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Cyanobacteria are photosynthetic microorganisms that inhabit diverse environmental conditions worldwide, ranging
from freshwater and soil to extreme conditions. Apart from their photosynthesis and nitrogen-fixing abilities, they
also produce a large variety of molecules with high potential in pharmaceutical and industrial applications. Recent
investigations have elucidated that most of the cyanobacteria that belong to orders Oscillatoriales, Nostocales,
Chroococcales, and Synechococcales have been extensively characterized. In contrast, those that belong to
Pleurocapsales, Chroococcidiopsales, and Gloeobacterales remain unexplored in terms of their molecular diversity
and relative bioactivity. In recent decades, molecular biology techniques have revealed valuable insights into
the role and functions of various prokaryotes, including cyanobacteria, by precisely mapping their diversity in
their natural environment. This review provides an overview of molecular techniquesandtheir advantages and

limitations for studying cyanobacterial diversity.
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Introduction

Cyanobacteria are a distinctive phylogenetic group
of gram-negative prokaryotes capable of performing
oxygenic photosynthesis (Kumari etal., 2012; Soo et al.,
2017). Approximately 3.6 billion years ago, they played
a remarkable role in the oxygenation of the atmosphere
by generating molecular 02’ thereby accentuating life on
earth (Soo et al., 2017). Cyanobacteria are also considered
the progenitor of chloroplasts and are involved in the
fixation of atmospheric N, thus playing a substantial
role in maintaining thenitrogen economy (Kumari and
Rai, 2019). Cyanobacteria are ubiquitous in diverse
ecological niches and conceal enormous diversity in
their habits, morphology, physiology, and metabolism.
They are present in freshwater, marine, hot, and cold
springs and symbiotic associations (Gaysinaetal., 2019).
Furthermore, cyanobacteria produce a wide range of
toxins and secondary metabolites; therefore, they have
attracted broad interest in biofuel and biotechnological/
pharmaceutical applications (Demay et al., 2019).

The quantification of numbers and types of
cyanobacteria within a community is imperative to
get functional insight into their role in regulating the
fundamental structure of the ecosystem (Gaysina et al.,
2019). Since cyanobacteria exhibit a high degree of

morphological diversity compared to other prokaryotes,
therefore, until recently, they were identified and
categorized based on their morphological traits per-se.,
cell size, shape, colour, branching pattern, and cell
contents (Demay et al., 2019). With the technological
advancements and their unicellular, colonial and
filamentous nature, researchers have managed to
assess their diversity at morphological, physiological,
biochemical, and molecular levels to reveal the hidden
potential of cyanobacteria for industrial/agricultural
applications (Kumari and Rai, 2019). The morphological
and physiological diversity assessment methods have
several limitations, like the low resolution of the light
microscope failing to provide a clear view of spores,
akinetes, and other taxonomic traits (Anand et al., 2019).

Biochemical diversity analysis involves assessing
fatty acid composition, polar/nonpolar glycolipids,and
interestingly lipid profiling of various cyanobacteria
such as Synechocystis sp. strain PCC 6308, Prochloron
sp. and Synechococcus strain revealed valuable insight
into their phylogenetic distributions (Sallal et al.,
1990). However, the biochemical approach also has its
limitations in assessing cyanobacterial diversity due
to their growth limitations and nutrient composition
variations (Sallal et al., 1990). Therefore, to overcome
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these constraints, present-day cyanobacterial diversity
analysis is being made at the molecular level by using
various molecular biology tools based on DNA and
RNA, such as RT-PCR, microarray, and fluorescence
in-situ hybridization, and metagenomics (Anand et
al., 2019). Several researchers have exploited the
above-mentioned molecular techniques to get novel
insights into the structure and functions of microbial
communities at genomic, proteomic, and metabolomic
levels (Rott et al., 2018). This article will summarize
the state-of-the-art molecular techniques currently used
for cyanobacterial diversity assessment. In addition,
a comprehensive understanding of their mechanisms,
functions, and limitations will also be discussed.
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Several molecular biology tools have been employed
in recent decades to study the diversity and function
of cyanobacteria and other prokaryotes (Anand et
al., 2019). DNA or RNA profiling/fingerprinting is
one of the robust molecular tools readily exploited to
unveil microbial diversity in a specific environment by
ascertaining variation at the gene level (Madigan et al.,
2009). A wide variety of microbial communities has
been categorized phylogenetically and functionally using
this approach (Fig. 1). However, the application of this
technique becomes limiting wherever it was difficult to
establish microbial cultures in the laboratory (Madigan
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Fig. 1. A schematic overview of molecular techniques used for cyanobacterial diversity assessment
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et al., 2009). Therefore, the above method has been
revamped by integrating ultra-throughput sequencing
technologies (NGS), metagenomics, DNA microarray for
analysing gene expression patterns, and 16STRNA gene
library construction. Overall, the molecular techniques
employed for cyanobacterial diversity and functional
assessment have been grouped into two broad categories
(1) gel-based and (ii) gel-free techniques.

Gel-based Techniques

Gel-based techniques mainly involving ribosomal
intergenic spacer analysis (RISA), restriction fragment
length polymorphism-PCR (RFLP-PCR), and denaturing
gradient gel electrophoresis (DGGE) have been widely
used to study cyanobacterial community (Kumari and
Rai, 2019). RISA assesses microbial diversity using
oligonucleotide designed using an intergenic spacer
region between the 16S and 23S rRNA gene (Rottet al.,
2018). The functional mechanisms of RISA involve PCR
amplification of DNA from different microbial samples
with the specifically designed primer combinations, and
the difference between banding patterns is visualized.
Similarly, RFLP has also been extensively used to reveal
the phylogenetic profile of several dominant microbial
genera, including cyanobacteria, namely Scytonema and
Leptolyngbya (Srivastava et al., 2016). RFLP involves
restriction digestion of microbial DNA samples using
specific restriction enzymes and amplifying the digested
DNA fragments using particular primers (Lukow et
al., 2000). The difference between amplicon size is
evaluated, which is the basis of diversity assessment.
Several studies have confirmed the applicability of both
RISA and RFLP for ascertaining microbial diversity in
Anabaena and other cyanobacteria in a precise, efficient,
timely, and cost-effective way (Neilan et al., 1995).

DGGE is also a molecular tool that offers an extra
edge for analysing microbial diversity, which involves
theseparation of different DNA samples based on
increasing denaturing conditions (Kumari and Rai,
2019). DGGE technique offers high-resolution microbial
diversity assessment by analysing the DNA molecules
that differ by a single nucleotide (Song et al., 2005).
Further, its robustness relies on the fact that it could
work with lengthy DNA sequence analysis without
compromising its specificity and efficiency. The DGGE
technique work on a sequence-dependent separation
mechanism where PCR products are visualized on
polyacrylamide gel electrophoresis after denaturing the
DNA samples either with formamide or urea (Jungblut
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et al., 2005). As the denatured DNA fragment migrates
on the gel, the shape of the DNA fragments changes
dramatically,resulting in the slow migration of DNA
along the established denaturing gradient, thus facilitating
the visualization of the slightest change in the base pairs
(Anand et al., 2019). A large body of literature has
confirmed the efficiency and robustness of this technique
in evaluating diversity analysis of toxin-producing
cyanobacteria e.g. Microcystis and other prokaryotes
(Kardinaal et al., 2007).

The 16S rRNA gene technique of library construction
and diversity analysis involves theconstruction of
primer sets from the variable region of the 16S rRNA
gene,followed by the sequencing of the amplified
products (Semenovaet al., 2001). The 16S rRNA gene is
ubiquitous to all microbes except viruses therefore used
as the signature sequence for taxonomic characterization
of microorganisms (Svenninget al., 2005). Various
online tools and software packages such as SILVIA,
GreenGenes, and EzBioCloud serve as the repository
of 16S rRNA gene sequences of most of the microbes,
which can be exploited for designing primers for
diversity analysis (Yoon et al., 2017). In general, the
fingerprinting of the microbial community relies on the
PCR amplification of 16S rRNA gene fragments and
evaluating the banding patterns on gel electrophoresis
(Kumari and Rai, 2019). Further, researchers have
employed quantitative RealTime PCR (qPCR) using a
specific set of 16S rDNA-designed primers (Anand et al.,
2019). The qPCR is asensitive technique that evaluates
diversity based on fold change in the expression of the
concerned in the heterogeneous collection of microbial
RNA samples (Palinska et al., 2018).Both the techniques
are now being extensively used to analyse diversity in
various prokaryotes and cyanobacteria such as Nostoc
and Synechococcus (Palinska et al., 2018). However,
amplification efficiency of both the techniques depends
upon the quality, quantity, and purity of DNA/RNA
samples and specific primers.

Gel-free techniques

Fluorescence in situ hybridization (FISH) is a molecular
cytogenetic tool that detects specific DNA positions on
the chromosome using sequence-specific fluorescent
probes (Kumari and Rai, 2019). Several researchers have
exploited FISH as a tool for species identification using
a specifically designed oligonucleotide or polynucleotide
probes, which are fluorescently labelled at 5’end using
fluorescein and rhodamine (Threon and Cloete, 2000).
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The FISH technique has been successfully used for
the taxonomic classification of Nodularia strains from
brackish water and several other cyanobacterial species
using DNA-DNA and DNA-RNA hybridization (Suda et
al.,2002). Microarray is a high-throughput technique that
has been extensively employed for microbial diversity
assessment using a specific antibody against the gene of
interest (Anand et al., 2019). Microarray is gene-chip
technology that can test many biological samples by
performing DNA-DNA, DNA-RNA, and DNA-protein
hybridization (Baudart et al., 2017). This technique has
contributed significantly to revealing the diversity of
freshwater pathogens, including cyanobacteria, based
on thehybridization of toxin encoding genes (Medlin,
2018). However, the efficiency of microarray techniques’
depends on the specificity of the probe designed for the
molecular assessment of the diversity.

Metagenomics is DNA sequencing-based technology
and a culture-independent tool for analysing DNA
samples isolated directly from the environmental
samples (Lu et al., 2016). This technique performs
taxonomic and diversity analysis in detail and provides
valuable insight into their physiology by studying the
expression pattern of genes under distinct environments
(Luetal., 2016). Compared to other molecular diversity
assessment tools such as RISA, RFLP, DGGE, and 16S
rRNA gene, metagenomics provides comprehensive
information about the biodiversity and physiological
behaviour of the concerned microbes (Laver etal., 2015).
Metagenomics techniques involve DNA/RNA library
preparations followed by their assembly, sequencing,
and data interpretations. The metagenomics technique
is a complex molecular diversity analysis tool that is
less biased than PCR and offers in-depth information
related to the physiology and diversity of microbial
communities.

Researchers have also identified and exploited
various PCR-based molecular markers for cyanobacterial
diversity analysis in conjunction with the earlier
techniques. For example, 16SrRNA-based molecular
markers are extensively used to decipher phylogenetic
relationships (Komarek, 2016). Likewise, molecular
identification based on the RNA polymerase B subunit
(rpoB) gene has also been used to study cyanobacterial
diversity under different environmental conditions (Lyra
et al., 2005). The rpoB gene is highly conserved and
ubiquitously distributed, offering a more significant
advantage over the 16S rRNA gene for diversity analysis
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(Kumari and Rai, 2019). Microbiologists have also
designed molecular markers based on nitrogen-fixing
(nif) genes and have used them to analyse diversity
among different microbial communities (Anand et al.,
2019). A marker-based on the nifH gene has also been
identified in cyanobacteria such as Anabaena variabilis,
and other photosynthetic cyanobacteria to gain valuable
insight into their phylogenetic relationship by correlating
the data with morphological and biochemical characters
(Thiel et al., 1995).

Conclusion

Cyanobacteria represent immense diversity, as exhibited
by the high degree of morphological variations.
Quantifying their number and types within a community
is central to understanding an ecosystem’s structure and
function. Recent advancements in molecular biology
tools, especially in genomics, metagenomics, and
proteomics, are imperative for the taxonomic assessment
of cyanobacteria by outlining more significant differences
among the lineages. These molecular techniques can
precisely resolve species relationships by decoding their
genome and can provide an in-depth understanding of
cyanobacterial diversity under extreme environments.
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