar Pradesh (Yadav et
al., 2021); Punjab (Singh et al., 2022); Tripura (Kant et al., 2020); West Bengal
(Gupta, 2012); Jharkhand (Gupta, 2021); Karnataka (Gupta and Das, 2019);
Khandesh (Jaiswal, 2017); Ladakh (Kant and Gupta, 1998); Punjab (Singh et al.,
2022); Rajasthan (Jain, 2018).

General environment: Terrestrial species
Habitat: Appeared as a greenish brown-coloured gelatinous mass on rock surfaces.

Specimens examined: INDIA: Kerala; Idukki, Vagamon, 19.07.2016, CU No:
150188 (Fig. 4.9B & C).

31.  Nostoc sphaericum Vaucher ex Bornet et Flahault 1888

Bornet & Flahault, 1888, vol. 7, pp. 177-186; Desikachary, 1959, pp. 390;
Komérek, 2013, vol. 19, pp. 965-966, fig. 1257.

Description: Colonies spherical or oval with firm periderm, smooth at surface, olive
green, gelatinous, attached on stony substrate, upto 2—3 cm in diameter. Individual
colony is spherical, 270.2 um long, 144 pm broad. Sheaths are visible only at the
periphery, hyaline. Trichomes are green and densely entangled. Cells barrel to
compressed spherical, 5.0-5.6 um long, 4.0-4.3 um broad, granules prominent.
Heterocysts terminal, spherical, olive green, 4.4-5.6 um in diameter. Akinetes not

observed.
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Distribution in India: Kerala (Ram and Paul, 2022); Goa (Gomes, 2012);
Meghalaya (Kharkongor and Ramanujam, 2014); Punjab (Singh et al., 2022).

General environment: Freshwater species

Habitat: Green-coloured gelatinous balls collected as epilithic and corticolous

forms.

Specimens examined: INDIA: Kerala; Kozhikode, Peruvannamuzhi, 24.08.2015,
CU No: 144442 (Fig. 4.9D-F).

32.  Nostoc sphaeroides Kiitzing ex Bornet et Flahault 1888

Bornet & Flahault, 1888, vol. 7, pp. 177-262; Komarek, 2013, vol. 19, pp. 967-968,
fig. 1259.

Description: Colonies gathered together in agglomerations, attached firmly to the
stony surface, usually upto 1-2 cm in diameter, mucilaginous, and brown.
Trichomes are flexuous, irregularly aggregated, usually without visible individual
envelopes or sheaths. Cells barrel shaped or almost spherical, yellowish brown, 4.6—
5.02 um long, 5.16-5.40 pm broad, granules prominent. Heterocysts are terminal
and intercalary, spherical, slightly compressed globose or slightly oval, olive green,
5.7 um broad. Akinetes in series, spherical to oval, yellow to olive green, 5.4 pm

long.

Distribution in India: Uttar Pradesh (Prasad and Mehrotra, 1978); West Bengal
(Gupta, 2012).

General environment: Freshwater species
Habitat: Appeared as reddish brown-coloured gelatinous balls on rock surfaces.
Comments: The species has been reported as a first record from Kerala.

Specimens examined: INDIA: Kerala; Thrissur, Sholayar, 10.09.2016, CU No:
150146 (Fig. 4.9G & H).

33. Nostoc tibeticum Jao et Lee 1974
Jao et al., 1974, pp. 92—-126; Komarek, 2013, vol. 19, pp. 1012, fig. 1321.
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Description: Colonies spherical, yellow mucilaginous mass. Filaments are flexuous,
not densely arranged. Sheaths are distinct in marginal parts of the colonies, 27 pm
broad, lamellated, slightly yellowish layer and with inner blackish brown. Cells are
ellipsoidal, at the ends pointed, pale green, sometimes each cell has several
concentric continuous sheaths in layers in addition to a broad envelope, 4-8 um
long, 4.1 um broad, granules prominent. Heterocysts terminal and intercalary,
sometimes not enveloped by a sheath, spherical or oblong, 4.0-6.7 um in diameter.

Akinetes are oval, granular, and elongated up to 13 um long.

General environment: Freshwater species

Habitat: Appeared as a brown-coloured gelatinous mass on the wet soil of paddy

field.

Comments: The species has been reported as a first record from India.
Specimens examined: INDIA: Kerala; Kozhikode, Kakkayam, 10.09.2016, CU
No: 167205 (Fig. 4.10A & B).

34. Nostoc undulatum Archibald 1967
Komarek, 2013, vol. 19, pp. 1012, fig. 1323.

Description: Reddish gelatinous mass. Sheath absent. Filaments are flexuous. Cells
barrel, sometimes isodiametric, densely entangled reddish, 4-5 um broad, 4.5 um
long. Heterocysts are mostly spherical sometimes compressed spherical, 2-3 in a

row, 4.5-6 um in diameter. Akinetes not observed.
Distribution in India: Kerala (Ram and Paul, 2022).

General environment: Terrestrial species

Habitat: Appeared as red-coloured gelatinous balls on rock surfaces.

Specimens examined: INDIA: Kerala; Palakkad, Attapadi, 07.06.2016, CU No:
144481 (Fig. 4.10C & D).

35.  Nostoc sp. CU150162
Description: Thallus gelatinous brown balls, mucilaginous. Filaments are flexuous

and densely entangled. Sheath not observed. Cell greenish brown to blackish green,
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cylindrical to quadrate, 4-5.6 um broad, 5.3-10 um long, granules present.
Heterocysts terminal mostly intercalary, oblong, light green, 7.1-10 um broad, 6.7—
12.6 um long, terminal heterocysts 8.9 um broad, 10.42 um long. Akinetes
elongated, 13 pm long, 8-10 pm broad.

General environment: Terrestrial species

Habitat: Appeared as brown-coloured gelatinous balls on the wet soil of paddy

field.

Specimens examined: INDIA: Kerala; Malappuram, Calicut University,

24.09.2016, CU No: 150162 (Fig. 4.10E-H).

36. Nostoc sp. CU150122

Description: Colonies microscopic, aggregation of small green gelatinous mass.
Sheath absent. Filaments densely entangled. Cells barrel to quadrate, green, 3.5-5
pm long, 4.5-6.5 pm broad, granules prominent. Heterocysts intercalary or terminal,

oblong sometimes attenuated, 5—6 um broad, 5-7.5 pm long. Akinetes not observed.

General environment: Terrestrial species

Habitat: Appeared as green-coloured gelatinous balls (like beads) on rock surfaces.

Specimens examined: INDIA: Kerala; Wayanad, Kuruva Island, 22.08.2016, CU
No: 150122 (Fig. 4.11A-C).

37.  Nostoc sp. CU150191

Description: Colonies are microscopic, aggregates of small spherical colonies that
look like beads, later changing to wrinkled (on agar), which are dark green, later
yellow brown. Sheaths are colourless. Cells spherical to barrel-shaped, longer than
broad, 3-5.5 um in diameter, olive green. Heterocysts spherical, pale green, 3—6 pm

in diameter. Akinetes not observed.
General environment: Terrestrial species
Habitat: Appeared as olive green-coloured gelatinous mass on rock surfaces.

Specimens examined: INDIA: Kerala; Thrissur, Sholayar, 08.08.2017, CU No:
150191 (Fig. 4.11D).
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38.  Nostoc sp. CU167213

Description: Thallus small brown gelatinous balls, adherent to stones,
mucilaginous. Trichome yellowish green, loosely entangled. Cells quadrate, 4—4.2
pum broad, 4.5-6.8 um long, granules prominent. Heterocysts intercalary and
terminal, spherical to oblong, pale green to olive, 6—6.8 um long, 5.9-6.6 pm broad.

Akinetes not observed.
General environment: Terrestrial species
Habitat: Appeared as brown-coloured gelatinous balls on rock surfaces.

Specimens examined: INDIA: Kerala; Idukki, Vagamon, 08.06.2017, CU No:
167213 (Fig. 4.11E & F).

39.  Nostoc sp. CU150172

Description: Thallus green gelatinous mass. Sheath absent. Filaments mostly
straight, sometimes flexuous. Cell barrel-isodiametric, olive yellow, 3.7-4.2 um
broad, 4.6-5.7um long, granules prominent. Heterocysts subspherical to spherical,

4.4-4.9 um broad, 4.3-5.3 um long. Akinetes not observed.
General environment: Terrestrial species
Habitat: Appeared as green-coloured gelatinous mat on wet paddy fields.

Specimens examined: INDIA: Kerala; Kalpetta, Wayanad, 19.10.2017, CU No:
150172 (Fig. 4.11G & H).

4.2.2 Habitat

Nostoc spp. can be found in a wide range of habitats including rock surfaces
(epilithic), soil of paddy fields (epipsammic), attached to plants (epiphytic),
freshwater bodies (benthic) and bark of trees (corticolous). Nostoc spp. formed in a
variety of colours in nature, including blackish green, brown, pale green, dark green,
reddish brown and violet. Different types and quantity of pigments present in the
cells determined the colour of the thallus of Nostoc species on the substratum.
Mostly Nostoc thallus forms gelatinous balls and the size and shape of the ball are

different. In paddy field soil, Nostoc spp. formed as a gelatinous mass on the soil
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surface and in dry conditions it was observed as a thin papery crust on the soil
surface. The majority of Nostoc spp. were collected as epilithic in nature. They
appear in different colours and shapes on moist rock surfaces. In the sampling
locations of Kerala, the highest number of Nostoc spp. was observed in Sholayar
(Thrissur-10 species) followed by Vagamon (Idukki-6 species) and Kakkayam
(Kozhikode-5 species). Among the identified Nostoc spp., 25 species are epilithic, 6
species are epipsammic, 2 species co-occur in epilithic and epiphytic, 2 species co-
occur in epilithic and epipsammic, 2 species co-occur in epilithic and corticolous, 1
species co-occur in epilithic, epipsammic and benthic and 1 species co-occur in
epilithic, epiphytic and epipsammic habitat. Table 4.1 shows the distribution of
Nostoc spp. in different habitats.

Table 4.1. Distribution of Nostoc spp. in different habitats.

No. Name of species EL ES CcO EP BE
1 Nostoc aureum f. _ * _ _ _
variabilis
2 N. bornetii * - - - -
3 N. caeruleum * - - - -
4 N. calcicola * - - - -
5 N. carneum * - - - -
6 N. citrisporum * - - - -
7 N. comminutum * - - - -
8 N. commune * _ _ * _
9 N. edaphicum * - - - -
10 N. ellipsosporum * * - - -
11 N. ellipsosporum - - - _
var. violaceum
12 N. flagelliforme * _ - - -
13 N. fuscescens * - - - -
14 N. gelatinosum * - - - -
15 N. hatei * - - - -
16 N. humifusum * - - - -

17 N. indistinguendum - - - -

18 N. interbryum _ _ - -

19 N. kihlmanii * _ * _

20 N. linckia * * _ _
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21 N. locularis * - - - -
22 N. microscopicum - * - - -
23 N. minutum * - - - -
24 N. muscorum * * - * -
25 N. nylstromicum * _ - * -
26 N. oryzae _ * - - _
27 N. paludosum * _ - - _
28 N. passerinianum * _ - - _

29 N. pruniforme

30 N. punctiforme * * - - -

31 N. sphaericum * - - - -

32 N. sphaeroides * - - - -

33 N. tibeticum * - - - -

34 N. undulatum * - - - -

35 Nostoc sp. - * - - -
CU150162

36 Nostoc sp. * _ _ _ _
CU150191

37 Nostoc sp. * - - - -
CU167213

38 Nostoc sp. * _ - - -
CU150122

39 Nostoc sp. _ * - - -
CU150172

EL: Epilithic; ES: Epipsammic; EP: Epiphytic; BE: Benthic; CO: Corticolous
4.2.3 New records of cyanobacterial flora.

Out of 39 Nostoc spp. identified from various regions of Kerala, 3 species
are considered new records of Indian cyanobacterial flora. N. indistinguendum, N.
locularis and N. tibeticum are new records from India. A total of 11 Nostoc spp.
were reported as new to cyanobacterial flora of Kerala. N. aureum f. variabilis, N.
citrisporum, N. edaphicum, N. flagelliforme, N. fuscescens, N. indistinguendum, N.
kihlmanii, N. locularis, N. pruniforme, N. sphaericum and N. tibeticum are new

addition to cyanobacterial flora of Kerala.
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Fig. 4.1 A & B — Nostoc aureum f. variabilis; C & D — N. bornetti; E & F — N.
caeruleum; G & H — N. calcicola. Scale bars: A-E, G =50 um, F & H=20 pm
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Fig. 4.2 A & B — Nostoc carneum; C & D — N. citrisporum; E & F — N.
comminutum; G & H — N. commune. Scale bars: A-C,E & G=50 um, D, F & H=
20 um
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Fig. 4.3 A & B — Nostoc edaphicum; C&D — N. ellipsosporum; E — N. ellipsosporum
var. violaceum; F-H — N. flagelliforme. Scale bars: A-C, E & F=50 ym, D, G & H
=20 um
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Fig. 4.4 A-C — Nostoc fuscescens; D-H —N. gelatinosum. Scale bars: A-C, G & H =
50 um, D-F =20 pm
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Fig. 45 A & B — Nostoc hatei; C & D — N. humifusum; E & F — N. i
indistinguendum; G & H — N. interbryum. Scale bars: A-D & G =50 um, E, F & H
=20 um
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Fig. 4.7 A & B — Nostoc locularis; C & D — N. microscopicum; E & F — N.
minutum: G & H— N. muscorum. Scale bars: A, B,C,E,F,G&H=50um; C,D &
G=50 um, D =20 pm
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Fig. 4.8 A & B — Nostoc nylstromicum; C & D — N. oryzae; E & F — N. paludosum:
G & H - N. passerinianum. Scale bars: A =100 um; B, C, E, F, G & H=50 um
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Fig. 4.9 A — Nostoc pruniforme; B & C — N. punctiforme; D & F — N. shaericum: G
& H — N. sphaeroides. Scale bars: A, D, E & G=50 um; B & C=75m um; F & H
=20 pm.

127



Morphological characterization of Nostoc species from Kerala

Fig. 4.10 A & B — Nostoc tibeticum; C & D — N. undulatum; E-H — Nostoc sp.
CU150162. Scale bars: A,B& H=20 um; C & D=50 um; E, F & G =75m pm
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Fig. 4.11 A-C — Nostoc sp. CU150122; D — Nostoc sp. CU150191; E & F — Nostoc
sp. CU167212; G & H — Nostoc sp. CU150172. Scale bars: A =200 um; B, D, E, G
&H=50pum; C & F=20 pm
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Discussion

Nostoc species are universal in distribution over a wide range of terrestrial
and aquatic ecosystems, which helps the colonies to become both conspicuous and
abundant (Mollenhauer et al., 1999; Potts, 2002). All the species of primarily soil-
dwelling genus Nostoc is characterized by a complex life cycle that includes
differentiation into heterocysts (nitrogen-fixing cells), akinetes (resting spores) and
hormogonia (motile filaments, serving for dispersion and as infective units in
symbiosis) (Mollenhauer, 1970; Rippka et al., 1979). They showed wide diversity
based on morphology and approximately 228 species are currently listed in
Algaebase (Guiry and Guiry, 2023) and out of these, 108 species were
taxonomically accepted. In India, Desikachary (1959) reported 23 Nostoc spp. in the
monograph Cyanophyta. Among the identified species, most were recorded from
crop fields, rest were observed on rock surfaces. Paddy fields of Kerala have
recorded the highest degree of diversity of cyanobacteria so far reported. The
cultivated soil from the paddy fields supports the growth of heterocystous
cyanobacteria, and the water-logged conditions of the paddy fields provide a
favourable environment (optimum levels of light, water, temperature, humidity and
nutrient availability) for the growth and dominance of heterocystous cyanobacteria.
Nostoc can prevail in terrestrial habitats on a variety of substrates such as rocks,
soils and tree bark (Desikachary, 1959). In this study, Nostoc species were collected

from epilithic, epipsammic, epiphytic, benthic and corticolous habitats.

Previous studies on the cyanobacterial diversity in India revealed that Nostoc
spp. is dominant in the paddy fields of Kerala (Thilak et al., 2020), Assam and
Haryana (Venkataraman, 1972), Manipur (Devi et al., 1999), West Bengal (Saha
and Mandal, 1978), Orissa (Sahu ef al., 1996), Tamil Nadu (Anand, 1989) and Uttar
Pradesh (Yadav et al., 2021). In the paddy fields, cyanobacteria make significant
contributions to soil fertility in terms of the physico-chemical, biological and soil-
water relations (Nayak and Prasanna, 2007). Thilak et al. (2020) reported twelve
Nostoc spp. from the paddy fields of Kerala. N. paludosum, N. entophytum, N.

piscinale, N. linckia, N. carneum, N. muscorum, N. ellipsosporum, N. punctiforme,
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N. spongiaeforme and Nostoc sp. were the identified species. Similarly, N. carneum,
N. linckia, N. ellipsosporum, N. punctiforme and N. muscorum were collected from
paddy fields of Kerala during this study. In another study, Prasanna and Nayak
(2007) observed Nostoc and Anabaena as the most dominant genera in most of the
sites. Singh et al. (2015) investigated the distribution of cyanobacteria in rice fields
of Varanasi, UP. Among thirty-two taxa identified only three species of Nostoc were
recorded. N. muscorum, N. calcicola and N. commune reported from rice fields.
Likewise, in our study, N. muscorum was reported from paddy fields of Mukkam,
Kozhikode. Nostoc spp. richness in the paddy fields of Kerala, Tamil Nadu, West
Bengal, Assam and Haryana were studied by Venkataraman (1972). Singh et al.
(2001) have also demonstrated the abundance of Nostoc spp. in the paddy fields of
West Bengal, India. Previous researchers argued that the genus Nostoc is common in
paddy fields of Bangladesh, Spain, Australia, Egypt, Indonesia, Iraq, Japan,
Morocco, Philippines and Uruguay (Song et al., 2005; Sinha and Hader, 1996).

In the present study, Nostoc ellipsosporum and N. linckia were recorded
from paddy fields of Malappuram and Palakkad respectively. The result is
corroborated with the previous study regarding the diversity of Nostoc spp. from the
paddy fields of Bangladesh (Begum et al., 2008). Vijayan and Ray (2015) identified
seven Nostoc spp. from the paddy fields of Kuttanadu, Kerala. N. punctiforme, N.
paludosum, N. ellipsosporum, N. muscorum, N. carneum N. commune, N. linckia
and N. spongiaeforme were the identified species. In this study, N. carneum, N.
linckia, N. ellipsosporum, N. punctiforme and N. muscorum were reported from
paddy fields. Anand and Hopper (1987) identified N. commune from Eranakulam, N.
calcicola and N. paludosum from Thrissur paddy fields.

The diversity of epilithic cyanobacteria has been studied in several regions
around the world and some of the studies reported Nostoc spp. as epilithic. Budel
(1999) studied the ecology and diversity of rock-inhabiting cyanobacteria in tropical
regions and reported N. muscorum as epilithic from Ivory Coast, Africa. Another
investigation of Hauer (2008), identified N. commune and N. microscopicum as

epiliths from South Bohemia. Likewise, in the present study N. muscorum and N.
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commune are reported from epilithic habitats of Kerala. According to Tamaselli et
al. (2000), photosynthetic microorganism living in epilithic communities establish
close relationships with lithotypes and they concluded that Nostoc spp. were most

frequently associated with artificial substrates.

Rock surfaces are suitable substratum for the luxuriant growth of most
Nostoc spp. and it occurs as a slimy mucilaginous mass on rock surfaces. They can
easily adhere to the surface of rocks due to the mucilage on the trichomes. In the
present investigation, the majority of Nostoc spp. were collected from rock surfaces
of the Western Ghats regions of Kerala. Western Ghats regions are one of the
hotspots of biodiversity with tremendous species richness (Myers et al., 2000). The
diversity of microalgae in high ranges of Western Ghats regions is influenced by a
combination of environmental factors (Nasser and Suresh Kumar, 2013). Gelatinous
colonies of Nostoc spp. on rock surfaces are brown, yellowish brown, olive green,
pale green and dark green in colour. Colony colour depends on the presence of
pigments and environmental conditions. Dark brown or brown coloured colonies of
Nostoc spp. may be due to extracellular pigments the brownish scytonemin, the
violet nostocine A and intracellular mycosporine-like amino acids. The colonies also
exhibit various morphological forms including spherical balls, spherical balls with
granulated surfaces and mat forms. Cells of Nosfoc spp. are embedded in an
extensive gelatinous matrix of polysaccharides and many other organic substances
like exopolysaccharides (EPS), which influence the texture of colonies and provide
biological and environmental protection (Jensen, 2014). Excretion of EPS is a key

step in the adhesion of Nostoc spp. to rock surfaces (Rossi and Phillips, 2015).

Nostoc spp. in terrestrial habitats is subjected to a variety of stresses, such as
high light, ultraviolet radiation, high and low temperatures, osmotic stress, drought,
and desiccation (Allakhverdiev et al., 2000; Singh et al., 2002; Lin et al., 2004;
Potts et al., 2005; Budel et al., 2008). Compared to freshwater and marine
environments, aero-terrestrial cyanobacteria in the tropics are exposed to more
adverse environmental conditions, especially desiccation and high solar irradiation

and UV. The resistance of the cyanobacteria to extreme environmental conditions
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provides them with a distinct advantage for survival on exposed surfaces. These
organisms are inactive when desiccated, even though they can recover quickly with
the availability of water, indicating desiccation tolerance (Scherer and Potts, 1989;
Higo et al., 2007). Nostoc commune retains viability for over 100 years when
desiccated (Lipman, 1941; Cameron, 1962). Mycosporine-like amino acids in N.
commune form strong interactions with water-stress proteins (Scherer and Potts,
1989), which are also present in substantial amounts in desiccated colonies and are

released from colonies upon rehydration (Hill et al., 1994).

N. muscorum, N. linckia, N. ellipsosporum and N. punctiforme recorded in
the study from the rice fields also occur as epilithic on rock surfaces. The
distribution of these species might indicate the lower nitrogen status in both
environments (rice fields and rock surfaces). Previous studies by Saha et al. (2007)
in agreement with our results. N. punctiforme recorded from different environments.
Gaysina et al. (2018) studied the biodiversity of terrestrial cyanobacteria in the
South Ural region and recorded N. calcicola, N. commune, N. ellipsosporum, N.
microscopicum and N. punctiforme from the regions. Additionally, N.
microscopicum, N. punctiforme and N. commune were recorded in the flora of
steppe and forest-steppe zones of Bashkiria (Bakieva et al., 2012). Similarly, N.
commune, N. ellipsosporum and N. microscopicum were also identified during the
present study. The biodiversity of epilithic cyanobacteria from freshwater streams of
Kakoijana Reserve forest of Assam, India was estimated by Saha et a/. (2007) and

identified N. humifusum, N. oryzae and N. punctiforme as epiliths.

Nikam et al. (2013) reported 12 Nostoc spp. from the Western Ghats regions
of Maharashtra and concluded that Nostoc is one of the most dominant genera in that
area and N. calcicola is the most prominent and common cyanobacteria in Western
Ghats regions of Maharashtra. Kant et al. (2020) studied the diversity of Nostoc spp.
from the Indo-Bangla regions of Tripura and reported seventeen species of Nostoc.
About 23.5% of them grow in rice fields and the rest 76.5% flourish in other habitats
(rock surface, building walls, subaerial, etc.). The study concluded that the species

richness in other habitats is due to the chemical nature of the soil and availability of
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various pesticides in rice fields. Excessive use of chemical fertilizer on the field is
causing to a shift in the nutrient status of the ecosystem, ultimately generating

nutrient stress for the heterocystous cyanobacteria (Choudary and Bimal, 2010).

Ram and Paul (2022) reported nine Nostoc spp. from the mangrove
environments of Kerala. Among these, N. carneum, N. commune, N. ellipsosporum
and N. linckia were considered as new species to the mangrove cyanobacterial flora
of Kerala. Ram and Shamina (2016) studied the biodiversity of freshwater epilithic
cyanobacteria of Kerala and reported five Nostoc spp. as epiliths. Geethu and
Shamina (2021) studied filamentous cyanobacteria from the Western Ghats of north
Kerala and reported three Nostoc species namely N. commune, N. interbryum and N.
nylstromicum. Among these, N. interbryum and N. nylstromicum are two new
reports from India. In accordance with this study, N. interbryum, N. nylstromicum
and N. commune were reported from Western Ghats regions of Kerala. Furthermore,
Sant’ Anna ef al. (2007) recorded three new aerophytic morphospecies of Nostoc (.
interbryum, N. viride, and N. alatosporum) from S3o Paulo State, Brazil based on
their morphology, especially by the formation and shape of the akinetes, life cycles
and ecology. John and Francis (2013) identified epilithic species such as N. linckia
and N. commune from the Idukki district of Kerala. Correspondingly, N. linckia and

N. commune were identified from the epilithic habitats of Kerala.

Corticolous cyanobacteria inhabit the bark of trees and the information on
the distribution of cyanobacteria in this habitat is extremely scarce. According to
Bakta et al. (2014), corticolous cyanobacteria are observed as gelatinous, greenish or
dark green, red dark or brown patches, streaks or velvet masses on the tree bark.
They are exposed to air and absorb water, minerals and other nutrients directly from
the atmosphere. Corticolous cyanobacteria including Nostoc, Phormidium,
Scytonema and Stigonema are responsible for the variety of colour and textures of
the bark surface. N. commune was reported as corticolous cyanobacteria from
Similipal Biosphere Reserve, Mayurbhanj, Odisha, India. Silva et al. (2012)
reported corticolous Nostoc sp. from tropical forest remnants in northwestern Sao

Paulo State, Brazil. Kant et al. (2020) identified N. pruniforme as corticolous
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cyanobacterial species from Tripura, India. In addition, Neustupa and Skaloud
(2008) identified Aphanothece, Phormidium, Nostoc, and Scytonema species from
tree bark. A total of four Nostoc spp. such as Nostoc sp. 1, Nostoc sp. 2, N. cf
punctiforme, and N. cf entophytum were reported as corticolous cyanobacteria from

a South-East Asian mountain rainforest locality in Cibodas, West Java.

Benthic cyanobacteria are those living in the bottom or stagnant and flowing
water. Ram (2022) reported N. bornetii from the benthic habitat of southern Kerala.
According to Joshi ef al. (1981), in aquatic environments, Nostoc is associated
primarily with the benthos but can form floating planktonic masses. In addition,
Gupta and Das (2019) identified N. linckia from freshwater habitats of Karnataka.
Similarly, N. linckia was reported from freshwater bodies of the Wayanad district.
According to Hoagland et al. (1982), epiphytic cyanobacteria are attached to or
growing on plant surfaces. They derive moisture and nutrients from the environment
and may colonize submerged or emergent plants. Ram (2022) recorded N. commune
as epiphytic from the mangrove environments of Kerala. In the current study, N.

nylstromicum, N. muscorum and N. commune reported from epiphytic habitat.

N. indistinguendum from Kozhikode is a new report on the flora of Indian
cyanobacteria. Recently, Afify et al. (2023) studied the biodiversity, morphology
and taxonomy of cyanobacteria from soils of Egypt. The study concluded that
Nostoc lichenoides, N. indistinguendum and N. favosum were the most predominant
cyanobacterial species in the soil sample. Furthermore, Davydov (2021)
demonstrated cyanobacterial species from the Northern Polar Ural Mountains. A
total of ninety-three cyanobacterial species were identified, among them five species
were belongs to the genus Nostoc. Nostoc commune was the most frequently
encountered taxon from this region, which typically had soil and rock inhabitants. In

the current study, N. commune was reported from epilithic and epiphytic habitats.

135






CHAPTER 5
MOLECULAR CHARACTERIZATION AND
PHYLOGENETIC ANALYSIS OF SELECTED NOSTOC SPECIES

5.1 Abstract

There is an increased interest in using molecular techniques to resolve the
taxonomic problems of cyanobacteria as the systematics of Nostoc spp. is
complicated. This study was undertaken to identify the selected species using a
molecular approach. Among the species identified using morphological characters,
four were selected for further studies based on their easiness of isolation, culture and
convenience for mass cultivation. The 16S rRNA gene is a prominent tool for
phylogenetic analysis and is useful in identifying cyanobacterial species. 16S rRNA
gene sequencing is used for the correct identification of species and the evaluation
of relationships between them. Mega 7.0 software was used to construct a
phylogenetic tree using neighbour-joining and maximum likelihood methods to
study the evolutionary distance and interrelationship. Molecular characterization
using 16S rRNA gene sequences showed that the species belonged to the
genus Nostoc, and the identified species were N. ellipsosporum FY 150125, N.
punctiforme FY 150188, Nostoc sp. CU150162 and Nostoc sp. CU150191. The
phylogenetic analysis revealed the evolutionary distance and genetic relatedness of

the Nostoc spp.
5.2 Results
5.2.1 Isolation and maintenance of axenic cultures of Nostoc spp.

Nostoc species collected from epilithic and epipsammic habitats were
isolated by streak plate method on BG-11, (1.2% agar) medium. After 21 days of
culture, the desired colonies were identified and the individual filaments or colonies
were re-inoculated in an agar medium to isolate single species. The cultures were
heterogeneous at the initial stages and the colony homogenization was achieved by
continuous subculturing. The pure colonies of Nostoc spp. were transferred to BG-

114 liquid medium for multiplication.
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Fig. 5.1 Liquid and solid cultures of Nostoc spp. showing different growth patterns.
Al & A2 — Nostoc ellipsosporum FY150125; B1 & B2 — N. punctiforme FY150188;
C1 & C2 — Nostoc sp. CU150162; D1 & D2 — Nostoc sp. CU150191
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The cultures were maintained in the culture room under fluorescent light
(3000 lux) at 25+2°C and illuminated with 14 hrs light followed by 10 hrs darkness.
They multiply as gelatinous balls on agar plates in different colours. The colour
varied from pale blue-green to brownish. N. ellipsosporum FY 150125 formed as
brown gelatinous balls on medium, N. punctiforme FY 150188 formed a pale green
gelatinous mass and spread on the agar plate unevenly, Nostoc sp. CU150162
formed blackish brown small gelatinous balls without spreading giving a jelly
appearance on an agar plate, subsequent transfer to liquid medium changed to a
lobed mass and Nostoc sp. CU150191 formed small blue-green to olive green balls
on agar. When it is transferred to medium it is changed to blue or blue-green
mucilaginous sheath. Continuous subculturing was done to maintain pure cultures
after 14-21 days.

5.2.2 Molecular characterization of Nostoc spp. using 16S rRNA gene

sequences

5.2.2.1 DNA extraction

The selected MNostoc spp. were preliminarily identified based on
morphological characters and 16S rRNA typing was done. Twenty-one days
(exponential stage) old pure cultures were used for DNA isolation to ensure the
quality of the isolated DNA.

Fig. 5.2 Genomic DNA of Nostoc spp. on agarose gel. a) N. ellipsosporum FY
150125 b) N. punctiforme FY 150188 ¢) Nostoc sp. CU150162 d) Nostoc sp.
CU150191
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The genomic DNA from Nostoc species was isolated by the modified CTAB
method. All the DNA samples showed the 260/280 ratio ranging from 1.9-2.0
indicating the purity of the isolated DNA (Fig. 5.2) and further used for PCR

amplification.
5.2.2.2 Cloning of 16S rRNA gene from Nostoc spp.

The 16S rRNA gene was amplified from the isolated DNA using
cyanobacterial universal primers. Agarose gel electrophoresis of the PCR products
showed a 1500 bp (primer pair 8-27F and 1496R) band for N. ellipsosporum and

450 bp for all the other species (primer pair CYA 359F and equimolar mixture of
CYA781Ra and CYA 781RbD) (Fig. 5.3).

1500 bp —>

450 bp —>

Fig. 5.3 Amplified 16S rRNA fragment of Nostoc spp. on agarose gel. a) N.
ellipsosporum FY 150125 b) N. punctiforme FY 150188 ¢) Nostoc sp. CU150162 d)
Nostoc sp. CU150191

The cloned PCR products encoding the 16S rRNA gene were sequenced by
automated DNA sequencing and the obtained sequence was analyzed using Bio-

Edit.v.7.2.5 software (Ibis Biosciences, Carlsbad, CA, USA). The obtained forward
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and reverse sequences were aligned and edited. BLAST homology search tools were
used to detect the sequence homology. The sequences were deposited in the NCBI
GenBank database (http://www.ncbi.nim.nih.gov) and accession numbers were
provided. Molecular characterization based on 16S rRNA gene sequencing
confirmed that the selected species were Nostoc ellipsosporum FY 150125, N.
punctiforme FY 150188, Nostoc sp. CU150191 and Nostoc sp. CU150162. The
sequences of the 16S rRNA gene of Nostoc spp. in FASTA format are listed below.

>Nostoc ellipsosporum FY 150125 16S ribosomal RNA gene, partial sequence
(Accession No: OM230033)

GGGCAATGGCGGATGCTACCATGCAGTCGACGGTGTCTTCGGACACAGTGGCGGAC
GGGTGAGTAACGCGTGAGAATCTAGCTTCAGGTCGGGGACACAGCCACATGGAAAC
GAGTGGCTAATGCCGGATTTGCCGAGAGGTACCAGGCTTGCTGCCTGAAGCTGAGC
TCGGCGCTCTGATTAGCTAGTAGGTGTGGTCAAGAGCGCACCTAGGCGACGATCAG
TAGCTCGGTCTGAGTTGATGATCAGTCCACACTGGGACTGAGACACGGCCCAGCCT
CCTACGGGAGGCAGCAGTGGGGCATTTTCCGCCATGGGCGAAAGCCTGACGGAGCA
ATCCCGCGTGAGGGAGGAATGCTCTTGGGTTGTAAACCTCTTTTCTCAGTGAAAGA
GAGCAATGACGGTACGTGAGGAGTCAGCATCGGCTAACTCCGTGCCAGCAGCCGCG
GTAATACGGAGGATGCGAGCGTTATCTGGAATGATTGGGCGTAAAGCGTCCGCAGG
TGGTGATGTAAGTCTGTTGTCAAAGCGTCTAGCTCAACTCAGATAAAGGCAGTGGA
AACTACATGACTAGAGTGCGTTCGGGGCAGAGGGAATTCCTGGTGTAGCGGTGAAA
TGCGTATATATCAGGAAGAACACCGGTGGCGAGAGCGCTCTGCTAGGCCGCAACTG
ACATTGAGGGACGAACGCTAGGGGAGCGAATGGGATTAGATACCTCAGTAGTCCTA
GCCGTAAACGATGGATACTAGGCGTGGCTTGTATCGACCCGAGCCGTGCCGTATCT
AACGCGTTAAGTATCCCGCCTGGGGAGTACGCACGCAAGTGTGAAACTCAAAGGAA
TTGACGGGGGCCCGCACAAGCGGTGGAGTATGTGGTTTTATTTCGATGCAACGGGA
AGAGCCTTACCAAGACTTGACATGTCGCGAATTGGAGTGAGAGCTTCACGTGCCTT
AGGGAGCGCGAACACAGGTGGTGCATGGGCTGTCGTCAGCTCGTGTCGTGAGATGT
TGGGTTAAGTCCCGCAACGAGCGCAATCCTCGTTTTTAGTTGCCAGCATTATGTTG
GGCACTCTAGAGAGACTGCCGGTGACAGACCTGAGGTAGGTGGGGATGACGTCAAG
TCAGCATGCCCCTTACGTCTTGGGGTACACACGTACTACAATGCTCCGGACAGAGT
GCAGCTAGCATGCGAATGCAAGTCAAATCCCGTAAACCTGAGCTCAGTTCAGATTG
CAGGTCTGCCACTCGCTGTGACGTGAAGGAGGAATCGCTAGTAATTGCAGGTCAGC
TATACTGCGAGTGAATATGGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATG
GAAGCTGGCAACGCCCGAAGTCATTACTCCAACCGTCAAAAGAGGAGGATACCAAG
TCAGTCCCGACGTT
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>Nostoc punctiforme FY 150188 16S ribosomal RNA gene, partial sequence
(Accession No: OM230032)

GTGGGGAATTTTCCGCAATGGGCGAAAGCCTGACGGAGCAATACCGCGTGAGGGAG
GAAGGCTCTTGGGTTGTAAACCTCTTTTCTCAGGGAAGAAAAAANATGACGGTACCT
GAGGAATCAGCATCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGATGCA
AGCGTTATCCGGAATGATTGGGCGTAAAGCGTCCGCAGGTGGCTATGTAAGTCTGC
TGTTAAAGAGTCTAGCTCAACTAGATAAAGGCAGTGGAAACTACACAGCTAGAGTG
CGTTCGGGGCAGAGGGAATTCCTGGTGTAGCGGTGAAATGCGTAGATATCAGGAAG
AACACCGGTGGCGAAAGCGCTCTGCTAGGCCGCAACTGACACTGAGGACGAATGCT
AAGCTGGGAGCGAAAGGGATTAGATACCCCTGTAGTCA

>Nostoc sp. CU150162 16S ribosomal RNA gene, partial sequence

TCCGCAATGGGCGAAAGCCTGACGGAGCAATACCGCGTGAGGGAGGAAGGCTCTTG
GGTTGTAAACCTCTTTTCTCAGGGAAGAACACAATGACGGTACCTGAGGAATCAGC
ATCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGATGCAAGCGTTATCCG
GAATGATTGGGCGTAAAGCGTCCGCAGGTGGCGATGTAAGTCTGCTGTTAAAGAGC
AAAGCTCAACTTTGTAAAAGCAGTGGAAACTACATAGCTAGAGTGCGGTAGGGGCA
GAGGGAATTCCTGGTGTAGCGGTGAAATGCGTAGAGATCAGGAAGAACACCGGTGG
CGAAAGCGCTCTGCTAGGCCGCAACTGACACTGAGGGACGAAAGCTAGGGGAGCGA
AAGGGATTAGATACCCCCTGTAGTCA

>Nostoc sp. CU150191 16S ribosomal RNA gene, partial sequence (Accession No:
OR635663)

GGGGGAATTTTCCGCAATGGGCGAAAGCCTGACGGAGCAATACCGCGTGAGGGAGG
AAGGCTCTTGGGTCGTAAACCTCTTTTCTCAGGGAAGAAAGAAATGACGGTACCTG
AGGAATAAGCATCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGATGCAA
GCGTTATCCGGAATGATTGGGCGTAAAGCGTCCGCAGGTGGCGATGTAAGTCTGCT
GTTAAAGCGTCTAGCTCAACTAGATAAGAGCAGTGGAAACTACATGGCTAGAGTGC
GTTCGGGGCAGAGGGAATTCCTGGTGTAGCGGTGAAATGCGTAGAGATCAGGAAGA
ACACCGGTGGCGAAGGCGCTCTGCTAGGCCGCAACTGACACTGAGACGACTGAAAG
CTTCAAGGGGAGCGAATGGGATTAGATACCCCCTGTAGTC

Pairwise similarity alignment was performed using BLASTN of the above
sequences to identify the species by comparing with the sequences available in
NCBI GenBank database, N. ellipsosporum FY 150125 showed 96.47% identity
with N. ellipsosporum V (accession no. AJ630450), N. punctiforme FY 150188
showed 98.36% identity with N. punctiforme SAG60.79 (accession no. GQ287652),
Nostoc sp. CU150162 showed 98.32% identity with Nostoc sp. HKAR (accession
no. KF751605) and Nostoc sp. CU150191 showed 99.27% identity with Nostoc sp.
Collema sp. AR75 (accession no. KF359719).
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Akaike Information Criterion (AIC) and Bayesian Information Criterion
lowest BIC scores (2730.118) and lowest AIC score (2353.021) were considered to
Nostoc spp. and the homologous gene sequences retrieved from NCBI (Fig. 5.4). A

uniformity of evolutionary rates among sites by assuming that certain fraction of

describe the best-fit nucleotide substitution pattern for 16S rRNA gene sequence of
discrete Gamma distribution (+G) with rate categories for the modelling of non-

(BIC) are the best-fit nucleotide substitution models determined using Molecular
Evolutionary Genetics Analysis (MEGA) 7.0 software. K2+G+1 model with the

5.2.2.3 Nucleotide substitution model selection

sites is evolutionary invariable (+1).
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Fig. 5.4. Maximum likelihood fits of 24 different nucleotide substitution models for
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the 16S rRNA sequences of Nostoc spp. and homologous sequences retrieved from
NCBI; K2: Kimura 2 parameter; JC: Jukes-Cantor; TN93: Tamura-Nei; HKY:

Hasegawa-Kishino-Yano; GTR: General Time Reversible)




Molecular characterization and phylogenetic analysis of selected Nostoc species

Estimated values of transition/transversion bias (R) were shown for each
model they were followed by nucleotide frequencies (f) and rates of base
substitutions (r) for each nucleotide pair. Relative values of instantaneous r were
considered and for simplicity, the sum of the r values is made equal to 1 for each
model. The nucleotide frequencies are A=25.0%, T/U=25.0%, C=25.0% and
G=25.0%. For estimating ML values, a tree topology was automatically computed.
The analysis involved 26 nucleotide sequences. The evolutionary distances are
expressed in terms of the number of transitional substitutions per site and were
computed using the Tamura-Nei technique. Codon positions included were 1st +2nd
+3rd +Noncoding. All ambiguous positions were removed for each sequence pair.

There was a total of 417 positions in the final dataset.

5.2.3 16S rRNA-based phylogenetic analysis of Nostoc spp. using neighbour-

joining and maximum likelihood methods.

Phylogenetic tree of Nostoc spp. were constructed using the cloned
sequences and homologous sequences retrieved from GenBank, NCBI. Maximum
likelihood and neighbour-joining methods with 1000 bootstraps were used to draw
the phylogenetic tree. Models with the lowest BIC scores were considered to
represent the best nucleotide substitution pattern. Multiple sequence alignments
using MEGA 7.0 software and K2+G+1 model based on bootstrap resampling with
1000 replicates were performed to estimate the confidence of the tree topologies.
The K2+G+1 model with the lowest BIC scores (2730.118) and lowest AIC score
(2353.021) was considered to describe the best-fit nucleotide substitution pattern to
construct consensus neighbour-joining and maximum likelihood tree of the
sequences. The evolutionary distances are expressed in terms of the number of
transitional substitutions per site and were computed using the Tamura-Nei
technique. The analysis involved 26 nucleotide sequences. Codon positions included
were 1st +2nd +3rd +Noncoding. All ambiguous positions were removed for each

sequence pair. There was a total of 417 positions in the final dataset.

In the neighbour-joining tree, group I consists of Nostoc sp. CU150191,
Nostoc punctiforme FY150188 and N. ellipsosporum FY 150125 and group II
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consists of Nostoc sp. CU150162 (Fig. 5.5). The majority of the native strains show
affinities with their corresponding strains retrieved from the GenBank except for N.
punctiforme, which form the group I whereas all other N. punctiforme are grouped in
group II and III. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) is shown beside the
branches. In NJ tree, Nostoc sp. CUI50191 showed high relatedness with
Desmonostoc muscorum ACSSI 046. Desmonostoc muscorum is the synonym of
Nostoc muscorum. N. ellipsosporum FY 150125 showed the closest relatedness with
N. ellipsosporum V and Nostoc sp. CU150162 showed the highest similarity to
Nostoc sp. HKAR-6. Nostoc punctiforme FY 150188 existed as a single clade.

The phylogenetic tree constructed using the maximum likelihood method
with 1000 bootstraps (Fig. 5.6). The evolutionary relationship was inferred by using
the maximum likelihood method based on the Tamura-Nei model. The tree with the
highest log likelihood (-1171.90) is observed. The percentage of replicate trees in
which the associated taxa clustered together in bootstrap tests (1000 replicates) is
shown next to the branches. Initial trees for the heuristic search were obtained
automatically by applying Neighbour-Joining and BioNJ algorithms to a matrix of
pairwise distances estimated using the Maximum Composite Likelihood (MCL)
approach and then selecting the topology with superior log likelihood value. The
analysis involved 26 nucleotide sequences. Codon positions included were
Ist+2nd+3rd+Noncoding. All positions containing gaps and missing data were
eliminated. There was a total of 405 positions in the final dataset. The maximum
likelihood tree is also grouped into three. Group I consists of Nostoc sp. CU150191,
group II consists of N. punctiforme FY 150188 and Nostoc sp. CU150162 and group
Il consists of N. ellipsosporum FY 150125. In group I, Nostoc sp. CU150191
clustered with Nostoc sp. Peltigera aphthosa UK 52. The sequence of Nostoc
punctiforme FY 150188 in this study was observed as a single clade within group II.
Nostoc sp. CU150162 and Nostoc sp. HKAR-6 was observed as a single cluster
within the group II and both of them are tightly clustered with a 90 bootstrap value.
In group III, N. ellipsosporum FY 150125 and N. ellipsosporum V were observed as

a cluster.
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Fig. 5.5 Neighbour-Joining tree constructed using 16S rRNA gene sequences of
Nostoc spp. and the homologous gene sequences retrieved from NCBI. The selected
species in this study are represented in boxes.
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Fig. 5.6 Maximum likelihood tree constructed using 16S rRNA gene sequences of
Nostoc spp. and the homologous gene sequences retrieved from NCBI. The selected
species from the study are represented in boxes.

Discussion

Molecular and biochemical approaches have been wused to identify
cyanobacteria, instead of morphological and ecological characters (Gugger et al.,
2002; Rajaniemi et al., 2005; Hayes et al., 2007; Nayak et al., 2007; Li et al., 2008;
Zapomelova et al., 2010). Isolation and purification of cyanobacterial species are

time-consuming and the procedure is very difficult. Similarly, the isolation of
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cyanobacteria in pure form is also difficult (Nowruzi et al., 2012). According to
Choi et al. (2008), axenic cultures of microscopic and macroscopic cyanobacteria
are typically made by single-cell isolation using a variety of techniques, such as
streak plate method, serial dilution technique, UV irradiation, filtration, and
treatment with different antibiotics. In the current study, the streak plate method was
used for the isolation of Nostoc spp. After 21 days of inoculation cyanobacteria
colonies were grown well and filled most of the area of agar plates (Mendhekar,

2023).

The establishment of modern cyanobacterial taxonomy and the identification
of phylogenetic relationships among cyanobacteria have been made possible by
molecular methods based on PCR amplification targeting conserved areas inside the
16S rRNA gene (Komarek, 2006). All cyanobacteria contain the 16S rRNA gene,
which has a conserved function. According to Ludwig and Klenk (2001), for the
phylogenetic analyses of bacteria and cyanobacteria, one of the most informative
genes is the 16S rRNA gene. The most often used gene marker for cyanobacterial
identification and evolutionary relationship analysis is the 16S rRNA. Despite the
16S rRNA gene contains numerous evolutionarily conserved sequences, many
species-specific variable sequences are also present in the 16S rRNA gene. It has
been previously supported that, among the molecular techniques, the analysis of the
16S rRNA gene sequences has proved to be an effective tool for understanding
phylogenetic relationships among cyanobacteria (Gugger et al., 2002; Pan et al.,
2008; Han ef al., 2009; Zapomelova et al., 2010; Svenning et al., 2005; Rehakova
et al., 2007). Moreover, Ozturk et al. (2018) and Kumar et al. (2018) concluded that
16S rRNA will be useful in the classification and identification of cyanobacterial
strains. In this study, amplification of 16S rRNA gene sequences is used for the

molecular identification and phylogenetic analysis of the selected Nostoc spp.

There are various methods proposed for the DNA isolation of cyanobacteria.
For many reasons, DNA isolation from cyanobacteria is difficult (Wu et al., 2000).
The most common difficulties encountered in cyanobacterial DNA isolation mainly

range from cell lysis efficiency (Fiore ef al., 2000), to purification issues (Porter,
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1988). Even though several methods are available for cyanobacterial DNA
extraction, the efficiencies vary from species to species (Fiore et al., 2000). This
may be due to the morphological, ecological and metabolic diversities found in
different cyanobacterial species (Garcia-Pichel, 2009). DNA isolation adopted in
this study is a modification of the DNA isolation method proposed by Ausubel et al.
(1995). The major difficulty during DNA isolation was the effective breakdown of
the cell wall of Nostoc spp. made up of exopolysaccharides. Magana-Arachchi and
Wanigatunge (2011) isolated RNA-free DNA by adopting a pure enzymatic method.
Kumar et al. (2018) recommended the use of enzymes like proteinase K and
lysozyme for effective DNA isolation whereas in this study we used these enzymes
in modified quantities for DNA isolation. CTAB, SDS and p-mercaptoethanol were
used for the cell lysis of cyanobacteria for DNA isolation (Tillet and Neilan, 2000;
Ma et al., 2016). In this study, chemicals such as SDS, EDTA, proteinase K and
CTAB also have a significant effect on cell disruption. The same protocol when
used for the cells of Nostoc, and it was observed that DNA was extracted rapidly. In
addition, Chakraborthy et al. (2008) employed proteinase K to hydrolyze membrane
proteins and they discovered that proteinase K, EDTA, and SDS block the action of
nucleases degrading DNA. Furthermore, Morin ef al. (2010) also suggested that the
enzymatic cell disruption method can be used for an efficient DNA isolation

protocol for filamentous cyanobacteria.

Most of the scientists recommended the 16S rRNA gene sequences and a
database can be prepared for cyanobacterial phylogeny and taxonomy (Wanigatunge
et al., 2014). PCR amplification of 16S rRNA with the cyanobacteria-specific
oligonucleotide primers CYA359F and equimolar mixture of CYA781Ra and
CYA78IRb yielded a unique fragment of ~450bp (Nubel et al., 1997). These
universal primers are employed for the successful study of the diversity of
cyanobacteria from different ecosystems (Garcia-Pichel et al., 2001; Hagemann et
al., 2017; Magana-Arachchi et al., 2008). In our study, the primer CYA359F and
equimolar mixture of CYA781Ra and CYA781Rb were used for the PCR
amplification of 16S rRNA gene.
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The molecular identification of N. ellipsosporum FY 150125 and N.
punctiforme FY 150188 also supported the morphological character-based
identification using the morphological characters. Nostoc sp. CU150162 and Nostoc
sp. CU150191 was identified up to the genus level using the taxonomical manuals
(Komarek, 2013). The percentage identity of all the selected Nostoc spp. with the
sequences deposited in NCBI showed >96% identity. According to Yarza et al.
(2014), a percentage identity greater than 95% serves as good evidence for species
belonging to the same genus. The genus Nostoc was found to be heterogenic and

thus their species-level identification was challenging.

In this study, the selected species of Nostoc were clustered with the
corresponding sequences of Nostoc species retrieved from the NCBI database and
the neighbour-joining and maximum likelihood phylogenetic tree constructed. The
evolutionary relationship of the N. punctiforme FY 150188 showed a divergence
between the same species of N. punctiforme retrieved from GenBank, which could
be caused by environmental influences on their genes. Likewise, native M.
punctiforme did not show any affinity to the sequences of N. punctiforme retrieved
from GenBank, and it exists as a single clade (Thilak and Madusoodanan, 2020).
Nostoc sp. CU150191 and Nostoc sp. CU150162 whose species identity is not clear,
in the NJ tree demarcated Nostoc sp. CU150191 appeared as a sister fo Desmonostoc
muscorum, but their morphology does not have any coherence. Desmonostoc is a
recently established genus, primarily based on phylogenetic evidence (Hrouzek et
al., 2013). Species belonging to Desmonostoc form long vegetative filaments
embedded in diffluent mucilaginous envelopes, except for primordial stages they
never form a firm periderm and the filaments are never densely coiled with compact
trichomes as found in Nostoc. These morphological characteristics of the genus
Desmonostoc are entirely different from the species Nostoc sp. CU150191. In
addition, the phylogenetic tree constructed based on 16S rDNA showed N.
ellipsosporum V and Desmonostoc muscorum clustered as a single group (Cia et al.,

2021).
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Whole genome analyses of Nostoc ellipsosporum strain NOK showed its
close relationship with N. punctiforme strain PCC73102 (Ghosh and Bhadury,
2021). Similarly, N. ellipsosporum FY 150125 and N. punctiforme FY 150188
clustered in a single group in the NJ tree. In the phylogenetic analyses of the
partially sequenced genes of 16S rRNA, nifH and hetR were used for the
discrimination of the three studied strains in distinct clusters belonging to the genera
Anabaena, Aphanizomenon and Nostoc. However, at the species level, there are
hurdles for the proper identification due to the lack of sequences deposited (Galhano
et al., 2011). The findings are corroborated by our study; two species are only

identified up to the genus level using molecular technique.
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CHAPTER 6

BIOCHEMICAL CHARACTERIZATION AND PHYLOGENETIC
ANALYSIS OF NOSTOC SPECIES USING GAS
CHROMATOGRAPHY-MASS SPECTROMETRY ANALYSIS

6.1 Abstract

Cyanobacteria are one of the most sustained prokaryotic organisms on Earth
that are rich sources of metabolites of great importance. The complex photosynthetic
mechanism of cyanobacteria channels the assimilated solar energy into other forms
of energy to produce food and metabolites. Moreover, they are promising
biocatalysts and can be used in “white biotechnology” to enhance the sustainable
production of food, metabolites, and green energy sources such as biodiesel. The
genus Nostoc is a filamentous nitrogen-fixing cyanobacterium and is known to
produce dozens of pharmacologically active compounds, including antiviral,
antitumor, antibacterial, anti-fungal, anti-HIV and enzyme-inhibiting agents.
Moreover, the compounds have a potential role in non-biomedical applications,
including herbicides, algicides, nematicides, and insecticides. This study is focused
on the biochemical characterization of Nostoc spp. by analysing the chlorophyll-a
content and GC-MS analysis to develop a chemotaxonomic profile of Nostoc spp.
Maximum chlorophyll-a quantity was observed in Nostoc sp. CU150162 on the 21*
day and the minimum quantity in Nostoc sp. CU150191. The major compounds
identified from the methanolic extracts of MNostoc spp. using the Gas
Chromatography-Mass Spectrometry (GC-MS) technique are phytol (diterpene
alcohol), heptadecane (alkane hydrocarbon), lupeol (pentacyclic triterpene), methyl
palmitate (fatty acid), methyl stearate (fatty acid), neophytadiene (sesquiterpenoids),
propyl hexanoate, isobutyl caproate (hexanoate esters), 9,12-octadecadienoic acid,
methyl ester, 10-octadecenoic acid, methyl ester (fatty acid methyl esters) and
guanosine (nitrogen-rich alkaloid). Among the identified bioactive compounds,
lupeol, propyl hexanoate, and isobutyl caproate are reported for the first time in N.
ellipsosporum. Cluster analysis using PAUP was performed on Nostoc spp. based on

the presence of major chemical compounds. Principal component analysis,
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agglomerative hierarchical clustering and heatmap clustering of the compounds are
done based on the percentage quantity of identified compounds from Nostoc spp.
using XLSTAT statistical software. A Venn diagram of phytoconstituents of Nostoc
spp. generated using BioVinci 2.0 software. Nostoc spp. constitutes an important
source of potentially bioactive compounds, which can be used to improve cultivation

practices and biomedical applications.

6.2 Results

6.2.1 Biochemical characterization of Nostoc spp.
6.2.1.1 Quantification of chlorophyll-a

The samples containing the Nostoc species were collected from different
localities and biochemically characterized. The identified species were N.
ellipsosporum FY 150125, N. punctiforme FY150188, Nostoc sp. CU150162 and
Nostoc sp. CU150191. N. ellipsosporum CU150125 and Nostoc sp. CU150162 were
collected from epipsammic habitats whereas N. punctiforme FY150188 and Nostoc
sp. CU150191 collected as epilithic. Chlorophyll-a content in the selected Nostoc
spp. was analysed using the Mackinney method on the 7%, 14® 21% and 28" day of
inoculation (Table 6.1). The results showed maximum chlorophyll-a content in
Nostoc sp. CU150162 with 3.71+£0.08 pg/ml on the 21% day followed by N.
ellipsosporum FY 150125 (2.82+0.07 ng/ml), N. punctiforme FY150188 (2.26+0.06
pg/ml) and Nostoc sp. CU150191 (1.50+0.01 pg/ml). A significant difference in
chlorophyll-a content was observed from 7 to 28 days from inoculation. Chlorophyll
content was increased up to the 21% day of inoculation thereafter, it gradually
decreased (Fig. 6.1). The results indicated that the maximum chlorophyll-a content

was estimated on the 21% day of inoculation.
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Table 6.1. Variations in the chlorophyll-a
cultured in BG-11¢ medium.

content in different Nostoc species

Treatment | N. ellipsosporum | N. punctiforme | Nostoc sp. | Nostoc sp.
days FY150125 FY150188 CU150162 CU150191
7th 0.782+0.02 0.563+0.02 0.961+0.01 0.348+0.04
14th 1.713+0.01 1.002+0.02 1.995+0.05 0.903+0.02
21t 2.822+0.07 2.263+0.06 3.7124+0.08 1.503+0.1
28th 2.160+0.06 1.910+0.05 2.701+0.04 1.08+0.05
Values are given as mean+SE for each sample.
_ 4
%10 3.5 =
= 3 I
g 25
ST 2 o H 7th day
'=F f 1.5 A I H 14th day
.:; 1 i 21st day
S 0-5 1 | 28th day
5 0
N. ellipsosporum N. punctiforme Nostoc sp. Nostoc sp.
CU150162 Cu150191

Name of species

Fig. 6.1 Chlorophyll-a content in different Nostoc species cultured in BG-11o
medium. Values are given as mean+SE of the three replicates (n=3).

6.2.2 GC-MS analysis of Nostoc spp.

GC-MS chromatogram of methanolic extract of Nostoc spp. showed the
presence of several compounds belonging to different chemical groups, including
methyl esters of fatty acids, steroids/triterpenes, alkanes, diterpenes, and acyclic
diterpene alcohols (Table 6.2). The identified major components of the methanolic

extract of Nostoc spp. are given below:
N. ellipsosporum FY150125

The GC-MS analysis of a methanolic extract of N. ellipsosporum is

represented in Fig. 6.2. A total of eight major compounds were identified viz, 3-
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deoxy-d-mannitol (26.64%), lupeol (20.28%), isobutyl caproate (19.65%),
heptadecane (10.58%), propyl hexanoate (7.82%), lupan-3yl acetate (7.39%), phytol
(5.09%) and neophytadiene (2.55%). Lupeol, isobutyl caproate and propyl

haxanoate were first reported in this species.
N. punctiforme FY150188

The major compounds detected in N. punctiforme represented in Fig. 6.3.
Guanosine (75.86%), heptadecane (5.82%), heptadecane, 3- methyl ester (2.28%),
neophytadiene (5.64%), 3,7,11,15-tetramethyl-2-hexadecen-1-0l (0.86%), phytol
acetate (1.81%), methyl palmitate (3.44%) , 10-octadecenoic acid, methyl ester
(2.12%), phytol (1.04%) and methyl stearate (1.12%). A total of ten compounds

were identified from N. punctiforme.
Nostoc sp. CU150162

Fourteen major compounds were detected from Nostoc sp. CU150162 using
GC-MS analysis (Fig. 6.4). The major components were heptadecane, 4-methyl-
(10.71%), hexadecane, 4-methyl ester (5.97%), octadecane, 4-methyl ester (6.59%),
neophytadiene (20.61%), 8-heptylpentadecane (1.70%), 3,7,11,15-tetramethyl-2-
hexadecen-1-ol (6.66%), methyl palmitoleinate (3.07%), methyl palmitate (11.57%),
9,12-octadecadienoic acid, methyl ester (5.04%), 8,11,14-docosatrienoic acid,
methyl ester (5.78%), 10-octadecenoic acid, methyl ester (3.63%), phytol (14.85%),
methyl stearate (2.16%) and methyl lignocerate (1.66%). The majority of
compounds identified from Nostoc sp. CU150162 were fatty acid methyl esters.

Nostoc sp. CU150191

GC-MS profiling of methanolic extract of Nostoc sp. CU150191 detected
five major compounds as represented in the chromatogram (Fig. 6.5). Phytol
(24.64%), tetradecane, 5 -methyl (22.56%), neophytadiene (19.93%), guanosine
(18.97%) and heptadecane (13.90%).
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Table 6.2: Phytochemical constituents identified from Nostoc spp. using GC-MS
analysis.
. Retention | Peak area | Chemical
Species Compound name .
time percentage | compound
3-Deoxy-d-mannitol | 11.567 26.64 Aliphatic
alcohol
Isobutyl caproate 11.671 19.65 Hexanoate
ester
Propyl hexanoate 11.867 7.82 Hexanoate
ester
Heptadecane 14.864 10.58 Alkane
Neophytadiene 16.64 2.55 Diterpene
N Phytol 22.328 5.09 Acyclic
o diterpene
ellipsosporum leohol
FY150125 aLole
Lupan-3-yl acetate 33.760 7.39 Pentacyclic
triterpenoid
Lupeol 34.409 20.28 Pentacyclic
triterpenoid
100
Guanosine 19.493 75.86 Purine
nucleoside
(Alkaloid)
Heptadecane 23.579 5.82 Alkane
Heptadecane, 3- 25.113 2.28 Alkane
methyl
Neophytadiene 26.556 5.64 Diterpene
3,7,11,15- 27.068 0.86 Acyclic
Tetramethyl-2- diterpene
hexadecen-1-ol alcohol
Phytol, acetate 27.432 1.81 Diterpenoid
Methyl palmitate 28.334 3.44 Fatty acid
N. methyl ester
punctiforme 10-Octadecenoic 31.654 2.12 Fatty acid
FY150188 acid, methyl ester methyl ester
Phytol 31.900 1.04 Acyclic
diterpene
alcohol
Methyl stearate 32.111 1.12 Fatty acid
methyl ester
100
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Heptadecane, 4- 24.816 10.71 Alkane
methyl-
Hexadecane, 4- 26.024 5.97 Alkane
methyl-
Octadecane, 4- 26.303 6.59 Alkane
methyl-
Neophytadiene 26.546 20.61 Diterpene
8-heptylpentadecane | 26.793 1.70 Alkane
3,7,11,15- 27.421 6.66 Acyclic
Tetramethyl-2- Diterpene
hexadecen-1-ol alcohol
Methyl 27.924 3.07 Fatty acid
palmitoleinate methyl ester
Methyl palmitate 28.323 11.57 Fatty acid
9,12-Octadecadienoic | 31.543 5.04 Fatty acid
acid, methyl ester methyl ester
8,11,14- 31.664 5.78 Fatty acid
docosatrienoic acid, methyl ester
methyl ester
Nostoc sp. 10_—Octadecen0ic 31.747 3.63 Fatty acid
CU150162 acid, methyl ester methyl ester
Phytol 31.894 14.85 Acyclic
diterpene
alcohol
Methyl stearate 32.101 2.16 Fatty acid
methyl ester
Methyl lignocerate 41.747 1.66 Fatty acid
methyl ester.
100
Guanosine 12.517 18.97 Purine
nucleoside
Heptadecane 14.875 13.90 Alkane
Tetradecane, 5- 15.462 22.56 Alkane
methyl ester
Nostoc sp. Neophytadiene 16.654 19.93 Diterpene
CU150191 Phytol 22.334 24.64 Acyclic
diterpene
alcohol
100
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2 |11671| 3627383 |19.65| 626802 18.00 150 BUTYL CAPROATE 99.10
3 | 11867 1443163 7.82 98713 283 PROPYL HEXANDATE 99.10
4 | 14884 1952658 | 1058 [ 1176365 3377 HEPTADECANE 57.10
5 | 16.644 471525 255 204882 5.88 NEOPHYTADIENE 68.10
6 | 22328 940486 5.09 237442 6.82 Phytol 7110
7 | 33.760 | 1365050 7.39 135632 3.89 LUPAN-3-YL ACETATE 189.25
8 |34405| 3744817 |20.28| 364578 10.48 Lupeol 189.20
18463317 [100.00| 3483002 | 100.00

Fig. 6.2 GC-MS Chromatogram of methanolic extract of N. ellipsosporum
FY150125
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1 19.493 | 58754090 | 75.86 1287745 | 15.46 | GUANOSINE 57.00
2 23579 4510944 | 582 1748874 | 21.00 | HEPTADECANE 57.05
3 25113 1768430 | 228 703819 | 845 | HEPTADECANE, 3-METHYL- 57.05
4 26.556 | 4365362 | 564 1737635 | 20.87 | NEQPHYTADIENE 68.05
5 27.068 | 663422 | 086 255931 | 3.07 | 3,7,11,15-Tetramethyl-2-hexadecen-1-ol 82.10
6 27432 | 1399777 | 1.81 505046 | 6.06 | Phytol, acetate 82.10
7 28334 2665761 | 3.44 930595 | 11.17 | METHYLPALMITATE 74.05
8 31.654 | 1643549 | 2.12 558741 | 6.71 | 10-OCTADECENOIC ACID, METHYL ESTER 55.05
9  31.900 804007 104 235691 2.83 Phytol 71.10
10 32111 870582 112 363604 4.37 METHYL STEARATE 74.05

77445924 1100.00 8327681 | 100.00

Fig. 6.3 GC-MS Chromatogram of methanolic extract of N. punctiforme FY 150188
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Chromatogram ASG 370-Sample 162 splitless DAGCMS Data\April 2022\21.04.2022\ASG 370-Sample 162 splitless.qgd
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5 | 26.793 454223 1.70 169309 1.78 8-HEPTYLPENTADECANE 57.05
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14 | 41.747 444172 1.66 164845 1.74 METHYL LIGNOCERATE 74.05

26692088 |100.00 9487918  100.00

Fig. 6.4 GC-MS Chromatogram of methanolic extract of Nostoc sp. CU150162
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Peak Report TIC
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5 [22.334 785179 24.64| 186894 16.69 Phytol 71.05
3186935 |100.00) 1119712 | 100.00

Fig. 6.5 GC-MS Chromatogram of methanolic extract of Nostoc sp. CU150191
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Neophytadiene, phytol and heptadecane are the major bioactive compounds
detected in four Nostoc spp. In terms of peak area, the major component identified in
N. ellipsosporum FY150125 is 3-deoxy-d-mannitol (26.64%), N. punctiforme
FY150188 is guanosine (75.86%), Nostoc sp. CU150162 is neophytadiene (20.61%)
and Nostoc sp. CU150191 is phytol (24.64%). Phytol is one of the major bioactive
compounds identified in all selected Nostoc spp. The percentage of phytol content in
each Nostoc spp. was different. Nostoc sp. CU150191 contained the highest quantity
of phytol (24.64%) followed by Nostoc sp. CU150162 with 14.85%, N.
ellipsosporum FY 150125 with 5.09%, and N. punctiforme FY150188 with 1.04%.
Neophytadiene is another common compound detected in all Nostoc spp. Nostoc sp.
CU150162 contains a significant quantity (20.61%) followed by Nostoc sp.
CU150191 with 19.93%, N. punctiforme FY150188 with 5.64% and N.
ellipsosporum FY 150125 with 2.55%.

Methyl palmitate (palmitic acid, methyl ester), 10-octadecenoic acid methyl
ester (methyl cis-10-octadecenoate), methyl stearate (stearic acid, methyl ester),
methyl palmitoleinate (palmitoleic acid, methyl ester), 9,12-octadecenoic acid
methyl ester,10-octadecadienoic acid methyl ester, 8,11,14-docosatrienoic acid
methyl ester and methyl lignocerate (tetracosanoic acid, methyl ester), are the fatty
acid methyl esters present in selected Nostoc spp. Lupeol is a pentacyclic
triterpenoid (also known as fagarsterol) observed only in N. ellipsosporum
FY150125. This is the first report of N. ellipsosporum having 20.28% of lupeol. In
addition, a higher quantity of isobutyl caproate (isobutyl hexanoate) and propyl
hexanoate (19.65% and 7.82%), was first reported in N. ellipsosporum FY 150125

respectively.

The phytochemical profiling of Nostoc spp. showed the presence of varying
quantities of alkanes. Octadecane, heptadecane, hexadecane, heptylpentadecane and
tetradecane are the different alkanes identified from Nostoc spp. The most dominant
alkane percentage is tetradecane (22.5%) followed by heptadecane (13.90%) in
Nostoc sp. CU150191 and the most common alkane in all the species is

heptadecane. Guanosine is an alkaloid constructed with a guanine base, which is
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present in N. punctiforme with 75.86% of quantity, and also in Nostoc sp.
CU150191 (18.97%). 3-deoxy mannitol is an aliphatic alcohol identified with
26.64% in N. ellipsosporum FY150125.

6.2.3 Phylogenetic analysis based on chemical profile

The methanolic extracts of Nostoc spp. showed similarity in the chemical
composition of alkanes, diterpenes and fatty acid methyl esters. The constructed
dendrogram showed the phylogenetic relation of the identified Nostoc spp.
Heptadecane, phytol and neophytadiene are the major common bioactive
compounds identified in all the Nostoc species. The dendrogram derived from the
active compounds generated two main clusters (Fig. 6.6). Cluster 1 is subdivided
into sub-clusters as N. ellipsosporum FY 150125, Nostoc sp. CU150191 and Nostoc
punctiforme FY150188. In cluster 1 N. ellipsosporum FY150125 and Nostoc sp.
CU150191 showed more similarity in compounds and was considered a sister group.
Cluster 2 consists of Nostoc sp. CU150162, which contains more bioactive

compounds compared to other selected Nostoc spp.

N. ellipsosporum \

Nostoc sp. CU150191 >— Cluster 1

N. punctiforme _/

Nostoc sp. CU150162 } Cluster 2

Fig. 6.6 UPGMA (Unweighted Pair Group Method with Arithmetic averages) based
dendrogram of Nostoc spp. based on GC-MS analysis of methanolic extracts. Data
analyzed using PAUP software.
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6.2.4 Principle component analysis (PCA) of the chemical compounds from

different Nostoc species

A comparison of the percentage of phytoconstituents present in different
Nostoc spp. was carried out using Principal Component Analysis (PCA). PCA is a
multivariate explanatory method used for data dimensionality reduction and is used
to compress the data based on their similarities and dissimilarities. In this study, the
correlation circles and biplot of PCA were constructed using XLSTAT statistical
software. The data matrix consists of 26 rows (phytoconstituents) and 4 columns
(percentage of compounds in different Nostoc spp.) subjected to PCA analysis. The
first two factors of PCA represent 71.85% of the initial variability of the data and are
used for the map construction. The first map of correlation circles of Nostoc spp.
based on the percentage of phytoconstituents (Fig. 6.7) showed a projection of the
initial variables in the factor space. The result of correlation circles of PCA showed
N. punctiforme and Nostoc CU150191 are significantly positively correlated (close
to 1) in the phytoconstituent content and N. ellipsosporum and Nostoc CU150162
are negatively correlated (close to -1). The horizontal axes are linked with M.
punctiforme and Nostoc sp. CU150191. N. ellipsosporum and Nostoc sp. CU150162
is linked with the vertical axis. The results are interpreted as the positively correlated
variables (N. punctiforme and Nostoc sp. CU150191) are grouped together and
negatively correlated species are positioned on opposite sides of the plot origin (M.

ellipsosporum and Nostoc sp. CU150162)

The Biplot of PCA is a representation of the interrelationship and
congruence of variables and observations in a PCA space. The longer lines of the
biplot denote high variance and the angles between the lines indicate the correlation
between the variables. The Nostoc spp. are considered as variables and the relative
quantity of phytoconstituents represented as observations (Fig. 6.8). The F1
component contributes 40.20% of the variability, while F2 contributes 31.65%. The
lines and dots in the biplot indicate the Nostoc spp. and phytoconstituents
respectively. The result of the biplot demonstrates that the variables, N. punctiforme

and Nostoc sp. CU150191 are positively correlated (angles between them are small)
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based on compound quantity and N. ellipsosporum is negatively correlated to Nostoc
sp. CU150162 (angle between them is 180°). The distance between two points in the
biplot indicates the Euclidean distance between the two compounds in the
multivariate space. Compounds far away from the center have high Euclidean
distance, and vice versa. The distance of a variable from the biplot center positively
correlates to relative importance. The distance obtained for each of the compounds
from center is less, which indicates the compound contained in Nostoc spp. with a
low percentage quantity. Guanosine from N. punctiforme has a high percentage
quantity (75.86%) when compared to all other compounds and it is clear from the
biplot, that the dot denoting guanosine is positioned far away from the center of the
biplot. Most of the fatty acid methyl esters and alkanes from Nostoc spp. are present
in moderate quantity percentages, so in the biplot, the fatty acids and alkanes are

positioned near the center.
6.2.5 Agglomerative hierarchical clustering analysis (AHCA)

The agglomerative hierarchical cluster analysis (AHCA) is a multivariate
explanatory method of cluster analysis that builds a hierarchy of clusters using
agglomerative functions. The agglomerative hierarchical cluster analyses according
to Ward’s method (ANOVA based approach) with squared Euclidean distances are
subjected to detect multivariate homogeneity and multivariate heterogeneity
concerning the percentage of compounds identified from different Nostoc spp. The
dendrogram constructed shows how the algorithm works to group the observations,
and then the subgroups of observations. In the present study, algorithm has
successfully grouped all the observations. The use of agglomerative hierarchical
cluster analysis for studying the quantity of compounds from Nostoc spp. yielded a
dendrogram (agglomerative bottom-up tree-like structure), with four statistically
significant clusters (Fig. 6.9). Cluster 1 consists of 3-deoxy-d-mannitol, isobutyl
caproate, heptadecane and lupeol, cluster 2 consists of propyl hexanoate, lupan-3 yl-
acetate, heptadecane, 3-methyl, 3,7,11,15-tetramethyl-2-hexadecen-1-0l, phytol
acetate, methyl palmitate, 10-octadecenoic acid, methyl ester, methyl stearate,

heptadecane,4-methyl, hexadecane, 4-methyl, octadecane, 4-methyl, 8-
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heptylpentadecane, methyl palmitoleinate, 9,12-octadecadienoic acid, methyl ester,
8,11,14-docosatrienoic acid, methyl ester, methyl lignocerate, cluster 3 consists of
neophytadiene, phytol, tetradecane, 5S-methyl and cluster 4 consist guanosine. All the

fatty acids methyl esters identified from different species are grouped in cluster 2.

Variables (axes F1 and F2: 71.85 %)

. CU150162

F2 (31.65 %)

-0.25
Nostoc sp. CU150491)

-0.5

Nostoc ellipsosporum punctiforme

-0.75

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
F1(40.20 %)

| ® Active variables |

Fig. 6.7 PCA: Projection of the variables on the factor plane (Correlation circles of
Nostoc spp.)
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o Isabutyl Samrone ¢
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3- deoxy-d-mannitol
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3 Guanosine
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Fig. 6.8 PCA: Biplot of the principal component analysis of the different Nostoc
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Fig. 6.9 Dendrogram for the agglomerative hierarchical clustering analysis (AHCA)

using Ward’s clustering algorithm.
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6.2.6 Heat map clustering phytoconstituents of Nostoc spp.

A clustered heat map is a coloured visualization tool that is widely used in
biological sciences as it allows the synthesis of large sets of information compactly
and with coherence. In this study, a clustered heat map was constructed based on the
quantity of compounds present in Nostoc spp. using the statistical software XLSTAT
and the colours red to green through black colour were the options of the heat map
(Fig. 6.10). In the heat map, the default colour gradient sets the lowest value in
bright red, the highest value to bright green, and mid-range values to black, with a
corresponding transition (or gradient) between these extremes. Bright red stands for
a lower quantity of compounds, bright green for a high quantity and black for
intermediate values. The heat map chart clustered the compounds in rows and
Nostoc spp. in columns. The heat map grouped 24 compounds into two main
clusters and four sub-clusters (left dendrogram) corresponding to the percentage of
compounds. In the main cluster I, nine compounds, methyl stearate, 10-octadecenoic
acid, methyl palmitate, heptadecane 4-methyl, tetradecane 5-methyl, octadecane 4-
methyl, hexadecane 4-methyl, docosatrienoic acid, 9,12-octadecedienoic acid,
methyl palmitoleinate, 8-heptylpentadecane, methyl lignocerate, 3,7,11,15-
tetramethyl-2-hexadecen-1-ol, phytol and neophytadiene were grouped. All the fatty
acid methyl esters are grouped in cluster 1. The remaining 9 compounds such as
guanosine, lupeol, deoxy mannitol, isobutyl caproate, propyl hexanoate, lupan-3-yl
acetate, heptadecane, heptadecane 3-methyl and phytol acetate are grouped in cluster
2. Nostoc spp. based on the percentage of compounds is grouped into 2 clusters
(upper dendogram) and cluster 1 on the left consists of spp. N. ellipsosporum, N.
punctiforme and Nostoc sp. CUI150191 and cluster 2 consist of Nostoc sp.
CU150162. Red large rectangle on the left side of the heat map shows that the
identified percentage of compounds in that area is low for the species viz, N.
ellipsosporum, N. punctiforme and Nostoc sp. CU150191. In other words, the
compounds from Nostoc sp. CU150162 are relatively high percentage for the bottom
cluster of compounds and a relatively low concentration for the top cluster of

compounds.
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Fig. 6.10 Heat map visualization showing correlation of metabolites peaks identified
from Nostoc spp. using GC-MS. Hierarchical clustering was performed on both
Nostoc spp. and compound quantities. Green colour indicates Z-scores > 1, black
scores indicate Z-scores = 0.1 and red indicates Z-scores < -1.

Nostocpunctiforme
MNeostocsp, CU150191

6.2.7 Venn diagram of the phytoconstituents of Nostoc spp.

A Venn diagram (Fig. 6.11) depicts the graphical representation of similar
and dissimilar compounds in Nostoc spp. generated using the software Biovnici 2.0.
Circles that overlap have a commonality (inner circles) while circles that don’t
overlap do not share the compounds. Among the identified compounds, phytol,
neophytadiene and heptadecane are the common compounds in all Nostoc spp. In

the Venn diagram, it is clear that three compounds were identified in all selected
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species. In the case of Nostoc sp. CU150162, fourteen compounds are identified

using GC-MS and among them, 7 compounds are only present in that species.

N. ellipsosporum FY150125 N. punctiforme FY150188

Nostoc sp. CU150162 Nostoc sp. CU150191
Hexadecane, 4-methyl
Octadecane, 4-methyl
8-heptylpentadecane
Methyl palmitoleinate
8,11.14-docosatrienoic acid,

Heptadecane, 3-methyl methyl ester
Phytol acetate aa—— 4 e W Methyl lignocerate

4 2 7 k" 9.12-octadecadienoic acid.
3,7.11,15-tetramethyl-2- methyl ester
hexadecene-1-ol 4

. 0 0

Methyl palmitate
Methyl stearate
10-octadecenoic /5 0 0 1-—— » Tetradecane,

. / 5-
acid, methyl ester ~ / 3-methyl

/ 9
0 S - > Guanosine
3-deoxy-d-mannitol 0 0\‘\_\
Isobutyl caproate - Heptadecane
Propyl hexanoate 0 Neophytadiene
Lupan-3-yl-acetate Phytol

Lupeol

Fig. 6.11 Venn diagram comparing the similar and dissimilar compounds in
different species. The numbers indicate the number of shared compounds between
Nostoc species.

Discussion

Cyanobacteria have chlorophyll-a as a major pigment for harvesting light
and conducting photosynthesis. Quantification of chlorophyll-a can be used as a
standard for assessing the growth and photosynthesis in filamentous cyanobacteria,
where the number of cells cannot be counted directly (Li ef al., 2014). Serpa and
Calderon (2006) also supported that the amount of chlorophyll is positively
correlated with cell density or biomass. Chlorophyll-a content of N ellipsosporum,
N. punctiforme and Nostoc sp. CU150162 was higher than N. spongiaeforme
(1.76£0.00 pg/ml) (Ojit et al., 2012). The results of chlorophyll-a content of Nostoc
spp. analysed in our study are very much supported by the earlier report of Silvia et

al. (2015). In the present study, among the selected species least chlorophyll content
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was reported in Nostoc sp. CU150191 (1.50+£0.01 pg/ml) incongruence with Silvia
et al., (2015), who reported the chlorophyll content of Nostoc sp. BTA972 from
Manipur possesses the least chlorophyll content (1.224+0.01 pg/ml).  The
chlorophyll-a content of N. ellipsosporum isolated from Loktak Lake in Manipur
was reported to be higher than in the present study, which was 2.82+0.07 ug/ml on
the exponential period. In this study, the chlorophyll content was found to be
maximum on the 21% day of incubation. The present observations are in
corroboration of an earlier work (El-Hameed et al., 2021) which proved that the
chlorophyll content of N. muscorum was maximum on the 21% day of incubation.
Similarly, Bortoli et al. (2014) also reported that, the growth of cyanobacteria was

maximum on the 21% day of incubation.

Cyanobacteria are utilised as a source of biologically active compounds. The
cyanobacterial genus Nostoc produces a wide range of secondary metabolites with
antibacterial, antifungal, anti-tumor, enzyme-inhibiting, immunostimulant,
nematicidal, insecticidal and herbicidal activities (Rawat and Bhargava, 2011). In
the present study, GC-MS analysis was done for the biochemical characterization of
Nostoc spp., to separate, identify and quantify the bioactive constituents of long-
chain, branched-chain hydrocarbons, alcohols, acids, esters, etc. The GC-MS
analysis of Nostoc spp. revealed the presence of 24 bioactive compounds. From the
GC-MS analysis, it is obvious that the methanolic extract of Nostoc spp. is rich in
biologically active constituents. Among the identified phytochemicals produced by
Nostoc spp., phytol is present in all four Nostoc spp. in varying concentrations and
Nostoc sp. CU150191 produced a higher percentage of phytol. Phytol is an acyclic
diterpene alcohol and is a product of chlorophyll metabolism that can be used as a
precursor for the manufacture of synthetic forms of vitamin E and vitamin K
(Daines, 2003; Netscher, 2007) used in treating arthritis (Ogunlesi et al., 2009).
Phytol also has an important role in cosmetics and detergent production as a natural
compound. In addition, phytol is used as cytotoxic, anti-inflammatory, anti-diabetic,
anti-hyperalgesic, antibiotic, chemotherapeutic, antimicrobial, anti-tumour,

antifungal, antimutagenic, anti-teratogenic, anticonvulsant, anti-schistosomal, lipid
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restriction, antiplasmodic, antidepressant and as an immune adjuvant (Ghaneian et
al., 2015; Taj et al., 2021). Moreover, this compound is a safe food additive, also
observed in Spirulina platensis, which is a well-known cyanobacterium used
commercially as a dietary supplement. N. muscorum and N. punctiforme also

showed the presence of phytol (Abdel-Hafez et al., 2015; Gupta et al., 2015).

Neophytadiene (diterpenoid) is another essential oil found in all Nostoc spp.,
with the highest quantity in Nostoc sp. CU150162. It has multiple functional
properties including antioxidant, anti-inflammatory, analgesic, antipyretic, and
antimicrobial activities (Raman et al., 2012; Palic et al., 2002) hence used in the
treatment of headache, rheumatism and some skin diseases (Suresh et al., 2010).
Dikhoba et al., (2019) reported that natural plant products such as neophytadiene
and palmitic acid are potential agents used as synthetic fungicide substitutes. GC-
MS analysis of N. linckia showed the presence of neophytadiene with 0.83% and the
study concluded that the antioxidant and antitumour activity of the species

(Ramadan et al., 2021).

Heptadecane, long-chain normal paraffin derived from octadecanoic acid
(C1sH3602), present in the crude extracts of cyanobacteria and plants exhibited
antimicrobial and antifungal activities (Amudha et al., 2018). Zhou et al. (2020),
first reported the inhibitory effects of heptadecane, octadecanoic acid, and
palmitoleic acid against Rhizoctonia solani. Ozdemir et al. (2004) documented that
Spirulina platensis consisted of heptadecane (39.70%) and tetradecane (34.61%)
which can inhibit bacterial and fungal growth. All the Nostoc spp. studied are
excellent sources of heptadecane though with variations. Among them, Nostoc sp.
CU150191 showed the highest quantity, followed by Nostoc ellipsosporum, Nostoc
punctiforme, and Nostoc sp. CU150162.

Mannitol is a polyol used in food and pharmaceutical industries as a sweetener
and antioxidant respectively, and is of high commercial value (Saha and Racine,
2011) and cyanobacteria produced mannitol via direct conversion of CO,. 3-deoxy-
d-mannitol is an aliphatic alcohol identified in N. ellipsosporum with a high quantity

(26.64%). Torrez-Maza et al. (2020), also reported the presence of mannitol in
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Nostoc species. In the present study, lupeol was detected in N. ellipsosporum, and it
is a therapeutic and chemopreventive agent for the treatment of inflammation and
cancer. Various studies showed that the anti-inflammatory activity of lupeol through
the modulation of p-38 pathways inhibits neuroinflammation in the cerebellum and
induces neuroprotection. It has the potential to act against different types of cancers
such as human prostate, breast cancer, skin, liver, lung and blood cancer (Sharma et

al., 2020). Mannitol is also essential for root nodule formation (Delis ef al., 2011).

Fatty acids and lipids can be used as an important tool to determine the
taxonomic position and are also useful in deciphering the relationship with
morphological properties of cyanobacteria (Li and Watanabe, 2004; Dembitsky and
Rezenka, 2005). The fatty acid profile of cyanobacteria is quite varied with marked
differences occurring even within the same genus (Murata et al., 1992).
Cyanobacteria contain many important fatty acids such as linolenic, linoleic,
palmitic acid, stearic acid, oleic acid and arachidonic acids, which are prerequisites
for healthy growth and insecticidal activities (Lopez et al., 2012). Fatty acids and
their derivatives directly inhibit the growth of plant pathogens within the
rhizosphere, and improve the environment of the plant rhizosphere aiding in
reducing the occurrence of crop diseases and promoting growth (Davis et al., 1997;
Liu et al., 2008; Liu et al., 2012). Methyl palmitate, has pesticidal activity and insect
repellent capacity (Ananya et al., 2016). This compound is safe for vertebrates, as it
is widely used in food, pharmaceuticals, cosmetic and industrial applications
(Pearson, 2010). Wang et al., (2009) isolated methyl palmitate from the green
walnut husk and suggested methyl palmitate as a promising botanical miticide.
Methyl palmitate identified from the three Nostoc spp. is consistently present in
higher levels (Borah ef al., 2016) in N. carneum, N. hatei, and N. muscorum. In our
study, high quantity methyl palmitate was present in N. punctiforme and Nostoc sp.
CU150162. Linoleic acid (9, 12-Octadecadienoic acid, methyl ester) and stearic acid
(Methyl stearate) have insecticidal activity against Spodoptera frugiperda, an insect
that infests cotton, corn, and many grass crops (Lopez et al., 2012). The present

study identified these two compounds in Nostoc sp. CU150162 and N. punctiforme.

Polyunsaturated fatty acids (PUFAs) production is a characteristic of
eukaryotic organisms (algae and higher plants), whereas SAFAs (saturated fatty
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acids) and MUFAs (monounsaturated fatty acids) are the only constituents of the
bacterial fatty acid profile. Cyanobacteria share characteristics of both bacteria and
algae, as, some of the species of cyanobacteria do not produce PUFAs resembling
the eubacteria and others synthesize PUFAs as algae (Caudales et al., 2000). The
analysis of chemical components of the Nostoc spp. revealed the presence of
monounsaturated and polyunsaturated fatty acids. Among the various fatty acids
identified from the Nostoc sp. CU150162, octadecadienoic acid and docosatrienoic
acid are the polyunsaturated fatty acids (PUFA) known to exhibit anticancer, anti-

inflammatory, vasodilator and antimicrobial properties (Bano and Deora, 2020).

The GC-MS analysis of N. punctiforme and Nostoc sp. CU150162 showed
the presence of 10-octadecanoic acid, methyl ester used as a plant defense substance
against pathogens (Bihana et al., 2018). The present finding is in congruence with
the report of Shukla et al. (2015), in which octadecanoic acid was identified in
Nostoc spp. Furthermore, this compound exhibited potent cytotoxicity in all human
gastric tumors, hepatocellular carcinoma and leukemia cell strains (Yu et al., 2008).
Generally, the major FAMEs in cyanobacteria are palmitoleic, hexadecadienoic,
palmitic, stearic and oleic acid. Based on the differences in their composition
cyanobacteria are classified into four groups (Kenyon et al., 1972; Murata et al.,
1992); the first group organisms are devoid of PUFA and contain SAFA and
MUFA; the second and third groups contain either a-linolenic acid or y-linolenic

acid, respectively and the fourth group contains octadecatetraenoic acid.

Cyanobacteria are used as a promising feedstock for carbon-neutral biofuels
due to their ability to accumulate large quantities of neutral lipid (20-50%) stored in
cytosolic lipid bodies (Halim et al., 2013; Mutanda et al., 2011). Therefore, these
photosynthetic microorganisms can potentially be employed for the economically
effective and environmentally sustainable production of biofuels. Cyanobacteria are
regarded as a more viable solution for biofuel production in comparison to other
microorganisms (Ruffing, 2014). The GC-MS analysis of Nostoc spp. revealed the
presence of a wide spectrum of fatty acid methyl esters (FAME) such as methyl

palmitate, methyl palmitoleinate, methyl stearate, 10-octadecenoic acid methyl ester,
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9,12-octadecenoic acid methyl ester, 8,11,14-docosatrienoic acid methyl ester, 10-
octadecadienoic acid methyl ester and methyl lignocerate. In addition, FAME
profiling of Nostoc sp. grown in pulp and paper wastewater showed the presence of
various fatty acids like myristic acid, palmitic acid, palmitoleic acid,
hexadecadienoic acid, stearic acid, oleic acid, linoleic acid and linolenic acid
(Kimani, 2016). Cyanobacterial strains with these constituents are more suitable for
biofuel applications. The GC-MS chromatogram of Nostoc sp. CU150162 showed
the presence of FAME components including palmitic acid, palmitoleic acid and
stearic acid. Peramuna and Summer (2014) analyzed the fatty acid composition of V.
punctiforme and investigated the major fatty acids such as hexadecanoic acid and
octadecanoic (stearic) acid, with a trace amount of phytol acetate also detected using
GC-MS. Similarly, hexadecanoic acid, octadecanoic acid and phytol were also

isolated from N. punctiforme.

Alkane hydrocarbon, heptadecane is one of the major components of
petrodiesel and this cyanobacterium-derived alkane can be used directly as a
biodiesel component, without converting triglycerides into liquid hydrocarbons
(Knothe, 2010). Cyanobacteria can synthesize hydrocarbons such as long-chain
C15—C19 alkanes and alkenes, mainly C15 and C17 and these compounds have been
detected in the cyanobacterial thylakoid and cytoplasmic membranes, and their
functions are related to membrane flexibility (Lea-Smith et al., 2016). GC-MS
analysis of Nostoc sp. KNUAOO3 showed the presence of heptadecane (C;,H3s),
along with other common microalgal fatty acids such as palmitic acid, palmitoleic
acid, linoleic acid and linolenic acid, which are major components of biodiesel
(Hong et al., 2018). Previously, this hydrocarbon was observed in the extracts of
Nostoc sp. CENA175 (5.1%) and Nostoc punctiforme PCC73102 (Armstrong,
2019). In our study, heptadecane is detected in all Nostoc spp. with Nostoc sp.
CU150191 and N. ellipsosporum produced a high quantity of heptadecane.

According to Thacker and Paul (2004), secondary metabolite profiles have
recently been utilised to classify cyanobacteria with traditional morphological

taxonomy. The present study showed that the species N. ellipsosporum FY 150125,
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N. punctiforme FY150188, Nostoc sp. CU150162 and Nostoc sp. CU150191,
collected from Kerala, can be recognized as a group that represents an analogous
chemotaxonomic basis which is characteristic of the family Nostocaceae. Dembitzky
and Rezanka (2005) demonstrated the importance of fatty acids, hydrocarbons and
other compounds in the chemotaxonomy of cyanobacteria at the genus and subgenus
levels. Likewise, Shukla et al. (2012) constructed a dendrogram based on FAME
profiling and seven comprehensive parameters (percentage of SAFA, MUFA,
PUFA, the ratio between MUFAs/ PUFAs, SAFAs/MUFAs, and the degree of
unsaturation) of the cyanobacterial strains. The cluster analysis indicated that the
FAME profiling of cyanobacterial strains might be used to study the cyanobacterial
diversity at the genus and species level. According to the present study, the
phylogenetic relationship using the chemical composition of Nostoc spp. revealed
the close relationship of M. ellipsosporum and N. punctiforme, both of them
considered as a single cluster. This observation is corroboration with the earlier
report by Ghosh and Badury (2021), as the whole genome analysis of N.
ellipsosporum strain NOK showed a close relationship with N. punctiforme strain

PCC73102.

Principal component analysis (PCA) and hierarchical cluster analysis (HCA)
are the most popular multivariate explanatory techniques. It is used to reduce the
number of parameters and retain only those which are the most significant for the
explanation of some phenomena (Milovanovic ef al., 2015). Most often these two
techniques are applied in solving classification problems (Ragno et al., 2007). In
PCA, the smaller angle between the arrows indicates a high positive correlation
between the variables (Celis-Pla ef al., 2021). In our study, the angle between M.
punctiforme and Nostoc sp. CU150191 was less than 90°. The results also showed
that the two species are positively correlated, and the results of the heat map also
supported this. In PCA, factor 1 and factor 2 accounted for 40.20% and 31.65% of
the variation, respectively, also suggesting the validity and reliability of the method.
Previous comparative analysis also demonstrated the first two factors are valid for

PCA analysis of wvolatile compound concentration in selected strains of
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cyanobacteria (Milovanovic et al., 2015) and the study also recommended that both
techniques are best for the grouping of strains using the type and concentration of

volatile compounds.

Ward’s method and the Euclidean distance metrics are the most suitable and
efficient strategies for hierarchical cluster analysis (Punj and Stewart, 1983;
Rencher, 2002; Tamasauskas et al., 2012). In this study, AHCA with Ward’s
method and Euclidean distance was employed for cluster analysis. HCA uses an
appropriate metric as a measure of the distance between pairs of observations
(Erisoglu et al., 2010). The dendrogram of HCA serves as a summary of the distance
matrix and reveals the similarities and differences between individuals in each
cluster, it is corroborated with the present study in which all fatty acids formed a
single cluster. The Euclidean distance of HCA was used as a measure for the
similarity and dissimilarity between the compounds. Yerel (2010) also reported that
the selection of Euclidean distance as a distance measure and the Wards method as a
linkage rule produced the most distinctive groups. Large Euclidean distances
indicated heterogeneous clusters whereas short Euclidean distances indicated
homogeneous clusters (Ukpatu et al., 2015). The present study suggested cluster 2
(displayed in blue colour) is more homogeneous than other clusters. Cluster
heatmaps are mostly used to reveal the hierarchical clusters in data matrices (Engle
et al., 2017). The clustered heatmap of Nostoc spp. constructed based on the
percentage of compounds that showed similarities with the chemotaxonomic
dendrogram of Nostoc spp. constructed using PAUP software based on the presence
of compounds. In both, the four species are grouped in two clusters. N.
ellipsosporum, N. punctiforme and Nostoc sp. CU150191 grouped in one cluster and
Nostoc sp. CU150162 grouped in another cluster. Likewise, clustered heatmaps have
been used by several researchers in cyanobacteria for the hierarchical classification

of metabolites (Le-Manach et al., 2019: Le-Moigne et al., 2021).

176



CHAPTER 7
ASSESSMENT OF NOSTOC SPECIES AS A BIOFERTILIZER FOR
RICE VARIETIES JYOTHI AND ANNAPURNA

7.1 Abstract

Modern agriculture relies heavily on applying synthetic fertilizers and
pesticides, intensive tillage, and excess water consumption causing environmental
problems including the deterioration of soil fertility. Therefore, to increase
agricultural production, it is necessary to find an alternative technology that
enhances the output by utilizing limited resources without destroying environmental
quality. The application of cyanobacterial biofertilizers in paddy fields would be an
eco-friendly approach, contributing to the development of sustainable agriculture.
In rice fields, nitrogen-fixing cyanobacteria are important microbial members that
are employed as bio-inoculants for enhancing fertility, beneficial for growth, and
nutrient uptake, and exhibit induced resistance or antagonism towards pathogens,
improving the structure of soils and crop yields. The present investigation aimed to
analyse the effect of Nostoc spp. in rice plant growth and the species that promotes
better plant growth. Bio-priming of seeds with different Nosfoc inoculum enhanced
seed germination, shoot and root length of seedlings. The morphological and
biochemical characters of rice varieties Jyothi and Annapurna were significantly
affected by the inoculation of N. ellipsosporum FY150125, N. punctiforme
FY150188, Nostoc sp. CU150162 and Nostoc sp. CU150191. Germination
parameters were evaluated in lab conditions and pot experiments were conducted for
the assessment of morphological and biochemical characters. Statistical data
analysis using SPSS 23.0 software revealed that the morphological and biochemical
characters of rice varieties treated with different Nostoc inoculums showed a

statistically significant (p<0.05) effect.
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7.2 Results

7.2.1 Effects of Nostoc spp. on the growth of rice varieties Jyothi and

Annapurna

7.2.1.1 Effects of bio-priming on seed germination of rice seeds with Nostoc

SpPpP.

Surface sterilized rice seeds were bio-primed with 1% of Nostoc spp. to
improve the seed germination of rice varieties. Rice seeds were bio-primed with
different Nostoc spp. and hydroprimed seeds as control. The rice seeds treated
with different Nostoc spp. germinated faster than the control (Table 7.1). Compared
to the effects of all other species, Nostoc sp. CU150162 showed the highest seed
germination during 24 hrs of incubation, followed by N. ellipsosporum FY 150125 in
both the varieties. Jyothi variety bio-primed with Nostoc sp. CU150162 showed
97.22% and Annapurna variety with 94.21% of seed germination (Fig. 7.1).

Table 7.1 Effects of bio-priming with Nosfoc spp. on seed germination of rice
varieties Jyothi and Annapurna.

Treatments Seed germination Seed germination percentage
percentage in Jyothi rice | in Annapurna rice seeds (%)
seeds (%)
N. ellipsosporum 88.88+2.77% 91.11+0.44%
FY150125
N. punctiforme 86.11+5.55" 91.11+0.44%
FY150188
Nostoc sp. 97.22+£2.77% 94.21£1.92%
CU150162
Nostoc sp. 86.11£2.77" 89.77+0.44°
CU150191
Control 75.00+4.81° 87.55+0.44°

Values are given as mean+SE for each treatment. The letters indicate the different
Tukey’s grouping and the significant difference is p<0.05.
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Fig. 7.1. Effects of different bio-priming treatments on the seed germination of rice
varieties Jyothi and Annapurna. The letters indicate the different Tukey’s grouping
and the significant difference is p<0.05.

7.2.1.2 Effects of bio-priming on the morphological parameters of rice seedlings

with different Nostoc spp.

Morphological characters like shoot length and root length were analysed on
the 14" day old seedling (Tables 7.2 & 7.3). The best plant height after 14 days was
recorded in the plants raised from seeds bio-primed with Nostoc sp. CU150162
(10.46+0.17 cm) followed by N. ellipsosporum FY 150125 (9.96+0.44 cm) in Jyothi
(Fig. 7.2A-7.2B). Compared to all treatments shortest plant height was found in the
seedlings of hydro-primed seeds. The effect of bio-priming on root length showed a
significant difference within the treatments. The control plants produced
(6.166+0.28 cm) shortest roots. In the Annapurna variety, the highest shoot length
(11.23£0.14 cm) and root length (6.80+0.88 cm) were observed in seedlings treated
with Nostoc sp. CU150162 compared to other treatments (Fig. 7.2C-7.2D). In
general, rice seeds bio-primed using Nostoc spp. had better seedling growth than

hydro-primed seeds during the 14" day.
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Table 7.2 Effects of bio-priming on the morphological characters of rice variety

Jyothi on the 14™ day.

Treatments Shoot length (¢em+SE) | Root length (cm+SE)
N. ellipsosporum FY150125 9.96+0.44% 7.83+1.04%®
N. punctiforme FY150188 9.46+0.46% 7.83+0.28%®
Nostoc sp. CU150162 10.46+0.17% 9.33+0.76*
Nostoc sp. CU150191 9.20+0.37% 7.50+1.30%°
Control 8.43+0.49° 6.16+0.28°

Values are given as mean+SE for each treatment. The letters indicate the different

Tukey’s grouping and the significant difference is p<0.05.

Shoot and root length (cm) £ SE

Shoot length

Root length

Treatments

M N. ellipsosporum

H N. punctiforme

i Nostoc sp. CU150162
M Nostoc sp. CU150191

i Control

Fig 7.2A Effects of bio-priming on the morphological characters of rice variety
Jyothi on the 14" day. Values are given as mean=SE for each treatment. The letters
indicate the different Tukey’s grouping and the significant difference is p<0.05.
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Fig. 7.2B Effects of treatments with a) Control b) N. punctiforme FY150188 ¢) N.
ellipsosporum FY 150125 d) Nostoc sp. CU150162 e) Nostoc sp. CU150191 on the
morphological characters of Jyothi seedlings.

Table 7.3 Effects of bio-priming on the morphological characters of rice variety

Annapurna on the 14" day.

Treatments Shoot length (cm+SE) | Root length (¢cm*SE)
N. ellipsosporum FY150125 10.8+0.20? 5.50+0%

N. punctiforme FY150188 10.55+0.24% 5.30+0.33%
Nostoc sp. CU150162 11.23+0.14* 6.80+0.88?
Nostoc sp. CU150191 10.53+0.122 5.20+0.16%
Control 9.5+0.25" 3.80+0.37°

Values are given as meantSE for each treatment. The letters indicate the different

Tukey’s grouping and the significant difference is p<0.05.
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Fig. 7.2C. Effects of bio-priming on the morphological characters of rice variety
Annapurna on the 14" day. Data presented as mean+SE for each treatment. The
letters indicate the different Tukey’s grouping and the significant difference is
p<0.05.

Fig. 7.2D Effects of treatments with a) Control b) N. punctiforme FY 150188 c¢) N.
ellipsosporum FY 150125 d) Nostoc sp. CU150162 e) Nostoc sp. CU150191 on the
morphological characters of Annapurna seedlings.

7.2.1.3 Effects of different Nostoc spp. on the morphological and biochemical

characteristics of rice varieties.

A pot experiment was conducted to determine the effects of Nostoc spp. on
the growth characteristics of rice varieties in the field. 14-day-old bio-primed
seedlings of rice varieties were transplanted to sterilized soil for further analysis of

plant growth. After 7 days of transplantation, 1g of wet Nostoc inoculum was added
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to lkg of sterilized soil. After 14 days of treatment, Nosfoc species multiplied in the
soil and morphological and biochemical characteristics of Jyothi and Annapurna
plants were analysed. On the 7%, 14™ and 21% days after the multiplication of the
Nostoc cultures, the morphological and biochemical characters of plants were

determined.

Morphological characters such as shoot length, leaf number, leaf length and
leaf breadth were analysed. In the Jyothi variety, the effect of different Nostoc spp.
on plant height showed a significant difference within the treatments and days of
treatment (p<0.05). The shoot length of the inoculated plants increased during
different intervals (Table. 7.4). Plants treated with Nostoc sp. CU150162 showed the
highest plant height on the 21 day (108+1.00 cm) followed by N. ellipsosporum
FY150125 (91.66+0.88 cm), N. punctiforme FY150188 (86.66+£1.66 cm) and Nostoc
sp. CU150191 (82+2.0 cm) (Fig. 7.3A). Nostoc spp. treated with the Jyothi variety
showed a significant effect on the leaf number, leaf length and leaf breadth
compared to the control plants on the 7%, 14" and 21% days (Fig. 7.3B-7.3C).
Among various treatments, seedlings treated with Nostoc sp. CU150162 were better

in leaf number, leaf length and leaf breadth during different incubation periods.

120 a
¢ 100
+I
€ 80
U .
= H N. ellipsosporum
% 60
s H N. punctiforme
= 40
§ i Nostoc sp. CU150162
< 20
v M Nostoc sp. CU150191
0 i Control
Treatment Days A

183



Assessment of Nostoc species as a biofertilizer for rice varieties Jyothi and Annapurna

16
14
w12
(72}
10
g M N. ellipsosporum
[ .
3 H N. punctiforme
"g i Nostoc sp. CU150162
-

M Nostoc sp. CU150191

i Control

o N b O

B

1.6 a
w 1.4
)
H 12
E .
< H N. ellipsosporum
5 0.8
® 06 H N. punctiforme
go
% 0.4 i Nostoc sp. CU150162
Q
= 02 M Nostoc sp. CU150191
0 - i Control
7 14 21
Treatment Days C
80 3
70
[1F]
§i 60
§ 50 .
- H N. ellipsosporum
< 40
g 30 H N. punctiforme
Q2
% 20 k4 Nostoc sp. CU150162
Q
= 10 M Nostoc sp. CU150191
0 i Control
7 14 21 D
Treatment Days

Fig. 7.3A-7.3D Effects of Nostoc spp. on the growth parameters of rice variety
Jyothi on the 7, 14" and 21* day of intervals. Data presented as mean=SE for each
treatment. The letters indicate the different Tukey’s grouping and the significant
difference is p<0.05. A) Shoot length B) Leaf number C) Leaf breadth D) Leaf
length.
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Table 7.4 Effects of Nostoc spp. on the morphological characters of rice variety Jyothi on the 7%, 14" and 21% day of intervals.

Morphological characters Days N. N. punctiforme Nostoc sp. Nostoc sp. Control
ellipsosporum FY150188 CU150162 CU150191
FY150125

Shoot length (cm=SE) 7 61£1.00° 56.66+0.33% 68.66+0.33% 52+1.52¢ 47.33+1.20¢
14 80.3+0.57° 75.6620.66 91.66+1.66% 66.66+1.66° 60.33+1.20¢
21 91.66+0.88° 86.66+1.66 108+1.00° 82+2.0° 72+1.15¢

Leaf number 7 8.00+0P 7.00£0° 9.33+0.33° 7.00+£0° 6.00+04
14 9.66+0.33" 8.33+0.33° 11.00+0? 8.33+0.33° 7.33+0.334
21 12.00+0.57° 10.33+0.33¢ 13.33+0.33? 9.66+0.33° 8.66+0.334

Leaf length (cm=SE) 7 37.86+0.13° 34.66+0.66° 40.33+1.20° 33.33+1.33¢ 29.33+0.33¢
14 51.66+1.66° 43.33+0.66° 60.66+0.33% 41.66+0.33° 37.33+0.33¢
21 64.00+2.08° 60.33+1.45¢ 72.33+1.45° 56.33+0.33° 44.66+1.45¢

Leaf breadth (cm=SE) 7 0.86+0.03° 0.80+0° 1.016+0.05* 0.80+0° 0.68+0.03¢
14 1.1+0° 0.933+0.03° 1.3040.052 0.93+0.03¢ 0.83+0.03¢
21 1.26+0.03° 1.10+0.03¢ 1.50+0? 1.06+0.63¢ 0.967+0.06¢

Values are given as mean+SE for each treatment. The letters indicate the different Tukey’s grouping and the significant difference is

£<0.05.
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Significant differences were observed in the morphological characters of the
Annapurna rice variety on the 7%, 14" and 21° day of treatments (Table 7.5). Plants
treated with Nostoc sp. CU150162 produced maximum height compared to the
control. The highest shoot length was observed in plants treated with Nostoc sp.
CU150162 (70.66+0.66 cm), followed by N. ellipsosporum FY150125 (66.66+0.44
cm), N. punctiforme FY150188 (65.5+0.28 cm) and Nostoc sp. CU150191
(60.66+0.33 cm) during the 21% day (Fig 7.4 A.). Variability in the number of
leaves, leaf length and leaf breadth were assessed in treated plants of Annapurna.
The highest number of leaves (13.33£0.33) was observed on the 21 day in the
plants treated with Nostoc sp. CU150162 compared to the control plants (7.66+0.33)
(Fig 7.4B). Significant differences were observed in the leaf length and leaf breadth
of plants on the progressive days of treatments (Fig 7.4C-7.4D). Leaf length and leaf
breadth on the 21% day of treatment were; Nostoc sp. CU150162 (52+1.15 and
1.3+0.05 cm), N. ellipsosporum FY150125 (44.66+0.16 and 1.18+0.03 cm), N.
punctiforme FY150188 (43+0.76 and 1.1+0.05 cm), Nostoc sp. CU150191
(41.66+0.88 and 1.06+0.03 cm) and control (38.16+1.75 and 0.88+0.04 cm).
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Fig 7.4A-7.4D. Effects of Nostoc spp. on the leaf breadth of rice variety Annapurna
on the 7%, 14" and 21 day of intervals. Data presented as meantSE for each
treatment. The letters indicate the different Tukey’s grouping and the significant
difference is p<0.05. A) Shoot length B) Leaf number C) Leaf length D) Leaf
breadth.
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Table 7.5. Effects of Nostoc spp. on the morphological characters of rice variety Annapurna on the 7", 14" and 21% day of intervals.

Morphological Days N. ellipsosporum | N. punctiforme | Nostoc sp. Nostoc sp. | Control
characters FY150125 FY150188 CU150162 CU150191
Shoot length (cm+SE) 7 50+1.15° 50+1.73° 5442.30° 44.33+1.15° 44+2 304
14 61.33+0.72° 60.5+0.50P 66.50-£0.29? 53.33+0.33¢ 51+0.574
21 66.66+0.44° 65.5+0.28° 70.66+£0.66* 60.66:£0.33¢ 56+1.154
Leaf number 7 7.00+0° 7.00+0° 8.00-£0? 7.00+0° 6.33£0°
14 8.00+0° 7.33+0.33° 11.00+02 7.66+0.33° 7.00+0.3
21 8.66+0.33° 8.33+0.33° 13.33+0.332 8.00+0° 7.66+0.33¢
Leaf length (cm+SE) 7 32.66+0.88° 32.66+0.57° 35.33+.44° 29.55+0.44° 28.44+0.974
14 37.66+0.73" 36.83+0.44° 46.16+1.0° 35.5+0.29¢ 32+0.87¢
21 44.66+0.16° 43+0.76° 52+1.15° 41.66+0.88° 38.16+1.75¢
Leaf breadth (cm+SE) 7 0.68+0.01° 0.68+0.01° 0.76+0.01% 0.67+0.01° 0.59+0.03¢
14 0.9+0.02° 0.940° 0.98+0.01% 0.87+0.01° 0.73+0.01¢
21 1.18+0.03° 1.1+0.05° 1.3+0.05? 1.06+0.03° 0.88+0.04¢

Data presented as mean+SE for each treatment. The letters indicate the different Tukey’s grouping and the significant difference is

p<0.05.
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Biochemical characteristics such as total chlorophyll, total protein and total
sugar were analysed on the 7%, 14™ and 21° day after the multiplication of Nostoc
spp. in soil. Data on biochemical parameters of the Jyothi variety inoculated with
different Nostoc spp. and control is presented in Table 7.6. The results of the study
indicated that Jyothi variety treated with all Nostoc spp. showed better results than
the control. Among the 4 Nostoc spp., Nostoc sp. CU150162 showed the highest
chlorophyll content on the 21* day (13.92+0.36 mg/g) followed by N. ellipsosporum
FY150125 (12.83+0.06 mg/g), N. punctiforme FY150188 (12.19£0.17 mg/g),
Nostoc sp. CU150191 (11.744+0.05 mg/g) and control (10.79+0.10 mg/g) (Fig.
7.5A). Quantitative analysis of the total protein content of the Jyothi variety treated
with different Nostoc spp. showed a significant effect on treatment intervals. Total
protein content was found to be higher in the Jyothi variety inoculated with Nostoc
sp. CU150162. During the 21 day highest protein content of 1.17+0.03 mg/ml was
observed compared to other treatments (Fig. 7.5B). The total protein content was
calculated from the standard graph constructed using the gradient concentration of
BSA (Fig. 7.5C). The total sugar content was calculated from the standard graph of
glucose (1 mg/ml) (Fig. 7.5D).The total sugar content was also observed to be the
highest in the Jyothi variety treated with Nostoc sp. CU150162 with 23.87+0.15
mg/ml (Fig. 7.5E).
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Fig. 7.5A Effects of Nostoc spp. on the total chlorophyll content of rice variety
Jyothi on the 7%, 14™ and 21 day of intervals. Data presented as mean+SE for each
treatment. The letters indicate the different Tukey’s grouping and the significant
difference is p<0.05.

189



Assessment of Nostoc species as a biofertilizer for rice varieties Jyothi and Annapurna

Concentration of total protein
(mg/ml) £ SE

1.4

=
N

[

o
[

o
o

©
>

o
[N}

o

M N. ellipsosporum

H N. punctiforme
kd Nostoc sp. CU150162
M Nostoc sp. CU150191

i Control

Treatment Days

Fig. 7.5B Effects of Nostoc spp. on the total protein content of rice variety Jyothi on
the 7%, 14™ and 21% day of intervals. Data presented as meantSE for each
treatment. The letters indicate the different Tukey’s grouping and the significant

difference is p<0.05.
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Fig. 7.5C Standard graph prepared by using gradient concentration of BSA for the
quantification of protein content.
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Fig. 7.5D Standard graph prepared by using gradient concentration of glucose for
the quantification of total sugar content.
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Fig. 7.5E Effects of Nostoc spp. on the total sugar content of rice variety Jyothi on
the 7", 14" and 21% day of intervals. Data presented as meantSE for each
treatment. The different letters indicate the different Tukey’s grouping and the
significant difference is p<0.05.
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Table 7.6 Effects of Nostoc spp. on the biochemical parameters of rice variety Jyothi on the 7%, 14" and 21% day of intervals.

Biochemical characters Days N. N. Nostoc sp. Nostoc sp. Control
ellipsosporum punctiforme CU150162 CU150191
FY150125 FY150188
Total chlorophyll content 7 11.37+0.05° 10.95+0.25°¢ 12.13£0.03? 10.94+0.12¢ 9.76+0.02¢
(mg/g+SE)
14 12.39+0.08° 11.42+0.22¢ 12.63+0.09? 11.33+0.12°¢ 10.05+0.13¢
21 12.83+0.06° 12.194+0.17¢ 13.92+0.36% 11.74+0.05¢ 10.79+0.104
Total protein content 7 0.75+0.01° 0.67+0.01°¢ 0.86:+0.022 0.61+0.014 0.43+0.01¢
(mg/ml+SE)
14 0.86+0.01° 0.73+0.01°¢ 0.91+0.012 0.71+0.024 0.517+0.02¢
21 0.98+0.01° 0.87+0.01°¢ 1.17+0.032 0.81+0.01¢ 0.66+0.02°
Total sugar content 7 15.17+0.03" 13.33+0.19¢ 18.20+0.222 12.87+0.29¢ 10.29+0.144
(mg/ml+SE) 14 17.49+0.08 15.7440.02¢ | 21.98+0.11 14.47+0.30¢ 11.92+0.17¢
21 18.86:+0.18" 17.75+0.15¢ 23.87+0.152 17.0120.3¢ 14.16+0.17¢

Data presented as mean+SE for each treatment. The letters indicate the different Tukey’s grouping and the significant difference is

£<0.05.
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As the total chlorophyll content, total protein and total sugar content of the
treated plants of Annapurna showed a significant statistical difference at different
intervals (Table 7.7). The highest chlorophyll content, total protein and total sugar
content were recorded in the Annapurna variety inoculated with Nostoc sp.
CU150162 with 13.34+0.02 mg/g, 1.03+0.01 mg/ml and 22.62+0.52 mg/ml on the
21% day (Fig.7.6A-7.6C).
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Fig. 7.6A-7.6C Effects of Nostoc spp. on the A) total chlorophyll content B) total
protein content C) total sugar content of rice variety Jyothi on the 7%, 14" and 21
day of intervals. Data presented as mean+SE for each treatment. The letters indicate
the different Tukey’s grouping and the significant difference is p<0.05.
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Table 7.7 Effects of Nostoc spp. on the biochemical parameters of rice variety Annapurna on the 7%, 14" and 21° day of intervals.

Biochemical Days N. ellipsosporum N. punctiforme Nostoc sp. Nostoc sp. Control
characters FY150125 FY150188 CU150162 CU150191
Total chlorophyll | 7 10.4340.0P 9.60+0.13¢ 10.99+0.15% 8.83+0.204 8.09+0.36°
content
14 11.0240.04° 10.46+0.06¢ 12.28+0.192 10.33+0.06¢ 8.83+0.14¢
(mg/g+SE)
21 12.19+0.07° 11.4040.06¢ 13.34+0.02 2 11.22+0.09¢ 9.6+0.17¢
Total protein content 7 0.62+0.01° 0.52+0.03°¢ 0.68+0.01% 0.48+0.03¢ 0.33+0.03°¢
(mg/mI=SE) 14 0.84+0.01° 0.79+0.01¢ 0.97+0.01? 0.67+0.02¢ 0.5040.02¢
21 0.91+0.01° 0.88+0.01¢ 1.03+0.01? 0.80+0.014 0.69+0.03¢
Total sugar content 7 10.76+0.17° 10.03+0.42° 13.01£0.522 8.54+0.34° 7.14+0.21¢
(mg/mI=SE) 14 16.77+0.42 15.95+0.20P 19.72+0.50° 12.1840.57° | 10.66+0.62¢
21 19.81+0.53° 18.55+0.15° 24.42+1.032 17.76+0.12¢ 14.20+0.234

Data presented as mean+SE for each treatment. The letters indicate the different Tukey’s grouping and the significant difference is

p<0.05.
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7.2.2 Effects of Nostoc spp. on the yield of rice varieties at the harvesting time.

Different morphological and yield characters such as shoot length, leaf
number, leaf length, leaf breadth, number of tillers, number of panicles, panicle
length, number of grains, number of filled grains, number of chaffed grains and
weight of 50 grains were analysed at the harvesting time of Jyothi and Annapurna
varieties. All the morphological and yield characters were significantly augmented
in the Jyothi variety inoculated with Nostoc spp. (Table. 7.8). Among various
treatments, plants treated with Nostoc sp. CU150162 showed better results followed
by N. ellipsosporum FY150125, N. punctiforme FY150188 and Nostoc sp.
CU150191. During the harvesting period the shoot length (121.13345.8 cm), leaf
number (15.00+0 cm), leaf length (67.66+1.45 cm), leaf breadth (1.73+£0.06 cm),
number of tillers (4.66+0.33), number of panicles (3.66+0.33), panicle length
(26.33+0.66), number of spikelets (9.66+0.33), number of grains (105.33+4.05),
number of grains filled (102+4.16), number of chaffed grains (3.33+0.66) and
weight of 50 grains (1.56+0.01 g) was observed maximum in the Jyothi variety
inoculated with Nostoc sp. CU150162 (Fig. 7.7A-7.7E). Total chlorophyll, total
protein and total sugar were analysed on the 75 DAT (days after transplanting) in the
Jyothi variety (Table 7.9). Higher biochemical contents were achieved by the plants
treated with Nostoc sp. CU150162 followed by N. ellipsosporum FY150125 (Fig.
7.8A-7.8E).
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Fig. 7.7A-7.7E Effects of Nostoc spp. on the yield parameters of Jyothi variety. A)
shoot and leaf length B) leaf number and leaf breadth C) number of tillers, number
of panicles, number of spikelets and panicle length D) number of grains, number of
filled grains and number of chaffed grains E) weight of 50 grains. Data presented as
mean = SE for each treatment. The letters indicate the different Tukey’s grouping
and the significant difference is p<0.05.
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Table 7.8. Effects of Nostoc spp. on yield parameters of rice variety Jyothi on the harvesting time.

. No. of No. of .

Shoot Leaf Leaf length Leaf . No. of No. of Panicle spikelets No. of grains No. of Wengh? of

Treatments length breadth tillers per . length . chaffed 50 grains
number (cm) panicle per grains filled .
(cm) (cm) plant (cm) R grains (g)
panicle

N.
ellipsosporum | 98.33+1.66" | 13.33£0.33Y | 74.66+2.40% | 1.43+0.33" 3+0P 2.6£0.33% | 24.33+£0.66* | 8.66+0.33% | 77.33+6.33> | 73.33£7.2° | 3.66+0.88" | 1.30+0.01°
FY150125
N.
punctiforme 97.33+0.33% | 12.33+0.33% | 69.33+0.66% | 1.43+0.33° | 2.66+0.33° 2.0£00¢ 23+0.57% 80 69.33+4.67° | 63.66+£5.54" | 5.66+0.88" | 1.27+0.01
FY150188
]g%sltgfnsgz 121.133+5.8° 15.00+0? 67.66x1.45% | 1.73+0.06* | 4.66+0.33* | 3.66+0.33* | 26.33+0.66° | 9.66+0.33* | 105.33£4.05* | 102+4.16* | 3.33+0.66° | 1.56+0.01°
Zg%sltgf)lsgi 96.00+1.00% | 11.66+0.33° | 62.66+1.20° | 1.30+0b | 2.66+0.33% | 240 | 22.66+1.33% | 7.66+0.33%® | 67+4.36% 614,50 61 | 1.23+0.02¢
Control 85.33+0.33¢ 9.66+0.33¢ | 52.33+£3.17° 1.10+0°¢ 2+0° 1.33£0.33 20.33+0.33% | 6.66+0.33" | 47.66+2.51¢ 37+3.5¢ 10+12 1.11£0.02¢

Data presented as mean+SE
difference is p<0.05.

for each treatment. The different letters indicate the different Tukey’s grouping and the significant

Table 7.9. Effects of Nostoc spp. on biochemical parameters of rice variety Jyothi on the 75 DAT.

Treatments Total chlorophyll content Total protein content Total sugar content
(mg/g+SE) (mg/ml+ SE) (mg/ml+ SE)

N. ellipsosporum FY150125 12.86+0.10° 1.01+0.25° 19.60+0.14°

N. punctiforme FY150188 12.734+0.25° 0.87+0.02¢ 18.76+0.20°

Nostoc sp. a a a

CU150162 14.46+0.13 1.20+0.01 24.01+0.09

Nostoc sp. CU150191 12.194+0.24° 0.83+0.01° 18.18+0.44°

Control 11.15+0.11°¢ 0.72+0.03¢ 15.52+0.30¢

Data presented as mean+SE for each treatment. The letters indicate the different Tukey’s grouping and the significant difference is

p<0.05.
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Fig. 7.8A-7.8C Effects of Nostoc spp. on the biochemical parameters of Jyothi
variety on 75 DAT. A) Total chlorophyll content B) total protein content C) total
sugar content. Data presented as mean+SE for each treatment. The letters indicate
the different Tukey’s grouping and the significant difference is p<0.05.
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Fig. 7.8D Effects of Nostoc spp. on the growth of Jyothi variety. a) N. ellipsosporum
FY150125 b) Nostoc sp. CU150162 c) N. punctiforme FY150188 d) Nostoc sp.
CU150191 e) Control

Fig. 7.8E Effects of Nostoc spp. on the grain yield of Jyothi plants. a) Control b) N.
ellipsosporum FY 150125 c) Nostoc sp. CU150162 d) Nostoc sp. CU150191 e) N.
punctiforme FY 150188
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Highest shoot length (85.66+2.33 cm), leaf number (13.66+1.66), leaf length
(58.00£1.15 cm), leaf breadth (1.66+0.03 cm), number of tillers (3.66+0.33),
number of panicles (2.66+0.33), panicle length (19.33+0.33), number of spikelets
(11.66+0.33), number of grains (59.66+1.20), number of grains filled (56.66+1.2),
number of chaffed grains (2.66+0.33) and weight of 50 grains (1.254+0.01) were
observed maximum in the Annapurna variety inoculated with Nostoc sp. CU150162
followed by N. ellipsosporum FY 150125 and N. punctiforme FY150188 (Fig. 7.9A-
7.9E). The total number of grains, number of filled grains and weight of 50 grains
are lowest in the control plants (Table 7.10). Different primary metabolites such as
total chlorophyll, total protein and total sugar showed significant variations under
the influence of Nostoc spp. on the Annapurna variety. The estimated biochemical
parameters were lower in the control plants compared to the treated plants on the 75
DAT (Table 7.11). The control plants showed minimum yield compared to all
treatments (Fig 7.10A-7.10E).
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Fig. 7.9A-7.9E. Effects of Nostoc spp. on the yield parameters of Annapurna
variety. A) shoot and leaf length B) leaf number and leaf breadth C) number of
tillers, number of panicles, number of spikelets and panicle length D) number of
grains, number of filled grains and number of chaffed grains E) weight of 50 grains.
Data presented as mean+SE for each treatment. The letters indicate the different
Tukey’s grouping and the significant difference is p<0.05.
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Table 7.10. Effects of Nostoc spp. on yield parameters of rice variety Annapurna on the harvesting time.

Shoot Leaf Leaf length Leaf . No. of No. of Panicle NO' of No. of NO' of No. of Welght. of
Treatments length breadth tillers per . spikelets . grains filled chaffed 50 grains
number (cm) panicle length (cm) . grains .
(cm) (cm) plant per panicle grains (g)
N.
ellipsosporum 8140.57% 13.00£0.5% | 52.00+1.00% | 1.36+0.06° | 2.66+0.33% | 2.00+0.33%® | 18.5+£0.57® | 9.66+0.66% 5140 46.66+0.88° 5+0.57° 1.16+0.01°
FY150125
N.
punctiforme | 77.33£2.33" | 11.00£1.0%® | 49.66+1.45" | 1.26+0.03% | 2.66+0.33%° | 2.00+0% 17.3340.33%¢ | 9.66+0.66% 42+4.04 38+4.35° 3.66+0.66a° | 1.14+0.02%
FY150188
glojsltgg]sgz 85.66+2.33% | 13.66+1.6* | 58.00+1.15* | 1.66+0.03* | 3.66+0.33* | 2.66+0.33* | 19.33+0.33* | 11.66+0.33* | 59.66+1.20* | 56.66+1.2° 2.66+0.33° | 1.25+0.01?
g%sltgglsgl 74.66:0.33 | 10.66+0.3%° | 46.66+0.33% | 1.16+0.03 2.00+0° 1.66+£0.33% | 17.00£0.57 | 8.33+0.33" | 41.66+4.33" | 36.33+4.33" 4.0£0 1.11+£0.01°¢
Control 67.33+1.33° | 8.66+0.33% | 41.33+2.02° | 1.06+0.03¢ 1.66+0° 1.33£0.33% | 16.00+£0.57¢ 6.00+0° 32.66+3.38° 23.3£2.7° 9.33+0.66* | 0.97+0.01¢
Data presented as mean+SE for each treatment. The letters indicate the different Tukey’s grouping and the significant difference is
p<0.05.
Table 7.11 Effects of Nostoc spp. on biochemical parameters of rice variety Annapurna on 75 DAT.
Total chlorophyll content Total protein content Total sugar content
Treatments
(mg/g+SE) (mg/ml+SE) (mg/ml+SE)
N. ellipsosporum FY150125 12.91+0.10% 0.97+0.01° 19.31+0.84°
N. punctiforme FY150188 12.8240.37%® 0.93+0.01°¢ 18.95+0.22°
Nostoc sp. CU150162 14.16+0.13% 1.08+0.01? 22.82+0.18%
Nostoc sp. CU150191 12.22+0.55° 0.85+0.01° 17.96+0.27°
Control 10.44+0.12° 0.75+0.03¢ 14.920.30°

Data presented as mean+SE for each treatment. The letters indicate the different Tukey’s grouping and the significant difference is

p<0.05.
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Fig. 7.10A-7.10C Effects of Nostoc spp. on the biochemical parameters of
Annapurna variety on 75 DAT. A) Total chlorophyll content B) total protein content
C) total sugar content. Data presented as mean+SE for each treatment. The letters
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Fig. 7.10D Effects of Nostoc spp. on the growth of Annapurna rice plants. a) Control
b) N. ellipsosporum FY150125 c) N. punctiforme FY150188 d) Nostoc sp.
CU150162 e) Nostoc sp. CU150191

Fig. 7.10E Effects of Nostoc spp. on the grain yield of Annapurna rice. a) Control b)
N. ellipsosporum FY 150125 ¢) Nostoc sp. CU150162 d) Nostoc sp. CU150191 e) N.
punctiforme FY 150188
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7.2.2 Effects of Nostoc spp. on the elemental composition of rice seeds.

Elemental analysis was done to find out the percentage of different elements
present in the grains of different treatments. The percentage of different elements
such as carbon, nitrogen, hydrogen and sulphur were analysed from the grains using
a CHNS analyser. The grains of the Jyothi variety were treated with the inoculum of
different Nostoc spp. showed an increase in nitrogen, carbon, hydrogen and sulphur
content compared to the seeds of the control plants (Fig.7.11-7.15). The highest
percentage of carbon (39.10%), hydrogen (7.18%) and nitrogen (2.06%) were found
in the grains of plants that were treated with Nostoc sp. CU150162 (Table 7.12).
Whereas sulphur content was high in the grains of plants treated with N.
ellipsosporum FY 150125 (0.22%) followed by Nostoc sp. CU150162 (0.10%). In
control, nitrogen content was very low compared to other grains of plants treated

with Nostoc inoculum.

Table 7.12 Elemental analysis of grains of Jyothi variety determined by CHNS
analysis.

N. N.
. . Nostoc sp. Nostoc sp.
Treatments | ellipsosporum | punctiforme CU150162 | CU150191 Control
FY150125 FY150188
Nitrogen
(%) 2.00 1.92 2.06 1.85 1.23
Carbon 38.80 39.10 39.10 38.86 38.62
(%)
Hydrogen
(%) 7.14 6.85 7.18 6.84 6.62
Sulphur
(%) 0.22 0.10 0.10 0.1 0.07
Totals (%) 48.17 47.99 48.43 47.65 46.55

208




Assessment of Nostoc species as a biofertilizer for rice varieties Jyothi and Annapurna

L © | Carbon

50.44
37.3149

(mVolt)
24224

11.134 Nifrggen

P

-1.96 :

I /H_vdrogcn

0.0 2.4

Element Name
Nitrogen
Carbon
Hydrogen
Sulphur
Totals

T T

T
4.8 (min} 7.2 9.6

Fig. 7.11 CHNS chromatogram of rice grains of Jyothi variety inoculated with N.

ellipsosporum FY 150125
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Fig. 7.12 CHNS chromatogram of rice grains of Jyothi variety inoculated with N.

punctiforme FY 150188
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Fig. 7.13 CHNS chromatogram of rice grains of Jyothi variety inoculated with
Nostoc sp. CU150162
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Fig. 7.14 CHNS chromatogram of rice grains of Jyothi variety inoculated with
Nostoc sp. CU150191
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Fig. 7.15 CHNS chromatogram of rice grains of Jyothi variety used as control

Annapurna variety, treated with different Nostoc spp., the grains of plants

contained a high percentage of element composition (Table 7.13). The composition

of carbon, nitrogen, hydrogen and sulphur was higher in the grains of plants treated

with Nostoc sp. CU150162 is 40.12%, 2.78%, 7.12% and 0.17% respectively. The

high percentage of nitrogen present in the grains of all treated plants compared to the

control (1.53%) (Fig. 7.16-7.20).

Table 7.13 Elemental analysis of rice grains of Annapurna variety determined by
CHNS analysis

N.

N.

. . Nostoc sp. | Nostoc sp.
Treatments | ellipsosporum | punctiforme Control
FY150125 FY150188 CU150162 | CU150191
Nitrogen
(%) 2.72 2.50 2.78 2.46 1.53
gj:)’)'b"“ 39.52 39.66 40.12 39.63 39.14
Hydrogen
(%) 6.77 6.81 7.12 6.65 6.56
Sulphur
(%) 0.12 0.10 0.17 0.12 0.08
Totals (%) 49.13 49.07 50.19 48.88 47.33
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Fig. 7.16 CHNS chromatogram of rice grains of Annapurna variety inoculated with
N. ellipsosporum FY 150125
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Fig 7.17 CHNS chromatogram of rice grains of Annapurna variety inoculated with
N. punctiforme FY 150188
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Fig. 7.18 CHNS chromatogram of rice grains of Annapurna variety inoculated with
Nostoc sp. CU150162
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Nostoc sp. CU150191
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Fig. 7.20 CHNS chromatogram of rice grains of Annapurna variety control plant
Discussion

The use of chemical fertilizer is inevitable for obtaining optimum crop yield.
However, it has been reported that continuous use of chemical fertilizers may
disturb soil biological activities, e.g., enhancing the decomposition of soil organic
matter, resulting in the degradation of soil structure (Chen, 2006). Biofertilizers are
often referred as microbial inoculants, including bacteria (Azotobacter),
cyanobacteria (blue-green algae), and mycorrhizal fungi, which play an essential
role in providing nutrients for plants, regulating the dynamics of organic matter and
improving soil biological activities (Koller er al., 2012; Singh et al., 2016).
Nitrogen-fixing cyanobacteria are potential microorganisms used as biofertilizers to
increase soil fertility and agricultural productivity. They can fix atmospheric N,
improve the physical and chemical properties of soil, and produce some bioactive
compounds that enhance plant growth (Kaushik, 2014). Heterocystous cyanobacteria
improve crop production by acting as natural fertilizers as they increase both the
carbon and nitrogen status of soils (Lange et al., 1986).They can degrade a wide
range of pollutants and perform various roles in the soil ecosystem to sustain soil
fertility. According to Song et al. (2005), cyanobacteria can control nitrogen

deficiency in plants, improve the aeration of the soil, and water holding capacity and
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add vitamin B12. Furthermore, cyanobacteria are the dominant microorganisms in
biological soil crusts and have been shown to promote soil stability and reduce water
loss (Bu et al., 2014). They can produce exopolysaccharides, which form a biofilm
layer on which consequently other organisms are colonized and recruited. Regarding
these features, cyanobacteria are suggested as good eco- and agro-friendly
organisms to restore, maintain, and improve soil and land stability, fertility, quality,
and productivity. The inoculation of cyanobacteria on plants or seeds influences
various metabolic processes in plants since they activate the production of defense
proteins that lead to greater immunity of plants against pathogens (Gupta et al.,

2013)

One of the major challenges facing agriculture today is producing enough
food for an ever-growing world population. Rice is one of the most important cereal
crops in the world and the major source of food for millions of households in dozens
of countries. Rice plants (Oryza sativa L.) require a large quantity of water and
mineral nutrients, including nitrogen and phosphorus, for their growth, development,
and grain production (Qi ef al., 2020). To meet the crop’s demands, around 1617
kg N/ton of N fertilizer are used (Choudhury and Kennedy, 2004). Nostoc can
survive on the surface of soil and rocks, and fix up to 20-25 kg/ha atmospheric
nitrogen. Nitrogen fixation capability is not the only factor contributing to growth
promotion, and the existence of several other bioactive chemicals, like plant growth
regulators such as auxin, cytokinin, etc., also plays an important role in crop
production (Hashtroudi et al., 2013). The application of Nostoc spp. as a biofertilizer
has been researched in rice, wheat, and peas (Sholkamy et al., 2015; Takacs et al.,
2019). Likewise, in this study, Nostoc spp. were used as inoculants to enhance the
yield of rice varieties Annapurna and Jyothi by pot experiment. The results
suggested that the application of Nostoc spp. was effective in enhancing the growth
of both rice varieties. Similar reports regarding the yield of rice plants due to the

application of cyanobacteria have also been reported (Begum et al., 2011).

The positive impact of the cyanobacterial filtrate on the germination process

has been reported by several researchers. They demonstrated a significant increase
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in seed germination of some crop plants such as wheat, sorghum, lentils and sugar
beet as a result of the treatment with the culture filtrate or cell extract of Nostoc
muscorum (Adam, 1999; Aly et al., 2008). Numerous studies confirmed that the
inoculation of cyanobacteria directly in the soil or by seed immersion or priming
causes an increase in the germination rate, better development of plants and a higher
productive yield in a wide variety of cereal, horticultural and vegetable crops
(Rodriguez et al., 2006; Saadatnia and Riahi, 2009). Moreover, the bio-priming of
cucumber seeds with cyanobacterial extract revealed a remarkable promoter effect in
the early stages of plant development and also acted as a biocontrol agent against
damping-oft caused by Pythium ultimum in cucumber seedbeds (Toribio et al.,
2021). In addition, Hassan and Morcos (2006) observed an enhancement in the seed
germination of rice that was treated with the culture filtrates of Nostoc calcicola.
Similarly, in the current study, it has been shown that bio-priming of seeds with
Nostoc spp. enhances the seed germination and the morphological characteristics of
rice seedlings in both rice varieties. The treatment of rice seeds Pusa suganth with
Calothrix sp. showed better results in seedlings. The results showed two-fold
increases in root length of inoculated seedlings to control. This study also
corroborated our results, in which the bio-priming of rice seeds with Nostoc spp.

enhances the seedling growth compared to hydro-primed seeds.

In the present study, it has been shown that using the cyanobacteria, N.
ellipsosporum, FY 150125 N. punctiforme FY 150188, Nostoc sp. CU150162 and
Nostoc sp. CU150191 as a biofertilizer, improved the growth and yield of rice
varieties Jyothi and Annapurna similar to previous reports for rice, wheat, and pea
(Karthikeyan et al., 2007; Osman et al., 2010; Dash et al., 2016). Additionally,
Chittapun et al. (2018) observed the effects of cyanobacteria (N. carneum and N.
commune) and chemical fertilizer on growths and yields of rice (Oryza sativa L.) cv.
Pathum Thani 1 in pot trials. The experimental set-up consisted of 1 kg soil with 1 g
wet weight of Nostoc inoculum was used. Similarly, the current study also utilized1
kg of sterilized soil with 1 g of wet Nostoc inoculum. The plants inoculated with
Nostoc spp. showed a significant increase in root length, shoot length, number of

grains and total weight of 100 grains. In addition, the treatment was applied with the
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combination of Nostoc spp. resulted in better rice production in terms of quantity.
The study also suggested that using half of the recommended dose (16—20-0 of
78.12 kg ha™! and 46-0-0 of 31.25 kg ha™') of chemical fertilizer with cyanobacteria

was better for rice production.

A comparative analysis of pot experiments showed that there is a significant
difference between the plants treated with Nostoc spp. and control in their
morphological characters, especially in shoot length. Positive effects of Nostoc
punctiforme on morphological characters such as shoot length, root length, and
weight of rice plants were previously reported by Alvarez et al. (2020) under
laboratory conditions. N. punctiforme is a model organism of plant-cyanobacteria
symbiosis and the roots of plants treated with N. punctiforme showed double in
length and weight than control plants in hydroponic conditions. In the current study,
N. punctiforme FY 150188 was used as a treatment to assess the effect of species on
rice growth. Similarly, our results also corroborated with the findings of Alvarez et
al., (2020). Rice varieties Annapurna and Jyothi treated with N. punctiforme
FY 150188 showed better results than the control plants. Additionally, the findings
of our results indicated that, the inoculation of plants with Nostoc spp. significantly
improved all the yield characters especially the weight of grains. These findings
corroborated well with the observations of Salama (2015) that individual or
combinations of Nostoc sp. and Anabaena sp. significantly increased the crop yield
and the weight of rice. Biofertilization with N. entophytum led to higher contents of
chlorophyll-a, carotenoids and protein in pea plants (Osman et al., 2010). Similarly,
in this study, the inoculation with Nostoc spp. also significantly increased the

chlorophyll, protein and sugar contents of rice plants.

Elemental analysis of grains showed the presence of different elements in a
plant material is not only beneficial for plants but also the source of essential
elements for those who consume it. Previously, most of the studies were mainly
focused on the yield of crops. In our study, we aimed not only at the quantity of
grains but also the quality of grains also analysed. The higher percent of carbon and

hydrogen in rice grains means the higher quantity of carbohydrates, which provide
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energy to the consumers (Karthikeyan and Kumaravel, 2016). Our results showed a
high percentage of carbon, hydrogen, nitrogen and sulphur in the grains of treated
plants than control. Two-fold increase in the sulphur and nitrogen was reported in
the grains of plants treated with Nostoc sp. CU150162 than control. The results also
concluded that, inoculation of rice plants with Nostoc spp. not only augmenting the

yield of rice but also improving the quality of the grains.
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CHAPTER 8
SUMMARY AND CONCLUSION

The cyanobacteria Nostoc is highly diverse in morphology, functional
properties, biotic relations, and habitat distribution. They occur as gelatinous masses
of variable shapes and colors in rice fields, freshwater lakes, ponds, streams, rock
surfaces, in wet and dry soils, but rarely exist in marine habitats. The majority of the
species are free-living and few species exhibit symbiotic associations with
angiosperms, gymnosperms and bryophytes. The present investigation was focused
on the morphological, biochemical and molecular characterization of Nostoc spp.

and their assessment as a biofertilizer for rice varieties Annapurna and Jyothi.

The diversity of Nostoc spp. has not been completely explored in Kerala
State. Hence, the present investigation is focussed exclusive on the biodiversity and
taxonomy of Nostoc spp. from Kerala. The climate of Kerala State is ideal for the
growth of Nostoc spp. The cyanobacterial samples were collected from different
geographical areas of Kerala. A total of thirty-nine Nostoc spp. were identified.
Among them, thirty-four species were identified up to the species level and the
remaining five species were identified up to the genus level using the keys and
descriptions of standard taxonomic manuals. Nostoc spp. can be found in a wide
range of habitats including rock surfaces (epilithic), soil of paddy fields
(epipsammic), attached to plants (epiphytic), freshwater bodies (benthic) and bark of

trees (corticolous).

Nostoc spp. existing diverse colours in nature, including brown, blackish
green, pale green, dark green, reddish brown and violet. The colour of Nostoc thallus
on the substratum depends on the pigments present in the cells. During this study,
most of the species were collected from rock surfaces of the Western Ghats region
of Kerala. Due to the great topographic heterogeneity and strong rainfall tremendous
species variability of Nostoc exists in the Western Ghats regions of Kerala. The
highest number of Nosfoc spp. was observed from Sholayar (Thrissur-10 species)
followed by Vagamon (Idukki-6 species) and Kakkayam (Kozhikode-5 species).
Among the identified Nostoc spp., 25 species are epilithic, 6 species are

epipsammic, 2 species co-occur in epilithic and epiphytic, 2 species co-occur in
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epilithic and epipsammic, 2 species co-occur in epilithic and corticolous, 1 species
co-occur in epilithic, epipsammic and benthic and 1 species co-occur in epilithic,

epiphytic and epipsammic habitat.

Nostoc aureum f. variabilis, N. bornetii, N. caeruleum, N. calcicola, N.
carneum, N. citrisporum, N. comminutum, N. commune, N. edaphicum, N.
ellipsosporum, N. ellipsosporum var. violaceum, N. flagelliforme, N. fuscescens, N.
gelatinosum, N. hatei, N. humifusum, N. indistinguendum, N. interbryum, N.
kihlmanii, N. linckia, N. locularis, N. microscopicum, N. minutum, N. muscorum, N.
nylstromicum, N. oryzae, N. paludosum, N. passerinianum, N. pruniforme, N.
punctiforme, N. sphaericum, N. sphaeroides, N. tibeticum, N. undulatum, Nostoc sp.
CU150162, Nostoc sp. CU150191, Nostoc sp. CU167213, Nostoc sp. CU150122
and Nostoc sp. CU150172 were the identified Nostoc species. N. indistinguendum,
N. locularis and N. tibeticum are new records of the cyanobacterial flora of India. A
total of 11 Nostoc spp. were reported as new to cyanobacterial flora of Kerala. N.
aureum f. variabilis, N. citrisporum, N. edaphicum, N. flagelliforme, N. fuscescens,
N. indistinguendum, N. kihlmanii, N. locularis, N. pruniforme, N. sphaericum and N.
tibeticum are the new addition to cyanobacterial flora of Kerala. Most of the

diversity studies of Nostoc spp. concentrated on the paddy fields of Kerala.

Among the species identified using morphological characters, four were
selected for further studies based on their quick isolation procedure, culturing and
convenience for mass cultivation. Axenic cultures of the selected species were done
by continuous sub-culturing in BG-11p medium.16S rRNA gene sequencing was
used for the correct identification of species and the evaluation of relationships
between them. Molecular characterization based on 16S rRNA gene sequencing
confirmed that the selected species were Nostoc ellipsosporum FY150125, N.
punctiforme FY 150188, Nostoc sp. CU150162 and Nostoc sp. CU150191. The
sequences of the amplified genes were submitted in NCBI and accession numbers
were obtained. Phylogenetic analysis using neighbor-joining and maximum
likelihood method for the selected Nostoc spp., along with sequences retrieved from
NCBI, showed the evolutionary distance and interrelationship among the species. In
the neighbor-joining tree, N. ellipsosporum FY150125, N. punctiforme FY 150188
and Nostoc sp. CU150191 is grouped in cluster 1 and cluster 2 consists of Nostoc sp.
CU150162.

220



Summary and Conclusion

Nostoc produces a wide range of secondary metabolites with antibacterial,
antifungal, antitumor, enzyme inhibiting, immunostimulant, nematicidal, insecticidal
and herbicidal activities. Biochemical characterization of Nostoc spp. done by
analysing the chlorophyll-a content and GC-MS analysis to develop a
chemotaxonomic profile of Nostoc spp. Nostoc sp. CU150162 showed maximum
chlorophyll content with 3.71+0.08 pg/ml on the 21% day. GC-MS analysis of the
methanolic extract of Nostoc spp. showed the presence of 24 compounds belonging
to different chemical groups, including methyl esters of fatty acids,
steroids/triterpenes, alkanes, diterpenes, and acyclic diterpene alcohols. Phytol,
heptadecane, lupeol, methyl palmitate, methyl stearate, neophytadiene, propyl
hexanoate, isobutyl caproate, 9, 12-octadecadienoic acid, methyl ester, 10-
octadecenoic acid, methyl ester and guanosine were the major bioactive compounds
identified from Nostoc spp. Neophytadiene, phytol and heptadecane are the major
bioactive compounds detected in all selected Nostoc spp. Lupeol, propyl hexanoate,
and isobutyl caproate are reported for the first time in N. ellipsosporum. Guanosine
is an alkaloid constructed with a guanine base, which is present in N. punctiforme
with 75.86% of quantity, and also in Nostoc sp. CU150191 (18.97%).

Systematics of the genus Nostoc is difficult; however, an attempt was made
to classify them based on secondary metabolites. Cluster analysis using PAUP was
performed on Nostoc spp. based on the presence of major bioactive compounds. The
dendrogram derived from the active compounds generated two main clusters.
Cluster 1 consists of N. ellipsosporum FY 150125, N. punctiforme FY150188 and
Nostoc sp. CU150191. Cluster 2 consists of Nostoc sp. CU150162, which contains
more bioactive compounds compared to other selected Nostoc spp. Principal
component analysis and agglomerative hierarchical clustering of the compounds
were also performed based on the relative percentage of the identified compounds
from Nostoc spp. using XLSTAT statistical software. PCA was used to correlate the
percentage of bioactive compounds with Nostoc spp. Dendrogram constructed by
heat map, clustering Nostoc spp. in 2 clusters and cluster 1 consists of spp. N.
ellipsosporum, N. punctiforme and Nostoc sp. CU150191 and cluster 2 consist of
Nostoc sp. CUI150162. A Venn diagram was also generated using the software

Biovinci 2.0 to represent similar and dissimilar compounds in Nostoc spp. In the
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Venn diagram, it was clear that three compounds (Phytol, neophytadiene and

heptadecane) were identified in all selected species.

Nostoc spp. can be used as a biofertilizer in paddy fields due to its nitrogen-
fixing capacity and they can release various bioactive compounds into the soil that
are beneficial to the growth of rice. Being the most important food crop, improving
the productivity and quality of rice is always crucial. Bio-priming is a novel method
of seed treatment that attracted much attention for its potential to induce seed
germination and enhance seedling growth. In this study, four selected species of
Nostoc were co-cultivated with rice seeds and analysed the effect of the species on
paddy growth. The selected four species were N. ellipsosporum FY150125 and
Nostoc sp. CU150162 were epipsammic whereas N. punctiforme FY150188 and
Nostoc sp. CU150191 as epilithic. These four species showed fast growth and
adapted better to the growth medium. Bio-priming of rice seeds, Jyothi and
Annapurna with Nostoc spp. enhanced the germination percentage and seedling
growth than hydro-primed seeds. Morphological (shoot length, leaf number, leaf
length and leaf breadth) and biochemical characters (total chlorophyll, total protein
and total sugar content) of rice varieties treated with Nostoc spp. were monitored on
the 7™,14™ and 21° days after the multiplication of Nostoc spp. in soil and also
assessed during the harvesting time. Compared to the control plants, the vegetative
and biochemical characteristics of the rice varieties inoculated with Nostoc spp.
showed higher performance. Maximum growth of the rice varieties significantly
increased in the plants treated with Nostoc sp. CU150162, followed by N.
ellipsosporum FY 150125, N. punctiforme FY 150188 and Nostoc sp. CU150191.

Yield parameters such as total number of grains and weight of grains were
higher in treated plants, proving that the potential of four strains as biofertilizers.
Previous studies mainly focused on the productivity of rice using the inoculation of
cyanobacteria, but our research focused on the quantity as well as the quality of the
grains. In this investigation, the elemental contents of grains (percentage of carbon,
nitrogen, hydrogen and sulphur) of treated plants were analysed using a CHNS

analyzer. The percentage of all the analyzed elements was higher in the grains of
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inoculated plants. Two-fold increases in the nitrogen and sulphur were reported in
the grains of plants treated with Nostoc sp. CU150162 than control. The results also
concluded that, inoculation of rice plants with Nostoc spp. not only augmented the
yield of rice but also improved the quality of the grains. These findings suggested
that Nostoc spp. are potential candidates for their application to develop eco-friendly
and sustainable agricultural practices. Among the treatments, Nostoc sp. CU150162

has emerged as a potential biofertilizer that is economic and environment friendly.
Conclusion

According to the research findings, it is concluded that Kerala State is very
rich in the biodiversity of Nostoc species. Especially, Western Ghats regions
(Biodiversity hotspot) of Kerala are abundant with epilithic Nostoc species. In this
study, a total of 39 Nostoc spp. were identified from different districts of Kerala,
among them the majority of the species were identified as epilithic from the Western
Ghats regions. This is the first study from Kerala State reported with 39 species of
Nostoc. N. indistinguendum, N. locularis and N. tibeticum are new reports of the
cyanobacterial flora of India. Among the identified Nostoc spp. from Kerala, four
species were selected for molecular and biochemical characterization. Molecular
characterization of the selected species confirmed that the species were Nostoc
ellipsosporum FY150125, N. punctiforme FY150188, Nostoc sp. CU150162 and
Nostoc sp. CU150191. Biochemical profiling using GC-MS analysis of the Nostoc
spp. assisted in detecting a wide range of compounds with broad commercial
applications. Lupeol, propyl hexanoate and isobutyl caproate are reported for the
first time in N. ellipsosporum. Assessment of selected Nostoc spp. as biofertilizer for
rice varieties Jyothi and Annapurna showed that, Nostoc spp. promoted crop yield
by 10-45%. It has also been concluded that, the inoculation of plants with Nostoc
spp. used in this study enhanced the grain quality. Thus, inoculation with beneficial
Nostoc spp. has emerged as an innovative, eco-friendly technology to feed the global

population more sustainably.
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Recommendations

The current work will provide the baseline information on the taxonomy of
Nostoc spp. which would facilitate future research on the diversity and ecology of
Nostoc spp. from Kerala. A systematic study of Nostoc spp. in Kerala State needs to
be further explored and has a long way to go. To elucidate the phylogenetic
relationship among Nostoc spp., more conserved genes such as rbcL, nifD and HetR
can be opted. Research on polyphasic analysis of Nosfoc spp. from Kerala State
could be conducted without any limitations. In the present work, Nostoc sp.
CU150162 enhances the growth of rice plants in comparison to the control plants.
Hence, the possibility of utilizing the Nostoc sp. CU150162 as a biofertilizer with
minimal use of chemical fertilizers and pesticides could be explored. Bioprocess
technology could also be applied for pilot-scale and large-scale production of Nostoc
as a source of biofertilizer and thus promote sustainable agricultural practices.
Studies on metabolic pathways involved in the growth-promoting process could be
an exciting area to be examined. These studies would be greatly beneficial to the
farmers and agriculturalists cultivating rice and other crop plants. Nostoc spp. are
considered to be an important species in nitrogen fixation for harnessing soil health
as well as for assuring economic, environmental, and agronomic benefits. Studies on
the endophytic colonization of roots of rice and other crop plants with Nostoc spp.
and their role in promoting growth could also be investigated. Mass spectrometric
analysis of Nostoc in various solvents could help in identifying novel compounds
with bioactive potential. The associated role of nif genes and their regulatory
mechanism in growth promotion can also be studied. The application of Nostoc
strains in the agriculture field can reduce farmer’s dependence on chemical

fertilizers and pesticides, as well as reduce farming costs and environmental hazards.
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