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Abstract

Phylogenetic studies based on a definite set of marker genes usually reconstruct evolutionary relationships among the prokary-
otic species. Based on specific target sequences, such studies represent variations and allow identification of similarities or
dissimilarities in organisms. With the advent of completely sequenced genomes and accumulation of information on whole
prokaryotic genomes, phylogenetic reconstructions should be considered more reliable if they are ideally based on entire
genomes to resolve phylogenetic interest. We applied phylogenomics approaches taking into account completely sequenced
cyanobacterial genomes to reconstruct underlying species that represented major taxonomic classes and belonged to distinctly
different habitats (freshwater, marine, soils, and rocks). We did not rely on describing phylogeny of all representative class of
cyanobacterial species on the basis of only ribosomal gene, 16S rDNA gene. In contrast, we analyzed combined molecular
marker and phylogenomics approaches (genome alignment, gene content and gene order, composition vector and protein
domain content) for accurately inferring phylogenetic relationship of species. We have shown that this approach reflects
the impact of evolution on the organisms and considers connects with the ecological adaptation in cyanobacteria in differ-
ent habitats. Analysis revealed that the members from marine habitat occupy different profile than those from freshwater.
Impact of GC content and genomic repetitiveness over the diversification of cyanobacterial species and their possible role in
adaptation was also reflected. Members occupying similar habitats cover more evolutionary distance together and also evolve
various strategies for adaptation and survival either through genomic repetitiveness or preferences for genes of particular
functions or modified GC content. Genomes undergo different changes for their adaptation in diverse habitats.

Keywords Cyanobacterial evolution - Phylogeny - Ecological adaptation - Genomic repetitiveness - Functional profile -
Phylogenomics - Cyanobacteria

Introduction

The universal ‘tree of life’ constructed on the basis of molec-
ular analysis of ribosomal RNA (rRNA) genes has led to
molecular classification of microorganisms (Woese and Fox
1977; Woese 1987). Although the rRNA-based tree of life is
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laterally via ‘Horizontal Gene Transfer’ (HGT), a phenom-
enon quite frequent in prokaryotic organisms. Such gene
transfers within species usually complicate the evolution-
ary reconstruction based on single gene. They represent that
some species are chimeric in nature having diverse histories
for different parts of their genome (Eisen 2000; Prasanna
and Mehra 2013; Rinke et al. 2013). Multiple approaches
were derived to explore phylogeny among organisms on the
basis of various structural and functional genes and protein
sequences (Sawa et al. 2003; Auch et al. 2010; Lang et al.
2013). Such methods end with troubles in deciphering evo-
lutionary history of organisms due to duplication, deletion or
horizontal gene transfer. Another problem in gene(s) based
approach lies in the identification of gene to be used for
phylogenetic analysis as it should be significantly conserved
across the diverse genomes (Sawa et al. 2003). There existed
some reports on the phylogenetic analysis of archaea and
bacteria using universal genes (Nelson et al. 1999; Makarova
et al. 1999). It was, therefore, suggested that the tree gener-
ated from universal genes is not necessarily accurate due to
factors such as convergence, misidentification of orthologs,
gene conversion and ambiguities in sequence alignment
(Eisen 2000). The molecular phylogenies that have led to the
classification of three primary kingdoms or domains were
based on single characteristic gene sequence such as 16S
rRNA gene (Weisburg et al. 1991; Li et al 2002; Vétrovsky
and Baldrian 2013). However, using various characteristic
gene sequences for phylogeny reconstruction leads to con-
trast conclusions reflecting problems owing to horizontal
gene transfer, unrecognized paralogy and highly variable
rates of evolution (Woese 1998; Rudi and Sekelja 2013).
Therefore, equating the history of the whole genome with
that of a single although highly conserved gene or only a part
of the genome or a major region is not conclusive.

Theoretically, the evolutionary history of different
genomes can be assessed by comparing phylogenetic trees
for each gene in every genome (Eisen 2000). Practically,
such approaches have their own limitations because phy-
logenetic tree reconstruction is cumbersome when every
gene in the genome is considered. Ideally, for making the
genetic tree reconstruction reliable, the set of genes analyzed
should be present in all the species considered, sequence
alignments need to be carefully examined and ambiguous
or hypervariable alignment regions should be excluded from
phylogenetic analysis. Phylogenetic reconstructions based on
whole genome sequences are emerging as the most reliable
alternatives (Takahashi et al. 2009). It allows comparison
of entire gene families or overall gene content, insertions
and deletions or HGT events (Sawa et al. 2003). Evalua-
tion of closely related genome sequences can endow with
an evidence of macroscopic genome polymorphism which
occurs during the phase of recombination processes (Kawai
et al. 2000).
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Conventional phylogenetics and phylogenomics

Evolutionary biology has witnessed revolution with the
disclosure of fact that comparison of gene sequences can
reveal the evolutionary history of species (Losos et al.
2013) Ribosomal RNA was analyzed for the interpreta-
tion of evolutionary classification of microbes as univer-
sal tree of life (Zuckerkandl and Pauling 1965; Woese
1987; Woese and Fox 1977; Eisen 2000). Archaea was
recognized as the third domain of life along with well-
accepted domains Bacteria and Eukarya on the basis of
ssu-rRNA (Rajendhran and Gunasekaran 2011). For evo-
lutionary studies, ssu-rRNA is broadly accepted as ‘phy-
logenetic marker’ that possesses features such as presence
across all three domains of life, highly conserved regions,
sequence and structure level conservation and sequence
variations to facilitate studies on evolutionary events (Wu
et al. 2013). The gene also serves the purpose of ‘eco-
logical marker’ along with ‘phylogenetic marker’ for the
analysis of microbes (Wu et al. 2013; Moreno-Hagelsieb
et al. 2013). Along with microbes, these gene sequences
were also used as phylogenetic marker for other organisms
and deciphered valuable information about their phylo-
genetic relationships. Ribosomal rRNA genes are present
in many copies per genome and repeated copies have the
similar prototype of concerted evolution which facilitates
its analysis either by direct RNA and DNA sequencing or
by restriction enzyme methodologies (Hillis and Dixon
1991; Bryant et al. 2013).

Though, there exists many controversies with rRNA
gene based tree of life, major concern relates to the use of
single gene for defining evolutionary history (Eisen 2000;
Daubin and Szo6ll6si 2016). ssu-rRNA genes also have
wide deviation in copy number among different organ-
isms which poses limitation on estimation of their rela-
tive abundance across different groups. Primers which are
universally used for amplification of ssu-rRNA genes also
tend to have slight biasness towards certain taxonomic
groups. This gene is reported to influenced by the pro-
cesses such as HGT, convergent evolution or variations in
evolutionary rates in due course of time (Wu et al. 2013).
Among phylogeny based on this gene, limited mutable
sites and restricted length generates the problem of satu-
ration (Henz et al. 2005). In addition, 16S rRNA gene
sequence identity does not correlate with DNA-DNA
hybridization (DDH) values which are critical conclusive
factor for establishment of new species (Klenk and Goker
2010; Kim et al. 2014). In addition to 16S rRNA genes,
23S rRNA, the B-subunit of F1FO ATPase, DNA gyrase b
gene and elongation factor Tu is also used as phylogenetic
marker genes (Ludwig and Schleifer 1999). Though again,
the major problem associated with the use of these genes
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as phylogenetic marker lies in the fact that whether a sin-
gle gene can resolve evolutionary history of any species.
There are experimental facts that rRNA gene is also sub-
jected to horizontal gene transfer (Li et al. 2002; Yabuki
et al. 2014) and single-gene-based phylogeny is unable to
cope with horizontal gene transfer, unrecognizable par-
alogy and extremely inconsistent rates of evolution (Wu
etal. 2013).

Evolution of gene content in a genome is a complicated
and unresolved process (Snel et al. 2002; Comas et al. 2006).
Studies revealed that presence or absence of genes between
genomes is dependents on the genome size (Snel et al. 1999)
and evolutionary distance (Snel et al. 2002). Genome size is
ruled by many different factors involving addition/deletion of
genetic information, amplifications, horizontal transfer and
selection. Prokaryotic genomes tend to have strong deletion
biases where DNA lacking adaptive value is rapidly deleted
(Mira et al. 2001). This has indicated that the recombination
leads to deletions more often than amplifications (Treangen
et al. 2009). Larger genomes are reported to preferentially
obtain genes involved in regulation, secondary metabolism
and energy conversion. Bacteria with larger genomes are
ecologically more successful in the environment where
resources are varied and poor (Prabha et al. 2016). Complete
understanding of these facts will provide detail insight into
interaction between ecology and genome evolution (Kon-
stantinidis and Tiedje 2004).

Genomics technologies opened array of scope for micro-
bial biologists to understand factors leading to complex
evolutionary patterns of the genomes (Eisen 2000; Wolf
et al. 2001; Mirkin et al. 2003; Henz et al. 2005; Zhao et al.
2012). Microbial genomes acquire foreign DNA from sur-
roundings more frequently as compared to higher organisms
through HGT events (Capella-Gutierrez et al. 2014). HGT
in combination with intra-genomic rearrangements and
duplication events leads to bacterial adaptations to different
environmental niches and variance in closely related spe-
cies (Sicheritz-Pontén and Anderssona 2001; Oliveira et al.
2017). Genome size, geometry, GC content and gene number
are the important parameters and deviation in any of these
parameters reflects typical change in the bacterial genomes
(Bentley and Parkhill 2004). Many genomes reflects changes
in genome size and gene content as directed by the processes
such as deletion, duplication and lateral gene transfer events
(Nilsson et al. 2005; Cordero and Hogeweg 2009). Overall,
the genome size of bacteria is maintained in an equilibrium
between the duplication or HGT and mutations leading to
elimination of function followed by deletions (the loss of
genes) (Wernegreen et al. 2000). For better understand-
ing of this phenomenon, in-depth phylogenetic analysis is
required at genome level (Sicheritz-Pontén and Anderssona
2001). Increasing number of complete genome sequences
makes it possible to use wealth of genomic information for

phylogenetic reconstruction, focus on entire genome and
its genes rather than a single gene or group of genes (Wolf
et al. 2001; Mirkin et al. 2003; Henz et al. 2005). Availabil-
ity of large number of bacterial whole genome sequences
facilitated biologists to explore and examine evolutionary
hypotheses on a larger scale than ever (Zhao et al. 2012;
Land et al. 2015).

Phylogenomics refer to such studies that involve large-
scale genomic comparisons for phylogenetic reconstruction.
This reflects complex evolutionary pattern for microbes that
involve not only vertical descent or lateral gene transfer but
also include a mix of recombination, duplication, invention,
loss, degradation and convergence of genes during selection
processes (Eisen 2000; Meier-Kolthoff et al. 2014). Phylog-
enomics approaches hold promise for better interpretation
of genome organization and function. Recently sequenced
genomes provided a clear picture of genome evolution and
phylogeny (Medina 2005). Enormous information lead to
decipher salient genomic features in terms of gene content
and gene order and create reliable phylogenetic reconstruc-
tions. Based on the information of gene and gene family con-
tent, gene order, protein domain content, protein orthologs
and fold information in the genomes, whole genome phylo-
genetic trees have become more reliable (Klenk and Goker
2010). Though in prokaryotic genomes, gene content and
gene order phylogenies are influenced by gene loss and hori-
zontal gene transfer (Klenk and Goker 2010).

Phylogenetic trees are, therefore, valuable means for
analyses such as taxonomy assignment, metagenomics
studies, inference of co-speciation, identification of eco-
logical trends, epidemiological and biogeographical events,
phylogenetic profiling analysis and genomes selection for
sequencing (Lang et al. 2013). Currently, reliability in meth-
ods, tools, and approaches raises expectations from phylog-
enomics analysis to infer identification of taxon-specific
gene families as a source of explicit physiological features,
taxonomic and evolutionary purposes and lacuna in single-
gene phylogenies (Klenk and Goker 2010; Lang et al. 2013).

Approaches for phylogenomics analysis

Genome trees were suggested to capture overwhelm-
ing information of the phylogeny. Approaches for whole
genome-based phylogenies can be broadly classified into
three categories as based on (1) sequence alignment, (2)
gene content and gene order, and (3) sequence statistics.
Certain parameter-free and whole-genome-based composi-
tion vector approaches were also developed for phylogenetic
reconstruction (Qi et al. 2004; Hao and Qi 2004; Qiang et al.
2010; Bromberg et al. 2016). Thus, phylogenetic trees con-
sidering complete genome sequences can be reconstructed
into five different ways: (1) alignment-free trees in which
statistic properties of genome are considered; (2) gene
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content trees in which presence or absence of genes are
considered; (3) trees based on chromosomal gene order; (4)
trees based on average sequence similarity; and (5) phylog-
enomics based genome trees (Snel et al. 2005). In another
study, four major approaches considering (1) gene and/or
protein content, (2) gene order, (3) shared gene content, and
(4) information theory and genome compression were men-
tioned for phylogenetic analysis (Khiripet 2005).
Alignment-based methods were in practice from the time
of rRNA sequence rooted phylogenetic trees. However,
owing to sequence size limitations, alignment-based meth-
ods are complicated for application at the entire genome
level. Furthermore, it is also not feasible to carry out mul-
tiple sequence alignment at whole genome level because of
huge sequence size (from millions to billions of base pairs)
(Klenk and Goker 2010). Gene duplication affects gene
content of genomes and thereby generates inconsistency in
phylogeny of closely and distantly related genomes. Gene
content tends to have strong phylogenetic signal and assist
in removing numerous taxonomic uncertainties (Tekaia et al.
1999; Snel et al. 2005; Anselmetti et al. 2018). It, however,
depends up on the availability of complete genomes. In case
of incomplete genomes, gene content approach can be used
via signature genes, where for each clade, core genes ubig-
uitous in every genome in a phylogenetically coherent group
is identified (Charlebois and Doolittle 2004; Dutilh et al.
2008). Gene order is also used for the assessment of phylo-
genetic relationship in closely related genomes. However,
this parameter lacks resolution as genome rearrangement is
not a frequent event in nature (Vishnoi et al. 2010; Gu et al.
2005; Zhou et al. 2017). Alignment-free approaches such as
k-string approach or composition vector approach are also
available for the construction of genome trees (Xu and Hao
2009). Such approaches are computationally less costly and
utilize utmost content of the genomes (Vishnoi et al. 2010).

Cyanobacterial phylogeny

Cyanobacteria are among the most primitive oxygenic pho-
tosynthetic organisms. They have been studied extensively
for different biological processes including photosynthe-
sis, bioenergetics, nitrogen fixation, environmental stress
adaptation and molecular evolution (Koksharova and Wolk
2002; Cassier-Chauvat and Chauvat 2018). Cyanobacterial
genomes reveal a complex evolutionary history (Zhaxy-
bayeva et al. 2006; Prabha et al. 2016). These organisms
have found their origin in ancient group of photosynthetic
prokaryotes. They have shown distinctions in their habitats,
cellular differentiation strategies, physiological capacities
and metabolic complexity (Beck et al. 2012). Diversity
across various cyanobacteria in terms of their size, gene
number and GC content is reflected in their whole genome
sequences (Larsson et al. 2011; Prabha et al. 2016). This
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has facilitated studies on the factors governing variations
among the organisms and mechanisms responsible for evo-
lutionary diversification. We, therefore, determined phylo-
genetic relationship within different cyanobacterial species
from diverse taxonomic groups by considering their entire
genomic sequence and features (genome alignment, gene
content and gene order, protein domain content). The study
reflected changes in cyanobacterial genomes towards their
adaptation in different ecological niches during the evolu-
tion. We also compared conventional and phylogenomics
approaches reflecting evolutionary history of cyanobacteria
and provides light over process of diversification of these
organisms.

Materials and methods
Species and genome sequences

Forty-one cyanobacterial species representing five different
taxonomic orders (Chroococcales, Prochlorales, Nostacales,
Oscillatoriales and Gloeobacterales), for which complete
genome sequences were available, were taken into the study.
All the genome sequences were downloaded from NCBI
Genome database (http://www.ncbi.nlm.nih.gov/genom
e/). Maximum number of species (22) represented Chroo-
coccales followed by Prochlorales (12). Order Nostacales,
Oscillatoriales and Gloeobacterales had 4, 2, and 1 species,
respectively (Table 1).

Genomic features

Genomic features of all of these cyanobacteria were
identified.

Genome size, GC content: Information about these
parameters was obtained from NCBI Genome database
(http://www.ncbi.nlm.nih.gov/genbank/genomes).

%-coding information: Information about how much per-
centage of genome is coding was calculated as

%-coding = (number of base pairs involved in coding for gene

or other products/total number of base pairs) x 100.

Gene density: Gene density was calculated as genes/Mb.

Phylogenetic reconstruction on the basis of 16S
rRNA gene

For alignment of 16S rRNA gene, MUSCLE (MUIti-
ple Sequence Comparison by Log-Expectation) was used
(Edgar 2004). 16S rRNA gene phylogeny was constructed
using MEGA 5.0 (Tamura et al. 2011) employing Neighbor-
Joining reconstruction with 100 bootstrap iterations. Tree
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Table 1 Details of cyanobacterial genomes under consideration [genome size (Mb), GC content (percentage), coding genome (percentage), gene
density (genes/Mb), microsatellites (number)]

S.no. Taxonomy Organism name Abbreviation  Habitat Genome Size GC content Coding Gene density Micro-
used genome satellites
1 Chroococ- Acaryochlo- Am_ Marine 8.36 47 83.26 1025 6826
cales ris marina MBIC11017

MBIC11017

2 Cyanothece sp. Cs_ Marine 5.46 379 86.8 983 6540
ATCC 51142 ATCC51142

3 Cyanothece sp. Cs_PCC7424  Fresh water 6.55 38.5 81.46 907 7975
PCC 7424

4 Cyanothece sp. Cs_PCC7425  Fresh water 5.79 50.6 85.28 951 7023
PCC 7425

5 Cyanothece sp. Cs_PCC7822  Fresh water 7.84 40.1 82.83 898 7512
PCC 7822

6 Cyanothece sp. Cs_PCC8801  Fresh water 4.79 39.8 84.85 964 5587
PCC 8801

7 Cyanothece sp. Cs_PCC8802  Fresh water 4.8 39.8 85.1 979 5567
PCC 8802

8 Microcystis Ma_NIES_843 Fresh water 5.84 42.3 81.36 1090 6639
aeruginosa
NIES-843

9 Synechococcus  Ss_CC9311 Fresh water 2.61 55.5 87.21 1128 3317
sp. CC9311

10 Synechococcus ~ Ss_CC9605 Fresh water 2.51 55.4 86.94 1098 3782
sp. CC9605

11 Synechococcus ~ Ss_CC9902 Marine 2.23 52.4 90 1056 2837
sp. CC9902

12 Synechococcus  Ss_JA_2_3Ba  Marine 3.05 59.2 85.48 965 4386
sp. JA-
2-3B’a(2-13)

13 Synechococcus  Ss_JA-3-3Ab  Marine 2.93 54.2 84.86 989 4509
sp. JA-3-3Ab

14 Synechococcus  Ss_PCC7002  Hot spring  3.41 58.5 87.64 950 3426
sp. PCC 7002

15 Synechococcus ~ SsSRCC307 Hot spring  2.22 60.2 94.16 1163 3586
sp. RCC307

16 Synechococcus  Ss_WH7803 Marine 2.37 49.2 93.39 1091 3425
sp. WH 7803

17 Synechococcus ~ Ss_WH8102 Marine 2.43 60.8 90.3 1062 3580
sp. WH 8102

18 Synechococ- Se_PCC6301  Marine 2.7 60.2 88.04 956 3289
cus elongatus
PCC 6301

19 Synechococ- Se_PCC7942  Marine 2.74 59.4 89.21 991 3324
cus elongatus
PCC 7942

20 Synechocystis Sy_PCC6803  Fresh water 3.95 474 87.14 918 4410
sp. PCC 6803

21 Thermosyn- Te_BP_1 Hot spring  2.59 53.9 89.99 975 2956
echococcus
elongatus
BP-1

22 cyanobacterium C_UCYNA Marine 1.44 31.1 81.41 862 2349
UCYN-A

23 Gloeobacte-  Gloeobacter Gv_PCC7421 Rock 4.66 62 89.36 962 7078

rales violaceus
PCC 7421
e etsen &) Springer
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Table 1 (continued)

S.no. Taxonomy

Organism name

Abbreviation
used

Habitat

Genome Size

GC content Coding

genome

Gene density Micro-

satellites

24 Nostacales

25

26

27

28 Oscillatori-

ales

29

30 Prochlorales

31

32

33

34

35

36

37

38

39

40

41

Anabaena vari-
abilis ATCC
29413

Nostoc sp. PCC
7120

Nostoc punc-
tiforme PCC
73102

‘Nostoc azollae’
0708

Arthrospira
platensis
NIES-39

Trichodesmium
erythraeum
IMS101

Prochlorococ-
cus marinus

str. AS9601

Prochlorococ-
cus marinus
str. MIT 9211

Prochlorococ-
cus marinus
str. MIT 9215

Prochlorococ-
cus marinus
str. MIT 9301

Prochlorococ-
cus marinus
str. MIT 9303

Prochlorococ-
cus marinus
str. MIT 9312

Prochlorococ-
cus marinus
str. MIT 9313

Prochlorococ-
cus marinus
str. MIT 9515

Prochlorococ-
cus marinus
str. NATL1A

Prochlorococ-
cus marinus
str. NATL2A

Prochlorococ-
cus mari-
nus subsp.
marinus str.
CCMP1375

Prochlorococ-
cus mari-
nus subsp.
pastoris str.
CCMP1986

Av_
ATCC29413

Ns_PCC7120

Np_PCC73102

Na_0708

Ap_NIES-39

Te_IMS101

Pm_AS9601

Pm_MIT9211

Pm_MIT9215

Pm_MIT9301

Pm_MIT9303

Pm_MIT9312

Pm_MIT9313

Pm_MIT9515

Pm_NATLIA

Pm_NATL2A

Pm_
CCMP1375

Pm_
CCMP1986

Multiple

Multiple

Fresh water

Multiple

Fresh water

Marine

Marine

Marine

Marine

Marine

Marine

Marine

Marine

Marine

Marine

Marine

Marine

Marine

7.11

7.21

9.06

5.49

6.79

7.75

1.67

1.69

1.74

1.64

2.68

1.71

2.41

1.7

1.84

1.75

1.66

414

38.3

414

41.3

44.3

34.1

31.3

38

31.1

31.3

50

31.2

50.7

30.8

35

35.1

36.4

30.8

82.33

82.5

77.43

52.13

81.24

60.11

91.15

90.12

89.62

91.21

84.52

89.59

82.23

88.92

87.29

85.62

89.22

88.42

818

862

791

980

983

661

1177

1124

1180

1196

1170

1085

967

1155

1210

1211

1103

1061

7666

7627

9646

7175

7739

12,530

2967

2269

3094

2798

3650

3042

3234

3146

2913

2798

2421

3112
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visualization was done via TreeDyn program (Chevenet
et al. 2006).

Reconstruction of complete genome-based
phylogenies

Distance estimation

On the basis of genome alignment: Alignment of complete
genomes was carried out through MUMMER (Delcher et al.
2002) from GGDC web server (Auch et al. 2010) (param-
eters: coverage algorithm with distance function and 100%
identity). DNA-DNA hybridization (DDH) is an extensively
used technique for estimation of the overall similarity among
the genomes of two organisms (Auch et al. 2010). In fact,
the “gold standard” of bacterial species delineation is in
general genome similarity identified through DDH, which
is a strictly rigorous technique, however, at some instances
yields inconsistent results (Colston et al. 2014). In silico
approaches for the genome sequence comparison are also
available as an alternative of DDH. GGDC web server is
based on this only and implies distance methods based
as high-scoring segment pairs (HSPs) or maximally unique
matches (MUMs) for estimation of similarity among differ-
ent genomes (Auch et al. 2010).

On the basis of alignment-free composition vec-
tor approach: Alignment-free composition vector (CV)
approach was used for intergenomic distance estimation
from CVTree platform (k-tuple length of 6) (Xu and Hao
2009). Composition vector (CV) approach is an alignment-
free method based on K-tuple counting and background
subtraction. This approach infers trees from whole-genome
data through an alignment-free and parameter-free way (Zuo
et al. 2010).

On the basis of overlapping gene content and gene
order: For estimation of intergenomic distance on the basis
of overlapping genes (OG), OGtree algorithm was used
(parameters: 1 for weight of overlapping-gene order and
gene content, 1e—9 as threshold of E value and 80% for
threshold of alignment coverage in each sequence). OGtree
constructs OG distance between the genomes by the analysis
of both the OG content and OG order (Jiang et al. 2008).
The overlapping genes (OGs) are adjoining genes whose
coding sequences are partially or completely overlapped
(Jiang et al. 2008). Overlapping genes (OGs) correspond
to widely available genomic feature of bacterial genomes
and are also used as rare genomic markers for phylogenetic
analysis of closely related bacterial species (Zhang and Lin
2015). OGs are potentially involved in different important
processes including regulation of gene expression or devel-
opment of genome compaction (Zhang and Lin 2015). In
fact, OGs are much conserved among species rather than
non-OGs (Jiang et al. 2008).

On the basis of whole-genome protein domain content:
Whole-genome protein domain content approach considers
protein domains of the entire genome for the estimation of
distances. ProdocTree (http://ibi.cqupt.edu.cn/prodoctree/
index.php) was used and it uses the bit score of hmmscan
result of each Pfam protein domain for calculation of the
coordinate of a dimension of a multi-dimensional space
and provides euclidean distances between two points in the
space where every point is representative of a species. Pro-
tein structural domains represent evolutionary units, the rela-
tionships of whom can be assessed along long evolutionary
distances (Yang and Bourne 2009). Domain architectures
are shown to be conserved at large phylogenetic distances,
in prokaryotes and eukaryotes, both (Koehorst et al. 2016).

Tree visualization

Neighbor-Net algorithm (Bryant and Moulton 2004) from
SplitsTree software (Huson 1998) was used for phylogenetic
network construction for complete genomes.

Functional characterization and COG assignment

Functional characterization of all the cyanobacterial
genomes was done using the Clusters of Orthologous
Groups (COG) database (Tatusov et al. 2003). For each of
the genome, all the genes were subjected to COG assignment
using Function Profile tool from IMG database (Markowitz
et al. 2012). Function Profile tool assists in identification
of the genes associated with a particular function in query
genome and thus, genes are expected to share at least the
same general functions with their COG matches. Once the
genes were assigned COGs, they were clustered in 22 func-
tional categories, which were further grouped in four major
classes (Table 2). Self-made Perl scripts were used for the
grouping of different COG categories.

Repeat identification and analysis

Information about various kinds of microsatellites (Simple
Sequence Repeats or SSRs) present in cyanobacterial spe-
cies was extracted through Imperfect Microsatellite Extrac-
tor (IMEX) tool (Mudunuri and Nagarajaram 2007). Parame-
ters taken were, Repeat Type: Perfect; Min. Repeat Number:
mono:6, di: 3, tri-hexa:2.

Results and discussion

Habitat and genomic features

Genome size of the cyanobacterial species under
study varied from 1.44 Mb (C_UCYN-A) to 9.06 Mb

pisllase ol ay .
Ay &) Springer


http://ibi.cqupt.edu.cn/prodoctree/index.php
http://ibi.cqupt.edu.cn/prodoctree/index.php

87 Page8of16

3 Biotech (2019) 9:87

Table 2 Functional distribution of cyanobacterial genomes under consideration (values represents percentage of the particular COG category
identified in the cyanobacteria)

COoG

Function Poorly
Class Metabolism Cellular Processes and Signalling Information Storage & Processing Categorized
COG

Category E G F C H 1 P D M (6] J K L
Te BP_1 9.41 534 312 6.99 7.25 2.67 6.87 1.27 5.79 5.28 833 4.07 7.76
Am_MBICI

1017 6.20 4.49 5.91 4.37 2.84 5.94 5.65 4.69 463 7.62 9.01
Se_PCC6301 9.28 543 366 726 7.08 7.02 110 5.92 5.19 8.00 4.15 4.52
Se PCC7942 939 532 359 718 6.94 7.36 1.08 5.92 5.08 7.83 4.5 4.49
Sy_PCC6803 7.62 484 269 6.36 5.15 6.77 6.23 4.84 6.27 457 7.39
Ma_NIES_8

43 8.00 4.08 5.70 4.67 5.98 5.66 4.48 550 4.12
Cs_ATCCS1

142 7.16 5.40 7.35 4.91 2.92 7.05 1.20 6.11 4.05

Cs_PCC7424 802 5.25 6.11 481 - 6.28 5.42 4.40

Cs_PCC7425 7.83 537 5.78 4.71 2.98 6.96 1.25 6.69 4.78

Cs_PCC7822 7.48 537 6.36 4.47 2.84 6.65 1.34 5.94 4.19

Cs_PCC8801 733 499 6.65 5.15 6.50 123 594 4.40

Cs_PCC8802 7.21 496 6.61 5.20 6.37 1.17 5.88 4.43

Av_ATCC29

413 737 471 7.06 4.55 7.50 6.49 4.64

Na_0708 736 5.25 774l 5.49 5.05 1.18 6.72 5.05

Np_PCC731

02 7.39 496 6.40 4.15 3.61 6.01 6.38 4.57

Ns_PCC712

0 6.78 4.41 5.68 4.29 7.43 6.60 4.47

Ap_NIES-39 7.84 513 583 476 4.68 6.32 4.97

Te_IMS101 9.22 5.15 6.96 5.65 4.84 5.83 5.33

Ss JA 2 3B

a 4.68 3.00 7.16 6.93 7.51 5.03 5.66

Ss_JA-3-3Ab 462 3.00 6.61 7.21 6.73 4.68 5.59

Gv_PCC742

1 7.80 5.33 6.44 5.45 3.22 6.84 6.88 4.22

C_UCYNA 736 5.70 748 867 344 463 8.08 6.53

Pm_AS9601 579 427 7.02 863 351 455 5.98 6.07

Pm_MIT921

1 566 443 7.08 858 330 462 5.85 6.13

Pm_MIT921

5 523 430 720 860 336 449 6.73 5.98

Pm_MIT930

1 5.50 4.45 7.01 8.82 3.41 5.31 5.59 6.45

Pm_MIT930

3 6.48 350 6.78 7.15 3.06 4.84 6.63 5.51

Pm_MIT931

2 552 421 7.02 8.71 3.65 4.40 6.09 6.09

Pm_MIT931

3 6.27 3.64 6.89 7.59 3.10 4.33 6.81 5.34

Pm_MIT951

5 570 4.46 7.12 8.74 3.61 4.75 6.65 5.79

Pm_NATLI

A 546 4.26 6.76 8.80 3.33 5.00 6.39 6.48

Pm_NATL2

A 523 430 7.00 8.78 3.27 5.04 5.79 6.54

Pm_CCMPI

375 6.27 421 7.40 8.80 3.09 4.40 6.18 5.71

Pm_CCMPI

986 573 432 7.05 8.83 3.38 4.79 5.92 6.39

Ss_CC9311 6.61 3.55 7.59 6.96 3.13 5.57 6.05 5.57

Ss_CC9605 649 379 722 758 277 576 6.56 5.39

Ss_CC9902 6.61 3.72 7.37 7.90 3.04 4.71 7.67 5.85

Ss_PCC7002 851 470 3.04 7.07 583 6.91 5.68 5.21

Ss_RCC307 6.50 347 679 7.73 296 585 6.93 5.70

Ss_WH?7803 6.71 353 6.85 7.70 2.82 5.65 6.78 5.37

Ss_WH8102 629 369 694 745 311 557 6.80 5.57

COG categories: E amino acid transport and metabolism, G carbohydrate transport and metabolism, F' nucleotide transport and metabolism,
C energy production and conversion, H coenzyme transport and metabolism, / lipid transport and metabolism, P inorganic ion transport and
metabolism, Q secondary metabolites biosynthesis, transport and catabolism, D cell cycle control, cell division, chromosome partitioning, M cell
wall/membrane/envelope biogenesis, N cell motility, O posttranslational modification, protein turnover, chaperones, T signal transduction mecha-
nisms, U intracellular trafficking, secretion, and vesicular transport, V defense mechanisms, A RNA processing and modification, B chromatin
structure and dynamics, J translation, ribosomal structure and biogenesis, K Transcription, L replication, recombination and repair, S function
unknown, R general function prediction only
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(Np_PCC73102) (Table 1). All the organisms contain
single circular chromosome as their major genetic mate-
rial while Cs_ATCC51142 and Av_ATCC29413 have
additional chromosome, i.e., linear chromosome and
incision element, respectively. For all cyanobacteria,
GC content ranged from 30.8% (Pm_MIT9515) to 62%
(Gv_PCC7421). Cyanobacteria from marine habitat has
small genome size as compared to the members inhabit-
ing freshwater, soil or multiple habitats (Table 1). Larger
genomes showed low gene density as compared to smaller
ones (Table 1).

16S Rrna-based phylogenetic analysis

We applied 16S rRNA phylogenetic approach to have an
insight on the phylogeny of cyanobacterial species. Phy-
logenetic tree on the basis of 16S rRNA genes divided all
cyanobacteria in two branches (Fig S1). The first branch
included four species (all the three thermophilic strains
(Ss_JA23Ba, Ss_JA33Ab and Te_BP_1) and the only
member of Gloeobacterales (Gv_PCC7421 from rock
habitat)), second branch comprised rest of the species.
In the second branch, all the marine pico-cyanobacteria
of the order Prochlorales were grouped with marine and
freshwater species of Synechococcus. All the members
of the order Nostacales shared same branch, joint earlier
with a branch having two members of Oscillatoriales. Rest
members of the order Chroococcales (Cyanothece sps.)
clustered on a single branch with members of Nostacales
and Oscillatoriales as their nearest neighbor (Fig S1). The
tree reflected that cyanobacterial species covering long
evolutionary distance together occupy similar habitats and
generally possess similar genomic features such as genome
size and GC composition as evident from the 16S rRNA-
based phylogenetic tree.

Complete genome-based phylogenetic analyses

Genome comparisons suggest that horizontal gene trans-
fer and differential gene loss constitute major evolutionary
phenomenon in prokaryotes (Koonin et al. 2001). Whole
genome approaches of reconstructing phylogenetic tree have
become more apparent due to increasing rate of sequencing
projects (Wolf et al. 2002; Delsuc et al. 2005). Consider-
ing the entire genome sequences, phylogenetic reconstruc-
tion of cyanobacterial species were created using different
approaches i.e. genome alignment (Fig S2), alignment-free
composition vector approach (Fig S3), overlapping gene
content and gene order (Fig S4) and whole-genome protein
domain content (Fig S5). Different phylogenomics analyses
yielded following results:

Diverse clades for the Order Chroococcales

From the different phylogenomics reconstructions (Fig
S1-Fig S5), it is clear that among the order Chroococcales
four different clades are identified:

1. Clade of Cyanothece sps. with members of Nostacales
and Oscillatoriales.

2. Clade of marine Synechococcus sps. with Prochlorococ-
cus sps.

3. Both the thermophilic Synechococcus sps. occupied
same lineage and showed similarity with Gv_PCC7421
(Gloeobacterales).

4. Clade occupied rest of the Chroococcales species, i.e.
Am_MBIC11017, Te_BP_1, C_UCYNA, Se_PCC6301
and Se_PCC7942.

Monophyletic clade for Order Nostacales

In all the phylogenomics reconstructions, members of the
Order Nostacales occupied different branches of a single
clade along with members of Chroococcales (strains of
Cyanothece sps.) and Oscillatoriales as nearest neighbor
(Fig S2-S5). In the order Nostacales, Av_ATCC29413 and
Ns_PCC7120 cover maximum distance together compared
to rest of the two species (Np_PCC73102 and Na_0708)
(Fig S2, Fig S4-S5). This is also evident in the phyloge-
netic reconstruction based on 16S rRNA gene approach
(Fig S1). Important to note here is that all the four mem-
bers of order Nostacales occupied almost similar kind of
habitats.

Common clade of marine cyanobacterial species

In all the phylogenetic reconstructions, marine cyanobacte-
rial strains of Synechococcus sps. and Prochlorococcus sps.
occupy the same clade, though they represent different taxo-
nomic orders i.e. Chroococcales and Prochlorales, respec-
tively (Fig S1-S5). Both these groups of marine cyanobac-
teria show similarity in their genomic features and habitat.
Furthermore, it was observed that, among the order Prochlo-
rales, all the high light-adapted strains (Pm_CCMP1986,
Pm_MIT9515, Pm_MIT9312, Pm_MIT9301, Pm_AS9601,
Pm_MIT9215) formed a single clade thereby, supporting
their monophyly origin, whereas six low light-adapted
strains (Pm_MIT9211, Pm_MIT9303, Pm_MIT9313,
Pm_NATL1A, Pm_NATL2A, Pm_CCMP1375) occu-
pied different branches suggesting parallel evolution (Fig
S3-S5). It was also observed that Pm_MIT9303 and Pm_
MIT9313 shared branching with Synechococcus sps. rather
than Prochlorococcus sps. (Fig S5). Marine cyanobacteria
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C_UCYNA also occupied a branch closer to the Prochloro-
coccus strains (Fig S3).

X O > Z O D O T & - X o0

Fig. 1 Heatmap based on the percentage distribution of genes in each
functional category for all the cyanobacteria under consideration.
Color coding varies from black to red, where black represents low-
est value and red represents highest. COG categories: E amino acid
transport and metabolism, G carbohydrate transport and metabolism,
F nucleotide transport and metabolism, C energy production and con-
version, H coenzyme transport and metabolism, / lipid transport and
metabolism, P inorganic ion transport and metabolism, Q secondary
metabolites biosynthesis, transport and catabolism, D cell cycle con-
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Functional genome profile and its role in adaptation
and diversification

We identified functional profile of all 41 cyanobacterial spe-
cies which provided insights over the functional composition
of each genome. 2406 COGs from 22 different categories
of four major functional classes (‘Metabolism’, ‘Cellular
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trol, cell division, chromosome partitioning, M cell wall/membrane/
envelope biogenesis, N cell motility, O Posttranslational modification,
protein turnover, chaperones, T signal transduction mechanisms, U
intracellular trafficking, secretion, and vesicular transport, V defense
mechanisms, A RNA processing and modification, B chromatin struc-
ture and dynamics, J translation, ribosomal structure and biogenesis,
K transcription, L replication, recombination and repair, F function
unknown, R general function prediction only



3 Biotech (2019) 9:87

Page 110of 16 87

processes and signalling’, ‘Information storage & process-
ing’ and ‘Poorly categorized’) were assigned to these species
(Table 2). While analyzing distribution of each functional
category, it was observed that across all cyanobacteria,
genes with metabolic functions gained maximum share
(Fig. 1). Next most abundant functional category in most of
the cyanobacteria (specifically those inhabiting freshwater
and multiple habitat) was that of poorly categorized genes
[Function unknown (S) and General function prediction
only (R)]. While marine cyanobacteria preferred genes for
‘Information Storage and Processing’ over ‘Cellular Pro-
cesses and Signalling’, later one is preferred by cyanobac-
teria from other habitats (Fig. 1). Earlier reports suggested
conservation of genes involved in Information processing
and signalling in large evolutionary distances (Makarova
et al. 1999; Mushegian and Koonin 1996; Azuma and Ota
2009). This may be because they encode for the basic func-
tionalities of the cells (e.g., transcription, translation, repair
etc.) and any change in them leads to disruption in normal
cellular machinery (Caffrey et al. 2012). In general, habitat
seems to influence the functional profile as members from
similar habitats possess similar functional profile (Fig. 1).
Bacterial genomes contain specific functional gene inven-
tories which are in concurrence with their survival in the
particular ecological niche (Allen and Banfield 2005). In
the heatmap deduced from the functional profile of cyano-
bacterial species, cyanobacteria forms two different groups
i.e. group I and group II (Fig. 1). Group I majorly includes
cyanobacteria from freshwater and other habitats while
Group II includes cyanobacteria exclusively from marine
habitats. Marine species showed almost different functional
genome profile as compared to rest of the cyanobacteria.
Most abundant functional category in the cyanobacteria
from freshwater and other habitats was Function unknown
(S) and General function prediction only (R) (Fig. 1), which
possibly reflects that organisms have gained a number of
genes, maximum of which remained unknown though they
definitely have some important role in their survival.

Influence of GC content over adaptation
and diversification

GC content is a well-defined compositional feature of organ-
isms and genomic signature considered to be biased across
the tree of life (Nakabachi et al. 2006; Nalbantoglu 2011).
GC content is the simplest compositional parameter likely
to be affected by the environment or lifestyle of any micro-
bial species and is related to phylogenetic variation (Law-
rence and Ochman 1997; Nalbantoglu 2011; Dutta and Paul
2012; Bossert et al. 2017). This feature generally remains
constant within a microbial species but becomes variable
when it comes across the organisms (Dutta and Paul 2012).
In the molecular marker based phylogenetic reconstruction,

it is evident that members occupying the same clade pos-
sess similar genome size, GC composition and also occupy
similar kind of habitat (Fig S1). This fact was also identified
in the phylogenomics reconstructions (composition vector
approach (Fig S3) and gene content and gene order approach
(Fig S4)), where it was reflected that members formed clade
with other members of same or different taxonomic orders
having similar GC content.

Relation between habitat and different
phylogenetic analyses

Habitat of cyanobacteria emerge as a major factor behind
their grouping in different phylogenetic reconstructions
whether it was phylogenetic analysis or phylogenomics
approaches. Even though genome alignment-based phylog-
enomics analysis showed complicated and varied pattern,
habitat was a major influencing factor behind the cluster-
ing of cyanobacterial species. Cyanobacteria from similar
habitats possess similar kind of genomic features such as
genome size, GC content (Table 1), genomic repetitiveness
and functional profile (Table 2). Among different phylog-
enomics reconstructions they occupied the same lineages
(Fig S1-S5).

Identification of repeats and their role in ecological
adaptation and diversification

Microsatellite are widely used for different studies related
to strain typing, genetic mapping, population genetics, phy-
logenetics, and microevolution analysis (Lim et al. 2004).
Microsatellite mining has been carried out in bacterial spe-
cies Escherichia coli (Gur-Arie et al. 2000), Lactobacillus
(Basharat and Yasmin 2015), Haemophilus influenzae (Hood
et al. 1996) and others (Mrézek et al. 2007) and in fungal
species S. cerevisiae (Field and Wills 1998a, b; Kruglyak
et al. 2000; Pupko and Graur 1999), Sphaeropsis sapinea
(Burgess et al. 2001), Fusarium pseudograminearum (Scott
and Chakraborty 2008) and Magnaporthe grisea (Kaye et al.
2003; Lim et al. 2004; Li et al. 2009) etc.

Mono- to hexa-nucleotide repeats were identified for
every cyanobacterial species under study. Total 197,750
repeats were identified, ranging from 2269 (Pm_MIT9211)
to 12,530 (Te_IMS101) in individual genomes. It was
observed that repetitiveness of genome increases with size
and smaller genomes tend to have low number of repeats
in comparison to larger genome. Furthermore, rather than
small-motif repeats (mono- to tetra-nucleotide), penta- and
hexa-nucleotide repeats occupied a major proportion of the
entire distribution (95%) (Fig. 2). Across all the cyanobacte-
ria, penta-nucleotide repeats occupied 59% of total distribu-
tion while hexa-nucleotide repeats represent 36%. Mono- to
tetra-nucleotide repeats were present in a very small amount
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Fig. 2 Distribution of different
kind of repeats in cyanobacte-
rial species

Hexa-nucleotide Repeats
36%

in each genome (Fig. 2). Across all the species, strains of
Prochlorococcus marinus (marine pico-cyanobacteria)
possesses highest percentage of mono-, tetra- and penta-
nucleotide motifs SSRs on an average but when it comes to
hexa-nucleotides, they occupy lowest position. Cyanobac-
teria with large genome size possess larger motif repeats as
compared to those with smaller genome size.

Organisms evolve many mechanisms to cope with envi-
ronmental situations. Presence of repeats is considered as one
possible mechanism towards this adaptation (Treangen et al.
2009; Qin et al. 2014). Repeats affect phenotypic variation
either through involvement in the gene expression at the tran-
scriptional level (van Ham et al. 1993; Weiser et al. 1989) or
by inducing reversible premature ending of translation when
present within coding regions (Bayliss et al. 2001; Henderson
et al. 1999; Wang et al. 2000). Our analysis has shown that
that marine pico-cyanobacteria with small genome size and
inhabiting ecological niche where nutrients are available in
plenty have repeats of smaller motifs (mono- to tetra-nucle-
otide). In contrast, cyanobacteria with large genome size and
occupying diverse habitats from freshwater to soil or even rock
where nutrition resources are scarce and diverse, possess a
large repeat numbers and larger motifs (penta- and hexa-nucle-
otides). Rather than SSRs with larger motifs, shorter motifs
SSRs are reported to be less stable, though the phenomenon
behind it is still unclear (Mrazek et al. 2007). This could be the
consequence of either diverse evolutionary strategies, recom-
bination approaches or both (or none) (Mrazek et al. 2007).
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One of the major reasons behind the under-representation of
SSR of motifs that are not multiples of three nucleotides in
coding sequences lies in the fact that recombination may cause
frameshifts leading to gene inactivation (Treangen et al. 2009;
Field and Wills 1998a, b; Ackermann and Chao 2006; Qi et al.
2015).

Variation of simple sequence repeats within genes should
be very significant for regular gene activity. Expansion or con-
traction of encoding SSR will straightforwardly influence the
corresponding gene products and can even lead to phenotypic
changes (Li et al. 2004). In short, repeats facilitates invention
of novel functions from pre-existing ones through evolutionary
tinkering, though they pose problem in chromosome integ-
rity and organization. Owing to these factors, understanding
of the role of repeats in any genomes requires in-depth study
about their rate of creation and outcomes from a functional and
evolutionary perspective (Treangen et al. 2009). Thus, it can
be hypothesized that repeats have played an important role in
adaptation of cyanobacteria. They help and assist them in sur-
vival in diverse ecological conditions while some cyanobac-
teria have also possibly evolved them for resistance activities.

Conclusion

Genome comparisons suggest that horizontal gene transfer
and differential gene loss constitute major evolutionary
phenomenon in prokaryotes. The extant of such events
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makes feasibility of ‘Tree of Life’ reconstruction doubt-
ful as the trees prepared from different genes often state
different evolutionary histories. Therefore, alternative
approaches to construct tree on the basis of comparisons
of complete gene sets or whole genomes can reveal a
phylogenetic signal that can support evolutionary history
of genomes and suggests the possibility of delineation
of undetected clades of organisms. With the increasing
rate of sequencing of prokaryotic genomes and the whole
genome approaches of reconstructing phylogenetic tree,
the concept of universal species tree might be established.

In this study, phylogenetic reconstruction based on the
entire genome of different cyanobacteria clearly indicated
that clustering of the organisms varied in accordance with
their habitats and genome size. Cyanobacteria inhabiting
similar habitats tend to have almost similar genome size
(and GC-content) and occupied similar lineage during the
course of evolution. The study on the evolutionary history
of cyanobacterial genomes, even though having several
complications, clearly suggested that ecological condi-
tions and the modifications caused within the genomes
due to them had great impact on cyanobacterial evolution-
ary relationships. Habitat also plays an important role in
genomic repetitiveness, though, rather than having a direct
influence, it majorly affects genome size which eventually
is correlated with repeats. Thus, we inferred that maybe
large genomes residing in different ecological conditions
with scarce and diverse nutritional sources has generated
larger repeats (even with larger motifs) which can facilitate
development of certain novel function or will play a role
in their adaptation. Evolutionary speaking, repeat distribu-
tion is a result of selection among different cyanobacterial
species and it can be stated that complicated mechanisms
are involved in evolution and functioning of repeats. In our
study, it was observed that members with different habitats
(freshwater, terrestrial or rocks) preferentially accumulate
genes for regulation, motility and secondary metabolism
in contrast to the genes responsible for informational con-
sequences that are abundant in marine members. A broad
metabolic diversity is visible in the large sized cyanobac-
teria. Furthermore, a large fraction of genes are present
in freshwater and terrestrial cyanobacteria, for whom no
function is identified till now. The characteristics of gene
gain within the genomes can help in understanding the
interaction between ecological conditions and genomic
evolution. Though, it’s clear that micro-evolutionary pro-
cesses (functional divergence) couples with macro-evolu-
tionary processes (HGT or genome shrinkage) supports for
survival and adaptation of cyanobacterial population to
diverse ecological niches.
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