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Abstract Detailed phylogenetic and comparative geno-

mic analyses are reported on 140 genome sequenced cya-

nobacteria with the main focus on the heterocyst-

differentiating cyanobacteria. In a phylogenetic tree for

cyanobacteria based upon concatenated sequences for 32

conserved proteins, the available cyanobacteria formed 8–9

strongly supported clades at the highest level, which may

correspond to the higher taxonomic clades of this phylum.

One of these clades contained all heterocystous cyano-

bacteria; within this clade, the members exhibiting either

true (Nostocales) or false (Stigonematales) branching of

filaments were intermixed indicating that the division of

the heterocysts-forming cyanobacteria into these two

groups is not supported by phylogenetic considerations.

However, in both the protein tree as well as in the 16S

rRNA gene tree, the akinete-forming heterocystous cya-

nobacteria formed a distinct clade. Within this clade, the

members which differentiate into hormogonia or those

which lack this ability were also separated into distinct

groups. A novel molecular signature identified in this work

that is uniquely shared by the akinete-forming heterocys-

tous cyanobacteria provides further evidence that the

members of this group are specifically related and they

shared a common ancestor exclusive of the other

cyanobacteria. Detailed comparative analyses on protein

sequences from the genomes of heterocystous cyanobac-

teria reported here have also identified eight conserved

signature indels (CSIs) in proteins involved in a broad

range of functions, and three conserved signature proteins,

that are either uniquely or mainly found in all heterocysts-

forming cyanobacteria, but generally not found in other

cyanobacteria. These molecular markers provide novel

means for the identification of heterocystous cyanobacteria,

and they provide evidence of their monophyletic origin.

Additionally, this work has also identified seven CSIs in

other proteins which in addition to the heterocystous cya-

nobacteria are uniquely shared by two smaller clades of

cyanobacteria, which form the successive outgroups of the

clade comprising of the heterocystous cyanobacteria in the

protein trees. Based upon their close relationship to the

heterocystous cyanobacteria, the members of these clades

are indicated to be the closest relatives of the heterocysts-

forming cyanobacteria.

Keywords Nostocales � Molecular signatures �
Heterocyst-forming cyanobacteria � Akinete-forming

cyanobacteria � Molecular phylogeny � Comparative

genomics

Introduction

The Cyanobacteria constitute a large phylum of oxygenic

phototrophic bacteria, which exhibit enormous diversity in

terms of their morphological, physiological and develop-

mental characteristics (Rippka et al. 1979; Castenholz

2001). The evolutionary relationships and the classification

of bacteria within this phylum are, at present, poorly

understood (Wilmotte and Herdman 2001; Komárek 2002).
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This is largely due to the fact that for a long-time cyano-

bacterial taxonomy was governed by botanical criteria,

which are based on morphological and developmental

characteristics (Geitler 1932; Desikachary 1959; Rippka

et al. 1979; Castenholz 2001; Hoffmann 2005). These

characteristics are generally plastic in nature and most of

them are not well suited for reliable classification (Stanier

et al. 1978; Woese 1992; Gupta 1998; Wilmotte and

Herdman 2001). Although the nomenclature and taxonomy

of cyanobacteria was later placed under the International

Code of Nomenclature of Bacteria (ICNB) (Stanier et al.

1978; De Vos and Truper 2000; Labeda 2000; Hoffmann

2005), most cyanobacterial names are still based on the

original botanical criteria and very few taxa are validly

described in terms of the bacteriological code (Oren 2004;

Hoffmann 2005; Oren et al. 2009; Parte 2014). As a result,

species/strains from large numbers of cyanobacterial gen-

era (e.g., Synechococcus, Nostoc, Calothrix, Cyanothece,

Oscillatoria, Anabaena, Prochlorococcus, Leptolyngbya,

etc.) exhibit extensive polyphyletic branching in the 16S

rRNA or other gene/protein trees (Honda et al. 1999;

Turner et al. 1999; Wilmotte and Herdman 2001; Hoff-

mann et al. 2005; Rajaniemi et al. 2005; Gupta and

Mathews 2010; Shih et al. 2013). Thus, it has proven very

difficult to develop any reliable classification for cyano-

bacteria (Rippka et al. 1979; Castenholz 2001; Cavalier-

Smith 2002; Hoffmann 2005; Sayers et al. 2010; Oren and

Garrity 2014). In view of the enormous challenges that are

faced in developing a meaningful classification of cyano-

bacteria under the Bacteriological Code, it has been

recently proposed that the cyanobacteria be excluded from

the groups of organisms that are covered by the Bacterio-

logical Code (Oren and Garrity 2014).

Within cyanobacteria, one important group consists of

the bacteria that are able to differentiate into heterocysts

(Rippka et al. 1979; Castenholz 2001). Heterocysts are

specialized cells that enable them to separate nitrogen

fixation from photosynthesis. The heterocystous cyano-

bacteria have filamentous morphology and most of them

use specialized cells, called hormogonia, for replication

(Rippka et al. 1979; Castenholz 2001). The heterocyst-

producing cyanobacteria are further divided into two

groups based on their development of unbranched (false

branching) or branched (true branching) filament colonies

(Rippka et al. 1979; Cavalier-Smith 2002). The two kinds

of heterocysts are placed into two different orders, Nosto-

cales and Stigonematales by Cavalier-Smith (2002), and in

two separate sections (IV and V, respectively) in a classi-

fication scheme proposed by Rippka et al. (1979). In the

16S rRNA tree, heterocystous cyanobacteria, which are

comprised of [40 genera, form a monophyletic cluster

(Giovannoni et al. 1988; Honda et al. 1999; Turner et al.

1999; Wilmotte and Herdman 2001; Henson et al. 2002;

Rajaniemi et al. 2005). However, within this clade, the

members of both orders exhibit extensive intermixing

(Wilmotte and Herdman 2001; Gugger and Hoffmann

2004). Similar polyphyletic branching of the members

from these two orders is observed in phylogenetic trees

based upon nifD and nifH sequences (Zehr et al. 1997;

Henson et al. 2002, 2004; Singh et al. 2013). These

observations indicate that the division of heterocystous

cyanobacteria into the two distinct groups, viz. Nostocales

and Stigonematales, is not supported by the available evi-

dence. Additionally, although the formation of hormogonia

is regarded as a defining characteristic of heterocystous

cyanobacteria (Cavalier-Smith 2002), these structures are

not found in many members of this group (Castenholz

2001; Shih et al. 2013). Thus, it is important to identify

other biochemical/molecular characteristics which are

uniquely shared by either all or different subgroups of

heterocystous cyanobacteria and can prove useful in clar-

ifying their evolutionary relationships.

In recent years, genome sequences for large number of

cyanobacteria have become available; these sequences

provide a valuable resource for understanding the evolu-

tionary relationships among cyanobacteria and for discov-

ering molecular markers that are specific for the different

main clades that are present within this phylum (Gupta

2000; Gao et al. 2009; Gupta 2009; Wu et al. 2009). Our

earlier work on a limited number of cyanobacterial gen-

omes identified many molecular signatures in the forms of

conserved signature inserts or deletions (i.e., Indels) (CSIs)

in protein sequences and conserved signature proteins

(CSPs) that are specific for different clades of cyanobac-

teria (Gupta 2009, 2013; Gupta and Mathews 2010).

However, the overall coverage of cyanobacterial diversity

in these analyses was very limited and they included either

no genomes, or only a few genomes, from the Stigonem-

atales and Nostocales species. Hence, an examination of

the relationships among the heterocystous cyanobacteria or

the discovery of new molecular signatures for this group

was not feasible at that time. Recently, as a result of the

phylogenetically driven Genomic Encyclopedia of Bacteria

and Archaea (GEBA) project (Wu et al. 2009; Shih et al.

2013), genome sequences for large numbers of cyanobac-

teria have become available (CyanoGEBA database) pro-

viding extensive coverage of the phylogenetic diversity

within this phylum. These sequences, which more than

triple the number of available cyanobacterial genomes,

include multiple representatives from the orders Nostocales

and Stigonematales (Shih et al. 2013), thus enabling

detailed phylogenetic and comparative genomic studies on

these bacteria. In this study, we have used these genome

sequences to construct phylogenetic trees for 140 cyano-

bacterial species/strains based upon concatenated sequen-

ces for 32 universally distributed proteins. These studies
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provide strong evidence that the heterocystous cyanobac-

teria form a monophyletic clade within the phylum cya-

nobacteria. In addition, comparative analyses of these

genome sequences have identified 15 CSIs and 3 CSPs that

are specific for either all sequenced heterocystous cyano-

bacteria or a number of their ancestral lineages, providing

novel molecular markers and insights into the evolution of

this important group of cyanobacteria.

Methods

Phylogenetic analysis

Phylogenetic analysis was performed on a concatenated

sequence alignment of 32 highly conserved proteins that

are found in most bacteria (Harris et al. 2003; Gupta 2009).

The names and sequence characteristics of the proteins

used for phylogenetic analysis is provided in Supplemen-

tary Table 1. Amino acid sequences for these proteins were

obtained for 140 cyanobacterial species/strains, whose

complete or draft genomes are now available in at least one

of the following databases viz. Joint Genome Institute’s

Integrated Microbial Genomes Database (http://img.jgi.

doe.gov/cgi-bin/w/main.cgi), NCBI genome database

(http://www.ncbi.nlm.nih.gov/) and the EzGenome data-

base (http://www.ezbiocloud.net/). Characteristics of these

genomes are listed in Supplementary Table 2. The

sequences for Bacillus subtilis subsp. subtilis 168 were

included in our dataset to root the tree. Multiple sequence

alignments of the proteins were created using Clustal_X

2.1 (Larkin et al. 2007) and after arranging them in the

same species order, they were concatenated into a single

file. Poorly aligned regions from the alignment were

removed using Gblocks 0.91b (Castresana 2000). The

resulting sequence alignment, which contains 15,279

aligned positions, was used for phylogenetic analysis.

Maximum-likelihood (ML) and neighbor-joining (NJ) trees

based on 100 bootstrap replicates of this sequence align-

ment were constructed using Mega 5.05 (Tamura et al.

2011) employing Jones-Taylor-Thornton substitution

models (Jones et al. 1992). A phylogenetic tree was also

constructed for 68 16S rRNA gene sequences ([1,100 bp

in length) for members of the orders Nostocales and

Stigonematales that are present in the SILVA ribosomal

RNA gene database (Quast et al. 2013). This alignment

included at least one representative members of different

genera from the above two orders. A maximum-likelihood

tree with 100 bootstrap replicates was constructed from this

dataset based on the maximum composite-likelihood model

of evolutionary gene change using Mega 5.05 (Nei and

Kumar 2000; Tamura et al. 2011). The 16S rRNA gene of

Microcystis aeruginosa NIES-843 was used to root this

tree.

Identification of conserved signature indels

The identification of CSIs was carried out in a similar

manner as described in earlier work (Gupta et al. 2003;

Gupta 2009). Blastp searches were initially performed on

proteins from the genome of Nostoc sp. PCC 7120. These

searches were individually performed on all proteins from

GI numbers 17227498 to 177228576 and 17231359 to

17232863 using the NCBI nr database. For each protein,

sequences of 10–15 high-scoring homologues were

obtained from the available Nostocales and other cyano-

bacteria as well as several outgroup species. Multiple

sequence alignments of these proteins were constructed

using Clustal_X 2.1 (Larkin et al. 2007). The resulting

alignments were visually examined for the presence of

indels that are flanked on both sides by at least 5–6 iden-

tically conserved amino acids in the neighboring 30–40

residues. Indels that were not flanked on either side by

conserved regions were not further considered, as they do

not provide useful molecular markers and could arise from

alignment artefacts (Gupta et al. 2003; Gupta 2009). Spe-

cies distribution patterns of all potentially useful indels

were examined further by performing more detailed Blastp

searches on short sequence regions (approximately

60–80 aa long) containing the indel and its flanking con-

served regions. The top 250 blast hits were examined for

the presence or absence of similar indels to determine the

specificities of different indels (Gupta 2009). Protein

sequence information from available draft genomes was

obtained by tBlastn searches. In this work, we report the

results of those CSIs that in most cases are specifically

present in species from the orders Nostocales and Stigo-

nematales and not present in other cyanobacteria or other

bacteria.

Identification of conserved signature proteins specific

for heterocystous cyanobacteria

Blastp searches were conducted on all previously identified

proteins that were only found in a limited number of No-

stocales species (from Table 4 and supplementary Table 5

of Gupta and Mathews 2010) to determine their species

distribution. A protein was considered to be specific for

heterocystous cyanobacteria, if all significant Blast hits

(E value\1 9 10-4) were from this group and the protein

was present in all (or most) heterocystous cyanobacteria,

with very few exceptions (Gupta and Mathews 2010).
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Results

Phylogenetic analysis of cyanobacteria based on a large

dataset of protein sequences

The evolutionary relationships among different cyanobac-

teria until recently were only determined on the basis of

16S rRNA gene sequences (Honda et al. 1999; Turner et al.

1999; Wilmotte and Herdman 2001; Yarza et al. 2010).

With the availability of genome sequences, it is now pos-

sible to construct phylogenetic trees based upon concate-

nated sequences for many conserved proteins, which

provide a more reliable portrayal of the species relation-

ships than those based on single genes or proteins (Rokas

et al. 2003; Ciccarelli et al. 2006; Wu et al. 2009; Gupta

and Mathews 2010). Phylogenetic trees for a limited

number of cyanobacteria have been previously constructed

based upon different datasets of protein sequences (San-

chez-Baracaldo et al. 2005; Zhaxybayeva et al. 2006; Shi

and Falkowski 2008; Swingley et al. 2008; Gupta and

Mathews 2010). Although, in these studies, a number of

distinct clades of cyanobacteria were identified, due to the

very limited coverage of cyanobacterial diversity in these

analyses, inferences based upon them required further

confirmation. Recently, Shih et al. (2013) reported

sequencing of genomes from 54 phylogenetically and

phenotypically diverse cyanobacteria (CyanoGEBA data-

base), which greatly increases the information available for

this phylum. In the phylogenetic tree, that they constructed

for 123 cyanobacterial species/strains, based upon 31

conserved proteins, the sequenced cyanobacteria formed

several distinct clusters and all heterocystous cyanobacteria

grouped into one clade (Shih et al. 2013). More recently,

draft genomes for a number of additional cyanobacterial

species/strains, which include 11 new members from the

heterocyst group (viz. Cylindrospermopsis raciborskii CS-

509, Anabaena sp. 90, Anabaena circinalis AWQC131C,

Anabaena circinalis AWQC310F, Chlorogloeopsis frit-

schii PCC 9212, Chlorogloeopsis fritschii PCC 6912, Fi-

scherella thermalis PCC 7521, Fischerella muscicola PCC

73103, Calothrix desertica PCC 7102, Mastigocoleus tes-

tarum BC008, Richelia intracellularis HH01) have become

available (see Methods). This has afforded a more detailed

examination of the relationships among heterocystous

cyanobacteria.

In this study, we have constructed phylogenetic trees for

140 cyanobacteria (listed in Supplementary Table 2),

including 35 members of the heterocystous group, based

upon concatenated sequences of 32 conserved proteins.

The trees based upon this large dataset of protein sequences

were constructed using both ML and NJ algorithms. The

tree obtained using the ML method is shown in Fig. 1 and

information for the NJ tree is provided in Supplementary

Figure 1. The branching patterns of the cyanobacterial

species/strains in the two trees are very similar and most

nodes are supported by bootstrap values between 70 and

100 %. As noted earlier, and known from numerous other

studies (Honda et al. 1999; Turner et al. 1999; Wilmotte

and Herdman 2001; Rajaniemi et al. 2005; Gupta and

Mathews 2010; Yarza et al. 2010; Shih et al. 2013), many

cyanobacterial genera exhibited extensive polyphyletic

branching indicating that the current names of many cya-

nobacteria are not informative and may, in fact, be mis-

leading. Aside from this problem, the examined

cyanobacterial species formed a number of strongly sup-

ported clades in these trees. These clades, arbitrarily

marked 1–9, are generally similar to those observed by

Shih et al. (2013), except for some differences in the

grouping of species in the smaller clades.

Of these clades, Clade 1A includes all of the hetero-

cystous cyanobacteria confirming their monophyletic ori-

gin. The closest relative of the heterocystous cyanobacteria

in this tree is Clade 1B, which is comprised of three poorly

characterized cyanobacteria (viz. Synechocystis PCC 7509,

Chroococcidiopsis PCC 7203 and Gloeocapsa PCC 7428).

A specific relationship between the Clade 1A and 1B

cyanobacteria is supported by both ML and NJ methods

and it was also observed in the tree by Shih et al. (2013). In

addition to this relationship between Clade 1A and Clade

1B cyanobacteria, another small clade consisting of two

species viz. Crinalium epipsammum PCC 9333 and Cha-

maesiphon minutus PCC 6605 (Clade 1C) also exhibited a

close relationship to these two groups of cyanobacteria. A

close relationship of the heterocystous cyanobacteria

(Clade 1A) to the species which are part of the Clades 1B

and 1C is also observed in the 16S rRNA tree (Wilmotte

and Herdman 2001). Of the other main clades marked in

the tree, the Clades 2 and 3 are mainly comprised of the

species from the orders Chroococcales and Oscillatoriales.

Although species/strains belonging to these orders of cya-

nobacteria are also present in a number of other clades,

these other species are evolutionary unrelated to the

members of these two clades. The phylogenetic tree also

supports a grouping of the species/strains from Clades 1, 2

and 3 into a larger clade, which corresponds to Clade B in

our earlier work (Gupta 2009; Gupta and Mathews 2010)

and by Shih et al. (2013). In addition to these clades,

another large and strongly supported clade in the tree, i.e.,

Clade 7, is comprised of marine unicellular cyanobacteria

belonging to the genera Prochlorococcus, Synechococcus

and Cyanobium. This clade, which is separated from all

other cyanobacteria by a long branch, was referred to as

Clade C in our earlier work (Gupta 2009; Gupta and

Mathews 2010) or Syn/Pro clade by Sanchez-Baracaldo

et al. (2005). Previously, many CSIs and CSPs, which are

specific for members of this clade, have been identified
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Fig. 1 A maximum-likelihood

consensus tree based on 32

concatenated sequences for 140

species of cyanobacteria. The

tree was rooted using the

sequences for Bacillus subtilis

subsp. subtilis 168. Numbers

located at nodes indicate the

bootstrap values out of 100.

Major clades and subclades of

cyanobacteria resolved in the

tree are indicated
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(Gupta 2009; Gupta and Mathews 2010). Besides these

main clades, a number of smaller clades of cyanobacteria,

which are comprised of between 3 and 5 species/strains, are

also observed in the tree shown in Fig. 1 and in the work of

Shih et al. (2013).

Since the focus of this work is on heterocystous cya-

nobacteria, a subtree for these bacteria and the two related

clades excerpted from Fig. 1 is shown in Fig. 2. Within the

Clade 1A, comprising of heterocystous cyanobacteria, a

number of distinct subclades are also phylogenetically

resolved. The members of these subclades differ from each

other based upon morphological/developmental character-

istic. One of these large subclades is comprised of the

akinetes-forming Nostocales species/strains. This subclade

can be further divided into two smaller subclades

depending upon whether the members of these clades

differentiate into hormogonia, or they lack such ability.

However, it should be mentioned that the ability to dif-

ferentiate into hormogonia is more broadly distributed

among the heterocysts-forming cyanobacteria (Rippka

et al. 1979; Cavalier-Smith 2002).

A phylogenetic tree was also constructed for the het-

erocystous cyanobacteria based on 16S rRNA gene

Fig. 2 A summary diagram showing the distribution of identified

CSIs and CSPs specific to heterocystous cyanobacteria and its

immediate relatives. The identified clades supported by both phylo-

genetic studies as well as various molecular markers are indicated.

Dots indicate nodes that are supported by bootstrap scores of at least

80. The superscripts N and S denote members belonging to the

suggested orders Nostocales and Stigonematales, respectively

cFig. 3 A maximum-likelihood consensus tree based on 16S rRNA

gene sequences, representing at least one member from every genera

from the orders Nostocales and Stigonematales (except Riveria) and

rooted with Microcystis aeruginosa NIES-843.N and S denote

members belonging to the Nostocales and Stigonematales groups,

respectively. The boxed species indicate those which were also used

in the creation of concatenated protein trees and for comparative

genomic analyses
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sequences (Fig. 3). This tree includes representatives from

different genera of heterocystous cyanobacteria. The

branching of different species/strain in this tree is similar to

those observed in earlier studies (Wilmotte and Herdman

2001; Gugger and Hoffmann 2004), with members from

the orders Nostocales or Stigonematales (marked with the

superscripts N and S, respectively) showed extensive

intermixing. The cyanobacterial species/strains that are

part of our protein tree are distributed throughout the rRNA

tree indicating that our dataset provides a good represen-

tation of the known heterocystous cyanobacteria. Impor-

tantly, the different subclades of heterocystous

cyanobacteria, which are seen in the protein tree, are also

observed in the rRNA tree. Thus, a subclade consisting of

the akinete-forming cyanobacteria and the two groups

within it, which differentiate into hormogonia or lack such

ability, are also resolved, with only isolated exceptions.

Conserved signature indels specific for Nostocales/

Stigonematales

An important objective of this study was to identify

molecular markers that can distinguish the heterocystous

cyanobacteria from all other bacteria, or those which can

provide insights into the origin and evolutionary rela-

tionships of these bacteria to other cyanobacteria. As

noted earlier, CSIs and CSPs, which are restricted to a

given group of related species, provide important

molecular characteristics for evolutionary and taxonomic

purposes (Baldauf and Palmer 1993; Delwiche et al. 1995;

Gupta 1998, 2003; 2009; Rokas and Holland 2000).

Recently, these markers have been used to define, in

molecular terms, and to propose important taxonomic

changes in a number of phyla of bacteria (viz. Spiro-

chetes, Aquificae, Thermotogae, Chloroflexi) at multiple

phylogenetic levels (Adeolu and Gupta 2013; Bhandari

and Gupta 2014; Gupta and Lali 2013; Gupta et al. 2013;

Naushad et al. 2014). We have previously identified

several CSIs and CSPs that appeared specific, at that time,

for either all cyanobacteria, or a number of their larger

clades (Gupta 2009, 2010; Gupta and Mathews 2010).

However, due to the paucity of sequence information for

heterocystous cyanobacteria, no markers specific for these

bacteria were identified at that time. As genome sequen-

ces are now available for large numbers of heterocystous

cyanobacteria, comparative genomic analyses were

undertaken to identify conserved signature indels (CSIs)

that might be specifically present in this group of bacteria

or provide information regarding their relationships to

other cyanobacteria.

The present study has identified 15 CSIs in different

proteins that are useful in this respect. Eight of these CSIs,

which are present in proteins involved in diverse functions,

are specific for all of the sequenced species/strains of

heterocystous cyanobacteria (i.e., Clade 1A) and they are

not found in the homologous proteins from any other

bacteria. Two examples of the CSIs that are specific for the

Clade 1A species are shown in Fig. 4. In the first example,

one amino acid insert is present in a highly conserved

region of a XRE family transcription regulator (Fig. 4a),

which play an important role in the metabolism of toxic

compounds (Saatcioglu et al. 1990). Another CSI showing

similar specificity is shown in Fig. 4b, where a 7 aa insert

in the protein all0200 (DUF111) is uniquely found in all

heterocystous cyanobacteria. Sequence information for 6

other CSIs showing similar specificity is provided in

Supplementary Figures S2–S7 and some of their charac-

teristics are summarized in Table 1.

In addition to the CSIs that are specific for all hetero-

cystous cyanobacteria (Clade 1A), our analyses have also

identified 5 CSIs, which are found in the Clade 1A as well

as in members of the Clade 1B cyanobacteria, which forms

the immediate out group of the Clade 1A in the phyloge-

netic tree (Fig. 1). Partial sequence alignment for one of

these CSIs, containing a 5 amino acids insert in a highly

conserved region of the 30S ribosomal protein S3, is shown

in Fig. 5a. Sequence alignments for four other CSIs in

different proteins, which also exhibit similar specificity, are

provided in Supplementary Figures S8–S11 and some of

their characteristics are summarized in Table 1. Two other

CSIs, identified by our analysis, in addition to being

commonly shared by Clade 1A and Clade 1B cyanobac-

teria, are also present in some or all members of the Clade

1C cyanobacteria (comprising of Crinalium epipsammum

PCC 9333 and Chamaesiphon minutus PCC 6605), which

forms the out group of the Clades 1A and 1B in the phy-

logenetic tree (Fig. 1). Sequence information for one of

these CSIs consisting of a 7 aa insert in a conserved region

of the pentapeptide repeat protein is shown in Fig. 5b and

some characteristics of these CSI are also summarized in

Table 1.

Signature proteins (CSPs) specific for the heterocystous

cyanobacteria

Our earlier work on Nostoc sp. PCC 7120 identified a

number of proteins which were specifically found in a

cFig. 4 Partial sequence alignments for the proteins a XRE family

protein, showing a 1 aa insertion and b all0200, showing a 7 aa

insertion that are both specifically present in all heterocystous

cyanobacterial members and are flanked by conserved regions.

Dashes in the sequence alignments show amino acid identity with

the amino acid indicated on the top line. Sequence information for a

limited number of species from other cyanobacterial taxa are shown

here, but the indicated CSIs were not found in any other

cyanobacteria
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small number of the sequenced Nostocales species/strains

(Gupta and Mathews 2010; Gupta 2010). In view of the

large numbers of genome sequences that are now available

for heterocystous cyanobacteria, Blastp searches on the

sequences of these proteins were repeated to determine

whether any of them are specifically found in all hetero-

cystous cyanobacteria. The results of these studies show

that for three of the proteins, of unknown functions, all

significant Blast hits (except a few isolated exceptions as

noted in Table 2) are limited to members of the Clade 1A

comprising of heterocystous cyanobacteria. Due to the

specific presence of these proteins in different sequenced

members of the Clade 1A cyanobacteria, these CSPs

appear to be distinctive characteristics of the heterocystous

cyanobacteria. In addition to these three CSPs, our analysis

has also identified one protein (accession number

NP_485332), whose homologs are mainly limited to the

akinete-forming cyanobacteria (Table 2), providing further

evidence that these cyanobacteria form a distinct group

within the heterocystous cyanobacteria.

Discussion

In this work, we have examined the evolutionary rela-

tionships among 140 genome sequence cyanobacteria,

covering its diverse lineages, based upon concatenated

sequences for 32 conserved proteins. The tree constructed

in this work is the most comprehensive tree for cyano-

bacteria that has been made to date based upon genomic

sequence data. The evolutionary relationships among dif-

ferent cyanobacterial taxa seen in this work are similar to

those observed by Shih et al. (2013) in another detailed

study based upon a different dataset of protein sequences,

and they also show good concordance with the relation-

ships seen in the 16S rRNA trees (Wilmotte and Herdman

2001; Yarza et al. 2010; Shih et al. 2013). The cyanobac-

terial species form at least 8–9 distinct clades in these trees

(Fig. 1), which could correspond to the higher taxonomic

groupings (e.g., classes or orders) within the phylum

Cyanobacteria. Some of these clades were also identified in

our earlier work based upon a limited numbers of cyano-

bacteria (Gupta 2009; Gupta and Mathews 2010).

The main focus of this work was on heterocystous

cyanobacteria. In the trees based on large datasets of

concatenated proteins, these bacteria formed a strongly

Table 1 Conserved Signature Indels that are specific for the heterocystous cyanobacteria

Protein Name GenBank Identifier Figure # Indel Size Indel Position Specificity (Clade)

XRE family transcriptional regulator 17231636 Fig. 3a 1 aa ins 124–166 1A

Hypothetical protein DUF111 282899760 Fig. 3b 7 aa ins 131–174 1A

30S ribosomal protein S3 354565800 Fig. 4A 5 aa ins 29–68 1A ? 1B

Pentapeptide repeat proteina 282897379 Fig. 4b 7 aa ins 203–250 1A ? 1B ? 1C

Outer membrane adhesin (OpcA)a 17231510 Sup. Fig. 2 1 aa ins 393–437 1A

Hypothetical protein Npun_R5589 17227740 Sup. Fig. 3 3 aa ins 12–58 1A

Hypothetical protein Aazo_3898 282896270 Sup. Fig. 4 2 aa ins 15–49 1A

PilT domain-containing protein 282900401 Sup. Fig. 5 1 aa del 138–166 1A

Arsenite efflux ATP-binding proteina 75909548 Sup. Fig. 6 2 aa ins 150–188 1A

TPR repeat proteinb 282901375 Sup. Fig. 7 5 aa ins 271–308 1A

2-hydroxy-6-oxohepta-2,4-dienoate hydrolaseb 17227812 Sup. Fig. 8 1 aa ins 215–246 1A ? 1B

Ribonuclease II 282901218 Sup. Fig. 9 14 aa ins 177–237 1A ? 1B

ATP synthase epsilon subunit 17232530 Sup. Fig. 10 2 aa ins 36–80 1A ? 1B

Hypothetical protein Npun_R4490b 17232408 Sup. Fig. 11 1 aa ins 150–191 1A ? 1B

Hypothetical protein Npun_R4929b 17231417 Sup. Fig. 12 5 aa ins 484–531 1A ? 1B ? 1C

a CSIs are also present in 1-2 homologous proteins from outgroup Cyanobacteria
b CSIs are missing from 1-2 members in-group Cyanobacteria

cFig. 5 a Partial sequence alignment of the 30S ribosomal protein S3

showing a 5 aa insert that is specifically present in all heterocystous

cyanobacteria and Clade 1B cyanobacteria; b Sequence alignment of

a pentapeptide repeat protein, showing a 7 aa insert in a conserved

region that is commonly shared by all heterocystous cyanobacteria as

well as Clade 1B and Clade 1C cyanobacteria. Additionally, this latter

insert is also present in Geitlerinema sp. PCC 7407. Dashes in the

sequence alignments indicate the presence of the same amino acid as

shown on the top line. Sequence information for a limited number of

species from other cyanobacterial groups is presented here
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supported monophyletic clade, which is in accordance with

their distinct branching in the 16S rRNA trees (Wilmotte

and Herdman 2001; Gugger and Hoffmann 2004; Yarza

et al. 2010). The monophyletic origin of the heterocystous

cyanobacteria is also independently strongly supported by

eight novel CSIs described here in different proteins, which

are uniquely present in all of the heterocystous cyanobac-

teria (Table 1). The most parsimonious explanation to

account for the presence of these CSIs is that the rare

genetic changes responsible for them first occurred in a

common ancestor of the Clade 1A and these changes were

then vertically inherited by its different descendants (Gupta

2009). These CSIs provide novel genetic markers (syna-

pomorphies) for the identification of heterocystous cyano-

bacteria in molecular terms.

The phylogenetic trees based on both protein sequences

and the 16S rRNA gene sequences created in this study

also show that the two previously suggested main groups

within the heterocystous cyanobacteria (viz. sections IV

and V or the orders Nostocales and Stigonematales) are

not monophyletic and that the members of these groups

exhibit extensive intermixing. The intermixing of the

members of these two orders is also observed in phylo-

genetic trees based upon 16S rRNA as well as nifH and

nifD gene sequences (Zehr et al. 1997; Wilmotte and

Herdman 2001; Gugger and Hoffmann 2004; Henson

et al. 2004; Singh et al. 2013). While the division of the

heterocystous cyanobacteria into the two main groups,

viz. Nostocales and Stigonematales, is not supported by

available evidence, this work has identified a number of

novel subclades within the heterocystous cyanobacteria

(see Fig. 2). One of these subclades consists of the akin-

ete-forming cyanobacteria (Figs. 2, 3). The distinctness of

this subclade of heterocystous cyanobacteria is supported

not only by phylogenetic analyses but also by a CSP

identified in this work that is mainly limited to this group

of cyanobacteria. Within the akinete-forming cyanobac-

teria, two smaller subclades are also distinguished by both

phylogenetic means and by their shared morphological

and developmental characteristics (Figs. 2, 3). The

members of one of these subclades are capable of dif-

ferentiating into distinct hormogonia, while the members

of the other subclade lack this ability. Apart from these

subclades, several deeper branching subclades that

grouped the remainder of the heterocystous cyanobacteria

are also observed.

The ability of the cells to differentiate into specialized

cell types (viz. heterocysts) is found only within a define

lineage of cyanobacteria (Rippka et al. 1979; Castenholz

2001). To understand the origin of heterocysts-forming

bacteria, it is of much interest to identify their closest

relatives within the cyanobacteria. The results of our

studies provide important insights in this respect. In the

phylogenetic trees based upon concatenated protein

sequences, the members from the Clade-1B cyanobacteria

are found to be the immediate out group of the hetero-

cysts-forming cyanobacteria (Clade-1A). A close rela-

tionship between these two groups was also observed in

the tree by Shih et al. (2013). Additionally, another dee-

per branching clade (Clade 1C) consisting of the two

species/strains (viz. Crinalium epipsammum PCC 9333

and Chamaesiphon minutus PCC 6605) also exhibits a

close relationship to the above two clades of cyanobac-

teria. Strong and independent evidence that the species

from the Clade-1B are the closest relatives of the het-

erocysts-forming cyanobacteria is provided by our iden-

tification of five CSIs in proteins involved in different

functions that are uniquely shared by the members of

these two subclades of (Clade-1A and 1B) cyanobacteria.

These results provide strong evidence that the members of

the Clade-1B cyanobacteria are the immediate ancestor of

the heterocysts-forming cyanobacteria. Additionally, a

specific relationship of these two clades of cyanobacteria

to the Clade-1C species/strains is also supported by

phylogenetic analysis and by two of the identified CSIs.

The members of the Clades-1B and 1C are presently very

poorly characterized. However, as these are indicated to

be the closest relatives of the heterocysts-forming cya-

nobacteria, it is important to determine what other

genetic, physiological or morphological characteristics are

commonly shared by the members of these clades and the

other heterocystous cyanobacteria.

This work has identified for the first time multiple

molecular markers in the forms of CSIs and CSPs that

are uniquely shared by the heterocystous cyanobacteria

or their closest relatives. The cellular functions of these

molecular signatures are presently not known. How-

ever, due to the unique presence of these molecular

characteristics in these specific lineages of cyanobac-

teria, it is likely that these genetic changes (or genes)

are in some way linked to the unique morphological

(viz. heterocysts formation) and associated biochemical

characteristics (nitrogen fixation) of these cyanobacte-

ria. Earlier work on a number of CSIs and CSPs, which

were specific for other groups, has shown that these

molecular characteristics are essential for the groups

where they are found and hence serve important func-

tions in the particular groups of bacteria (Fang et al.

2005; Singh and Gupta 2009; Schoeffler et al. 2010).

Therefore, studies on understanding the cellular func-

tions of the CSPs and CSIs that are specific for the

heterocystous cyanobacteria could provide important

insights into the novel biochemical or structural aspects

of these bacteria.
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Table 2 Conserved signature proteins specific for all Nostocales and Stigonematales members

Species/Strain NP_485191 NP_488605 NP_485189 NP_485332a

(364 aa) (92 aa) (847 aa) (70 aa)

Expect values (E value) of the observed hits

Nostoc sp. PCC 7120 0 7e-61 0 3e-42

Anabaena variabilis ATCC 29413 0 2e-57 0 3e-41

Nostoc punctiforme PCC 73102 0 2e-43 0 1e-35

Nostoc sp. PCC 7524 0 2e-43 0 5e-39

Nostoc sp. PCC 7107 0 2e-42 0 7e-34

Calothrix sp. PCC 7507 0 2e-40 0 4e-34

Cylindrospermum stagnale PCC 7417 0 2e-45 0 8e-38

Anabaena cylindrica PCC 7122 1e-178 7e-37 0 6e-35

Microchaete sp. PCC 7126 3e-172 2e-36 0 1e-37

Nostoc azollae’ 0708 6e-168 1e-37 0 1e-35

Nodularia spumigena CCY9414 2e-167 8e-42 0 2e-34

Anabaena sp. 90 1e-163 2e-34 0 2e-33

Anabaena sp. PCC 7108 1e-161 1e-38 0 1e-36

Anabaena circinalis AWQC131C 8e-148 7e-38 0 5e-33

Anabaena circinalis AWQC310F 2e-147 6e-39 0 5e-33

Raphidiopsis brookii D9 2e-142 8e-33 0 7e-34

Cylindrospermopsis raciborskii CS-509 4e-141 7e-30 0 2e-34

Cylindrospermopsis raciborskii CS-505 4e-141 6e-30 0 1e-34

Tolypothrix sp. PCC 9009 0 5e-39 0 –

Calothrix sp. PCC 7103 2e-139 1e-29 0 –

Calothrix desertica PCC 7102 6e-137 3e-31 0 –

Mastigocladopsis repens PCC 10914 1e-108 4e-38 0 –

Fischerella muscicola PCC 7414 3e-108 2e-44 0 –

Fischerella sp. PCC 9339 7e-108 2e-43 0 –

Fischerella sp. JSC-11 3e-106 8e-44 0 –

Calothrix sp. PCC 6303 9e-101 3e-31 0 –

Chlorogloeopsis fritschii PCC 6912 9e-99 3e-43 0 –

Fischerella sp. PCC 9605 6e-98 9e-42 0 –

cyanobacterium PCC 7702 2e-93 6e-37 2e-85 –

Mastigocoleus testarum BC008 4e-92 3e-39 0 –

Fischerella sp. PCC 9431 1e-86 4e-44 0 –

Rivularia sp. PCC 7116 1e-74 3e-27 0 –

Richelia intracellularis HH01 – 2e-27 – –

Other cyanobacteria with significant hits

Oscillatoria sp. PCC 10802 4e-125 – 0 2e-17

Moorea producens 3L 2e-67 – 4e-135 –

Leptolyngbya boryana – 1e-15 – –

Microcoleus vaginatus FGP-2 – – – 6e-26

Oscillatoria nigro-viridis PCC 7112 – – – 8e-26

Next Best BLAST Hits

Streptomyces aurantiacus 5e-19 8e-47 –

Zavarzinella formosa – – 3e-19 –

Micromonospora sp. ATCC 39149 5e-03 – – –

Streptomyces sp. FxanaD5 – 9e-01 – –

Frankia sp. EUN1f – – 3e-05 –

Glycine max – – – 2e00

a This protein is primarily found in the akinete-forming heterocystous cyanobacteria

Expect values of 0 in the table correspond to E value \1e-200
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