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Abstract
Carboxysomes are microcompartments enclosing the primary photosynthetic enzyme Ribulose 1, 5 Bisphosphate Carboxylase/

Oxygenase (RuBisCO), an adaptation to help overcome the loose specificity of the latter for carbon dioxide. These carboxysomes, 
which exist in cyanobacteria and a few other eubacteria are composed of a protein shell wherein a well organized multi-protein 
assembly acts as the carbon concentrating mechanism (CCM). The present study was conducted to find out the presence/absence 
of the carboxysome forming proteins across various phyla of eubacteria in order to trace their evolutionary path. The analysis was 
conducted using the CCM proteins of Gloeobacter violaceus PCC 7421, an early diverging cyanobacterium. 

While α carboxysome proteins are also found in other phyla of eubacteria such as proteobacteria, complete set of β carboxysome 
constituting proteins are found only in β cyanobacteria. The study supports the fact that shell proteins of carboxysomes are 
evolutionarily linked to shell proteins of microcompartments involved in ethanolamine utilization and propanediol utilization 
pathways. Moreover, the CcmM and CcmN proteins have possibly originated by domain shuffling or gene fusion like mechanisms. The 
CcmM, CcmN and CcmO, the multidomain proteins were found to have an evolutionary pattern different from that of CcmK and CcmL 
leading to cumulative effect on phylogeny of complete operon which was found to be only moderately similar to most conserved 
regions of genome. The latter (CcmK and CcmL) also being more conserved suggest less robustness to mistranslation possibly due to 
tight selection of the protein structure evidently responsible for creating an environment suitable for microcompartment pathway 
it encloses.
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Introduction

Cell compartmentalization was considered an asset of eukary-
otes alone until the discovery of carboxysomes in cyanobacteria 
in 1961 [1]. The discovery of such compartments was delayed 
largely because of the icosahedral shape and nano-scale size which 
caused these to be mistaken as viral capsids. Bacterial microcom-

partments (BMCs) are polyhedral protein complexes (40-200 nm 
in diameter), encasing metabolic enzymes encapsulated in a pro-
tein shell and are used by bacteria to optimize metabolic processes 
such as carbon fixation, ethanolamine utilization, 1,2 propanediol 
utilization etc. [2]. The BMCs serve to prevent toxic metabolites 
formed by the enclosed enzymes from entering the cytoplasm, pre-
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vent the loss of volatile intermediates and prevent the interference 
of competing substrates [3,4]. Confinement of metabolic pathways 
further, is assumed to provide better efficiency and enhanced pro-
tein stability due to exclusion of oxidative damage [5]. The major 
kinds of BMCs discovered till date include carboxysomes (carbon 
fixation) [1], Pdu BMC (1, 2 propanediol utilization) [6] and Eut 
BMC (Ethanolamine utilization) [7]. 

The most extensively studied BMC is carboxysomes. Carboxy-
somes are a part of a carbon concentrating mechanism of cyanobac-
teria and some proteobacteria. The carboxysomes evolved in order 
to overcome the inefficiency of enzyme Ribulose-1, 5-Bisphosphate 
Carboxylase/Oxygenase (RuBisCO), which it suffers at the hands of 
photorespiration because of its fickle specificity for carbon diox-
ide and oxygen [8]. The CCM in β cyanobacteria (β cyanobacteria 
is a lineage of cyanobacteria possessing RuBisCO IB form in com-
parison to α cyanobacteria which contain the Form IA RuBisCO; the 
two groups form distinct clades in phylogeny based on 16S rRNA as 
well) constitute structural proteins CcmK, CcmL and CcmO which 
form the carboxysome shell and CcmM, CcmN which are enclosed 
by the carboxysome shell along with RuBisCO [9-11]. The CcmK 
and CcmO possess the BMC domain while the CcmL protein con-
stitutes the Pfam03319 domain. The BMC domain proteins form 
the 20 flat facets of the shell while the Pfam03319 domain proteins 
form the pentamers that introduce curvature to the carboxysome 
shell by forming the 12 vertices [12]. The hexamers and the pen-
tamers formed by the shell proteins also have a central pore which 
acts as a passage for metabolites, bicarbonate ions, RuBP (Ribulose 
1,5 Bisphosphate) and 3-Phosphoglycerate (3-PGA) [12,13]. The 
CcmM protein has an N-terminal γ carbonic anhydrase like domain 
[14-17] and a C-terminal of RuBisCO small subunit (SSU) repeats. 
CcmM and RuBisCO form protein complexes within the carboxy-
somes such that the C-terminal interacts with the RuBisCO while 
the N-terminal is towards the outer shell of the carboxysomes [18]. 
The carboxysomal protein CcmN contains bacterial transferase 
hexapeptide repeat domains. The CcmN protein has been reported 
to interact with the carboxysome shell proteins as well as the core 
proteins, hence playing an important role in the formation of shell 
around the core proteins [19]. Kinney., et al. (2012) [19] also state 
the importance of ~18 C-terminal residues of CcmN in carrying out 
this interaction, as CcmNΔ18 mutant strains did not form carboxy-
some structures.

The Pdu microcompartments sequester an intermediate of 
1,2 propanediol degradation (propionaldehyde) so as to utilize 
it as carbon source under anaerobic or micro aerobic environ-
ments. The Pdu BMCs are formed of 14 different polypeptides 
viz. PduABB’CDEGHJKOPTU [20]. The shell is composed of BMC 
domain proteins PduABB’JKTU and the enzymes of the metabolic 
pathway constitute Pdu CDE (B12 dependent dehydratase), PduGH 
(diol dehydratase), PduO (adenosyl transferase) and PduP (Propio-
naldehyde dehydrogenase) [20]. Eut BMC is found in bacteria uti-
lizing ethanolamine as carbon, nitrogen and energy source, formed 
as a result of phosphatidyl ethanolamine degradation in mamma-
lian gastrointestinal tract [2]. The exact protein composition of Eut 
BMCs is unknown till date because the purification of the Eut BMCs 
is still not reported. The versatility in the role of BMCs suggests 
that they contribute to metabolic innovation in bacteria in a broad 
range of environments [2].

The evolutionary relationships between different types of mi-
crocompartments are not very clear but evidently they all contain 
a conserved outer shell structure, enclosing certain enzymatic re-
actions. As discussed by [21] Rae., et al. (2013), the formation of 
two types of carboxysomes (α and β) is by convergent evolution. 
The β carboxysomes are lumen centric and possess higher intrinsic 
order with the lumen proteins capable of self-assembly, while the 
α carboxysomes are shell centric being capable of assembling the 
shell even in the absence of the core proteins [22]. Such observa-
tions suggest that possibly the α carboxysomes came into existence 
by recruitment of carboxysome core proteins to pre-existing BMC 
shell in primeval cell [21]. Moreover, as reported by [23] Fan., et al. 
(2012) α carboxysomes and Pdu microcompartment are capable 
of incorporating enzyme complexes through connection with the 
BMC shell. Alternatively, as conceived by [21] Rae., et al. (2013) 
RuBisCO IA could have incorporated into a pre-existing micro-
compartment shell by the targeting method, provided there was 
co-existence of another type of BMC in the same cell. There are re-
ports of organisms possessing more than one type of BMC viz. Sal-
monella enterica serovar typhimurium contains both Pdu and Eut 
microcompartments [24].

The mechanism by which the bacterial microcompartments 
control the passage of various metabolic molecules (Bicarbon-
ate, RuBP and 3-PGA in carboxysomes; 1,2-Propanediol, Cobala-
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min, 1-propanol and Propionyl-CoA in Pdu microcompartments; 
Ethanolamine, acetaldehyde in Eut microcompartments) is not 
yet known, but analyzing these pathways may bring forth novel 
properties of biological protein shells such as carboxysomes. The 
study of the carboxysome proteins is timely as the reconstitution of 
these shells into higher plants forms an important target in order 
to enhance plant productivity [25]. Further, the tapping of these 
proteins is also essential to explore their possible use as containers 
for drug delivery in living systems [26]. The present study involves 
the screening of various phyla of Eubacteria in order to identify ho-
mologs of carboxysome proteins and to add insight into the evolu-
tionary path of the CCM proteins. The analysis was designed upon 
the belief that the computation of evolutionary distances between 
various organisms with respect to the CCM proteins will yield the 
closest relatives of the early diverging cyanobacteria for the car-
boxysome proteins. In contrast to the expectation, there exists a 
difference in the evolution trajectory of the CCM proteins despite 
the fact that they co-exist and are involved in same biochemical 
pathway. 

Materials and Methods
Identification of early diverging cyanobacteria

The 16srRNA, rbcL and pyrH sequences and ccm operon se-
quences were retrieved from 37 cyanobacterial strains available 
at Kazusa Genome Resource (http://genome.microbedb.jp/) and 
the former were concatenated by sequence matrix software [27]. 
The sequences retrieved were aligned using ClustalW [28] in GUID-
ANCE2 server [29,30]. The GUIDANCE2 server provides MSA of the 
sequences as well as MSA with unreliable columns/sequences re-
moved. The trimmed alignment file was then used for evaluation 
of best fit substitution model in MEGA 6.0 [31]. The best model on 
basis of BIC score was then used to carry out phylogenetic analy-
sis with 1000 replicates of bootstrapping. Sequences of Escherichia 
coli str K-12, Staphylococcus aureus, Rhodopseudomonas palustris 
CGA009 and Chlorobium tepidum TLS (where appropriate) were 
used for outgrouping the phylogenetic trees. The best fit models 
for datasets evaluated was General Time Reversible model [32] for 
concatenated sequences and operon sequences. 

Identification of CCM homologs across all Eubacterial phyla
The amino acid sequences of carbon concentrating mechanism 

proteins of Gloeobacter violaceus PCC 7421 were retrieved from 
Kazusa Genome Resource. The Gloeobacter violaceus PCC 7421 

proteins were used as the query since according to 16s rRNA-rbcL-
pyrH analysis, it is an early diverging cyanobacteria. The accession 
numbers for each CCM proteins of G. violaceus used in the study are 
mentioned in table 1.

Table 1: The Accession numbers and the conserved domain pro-
file of the proteins of CCM from G. violaceus as mentioned in NCBI 
database.

Sr. 
No

Protein 
Name

Accession num-
ber

Protein 
length

Domain present

1 CcmK BAC90037.1 102aa BMC_ccmK  
domain

2 CcmL WP_011142092.1 100aa EutN_ccmL  
domain

3 CcmM WP_011142091.1 668aa
Lbh-gamma CA; 

Rubisco SSU 
domain

4 CcmN NP_925038.1 201aa LbetaH superfam-
ily domain

5 CcmO NP_925037.1 245aa BMC_ccmK  
domain

The protein sequences were blasted (BLASTp) against phyla of 
Eubacteria (http://blast.ncbi.nlm.nih.gov/Blast.cgi) [33,34]. The 
exercise brought forth several proteins as hits which either per-
form the same function as the query sequence or perform a differ-
ent function but still possess appreciable sequence homology. The 
BLASTp hits obtained were surveyed such that the matching se-
quences with an expect value equal to or lower than 10-5 to at least 
one species of each of the phyla of Eubacteria were selected. To fur-
ther validate the BLASTp search results, the query sequences were 
used to carry out tBLASTn search to make conclusive analysis on 
absence or wrong annotation of a gene. The protein hits obtained 
were verified by CDART [35] for the domain present and hence 
classified as involved in carboxysome function/formation or oth-
erwise (role in Pdu/Eut microcompartments or other functions). 

Identification of the closest homologs of CCM proteins of G. 
violaceus

In order to carry out the evolutionary distance analysis, the 
amino acid sequences of the homologs of the proteins under study 
were retrieved from NCBI and a dataset created after removing re-
dundant sequences. These individual datasets were then uploaded 
into GUIDANCE2 server to carry out MSA by ClustalW and remove 
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the poorly aligned regions of the sequence. The output file from 
GUIDANCE2 server after removal of unreliable columns was then 
used for estimating evolutionary distances in MEGA6.0. The dis-
tance of each of the proteins from the corresponding protein of G. 
violaceus PCC 7421 was used to identify closest relatives of the ear-
ly diverging cyanobacteria. The distances are basically number of 
amino acid/nucleotide substitutions per site between sequences, 
estimated by equal input model [36] for amino acid sequences and 
Jukes Cantor model [37] for nucleotide sequences in MEGA 6.0. 

Results and Discussions
Gloeobacter violaceus PCC 7421 is an early diverging cyano-
bacterium

The 16s rRNA, pyrH, and rbcL sequence based cluster analysis 
shows two distinct groups of cyanobacteria i.e., the α cyanobacteria 
and the β cyanobacteria (Figure 1). Two major clades are formed: 
Clade A constituting Synechococcus sp JA-2-3B’a(2-13), Synechococ-
cus sp JA-3-3Ab and Gloeobacter violaceus PCC 7421 and another 
clade constituting the rest of the cynaobacteria. The second clade 
further branches into two sub clades, one of α cyanobacteria (clade 
C) and the other of β cyanobacteria (clade B). It is to be noted that 
Synechococcus elongatus PCC 6301 and Synechococcus elongatus 
PCC 7942 although are β cyanobacteria, are found to be clustered 
with α cyanobacteria. Similar results were also obtained by 16s 
rRNA analysis of cyanobacteria done by [38-43] Nelissen., et al. 
(1995), Memon., et al. (2013), Gupta and Mathews, (2010), Dvor-
ak., et al. (2014), Soo., et al. (2014) and De Rienzi., et al. (2013). 
Gloeobacter violaceus PCC 7421, as also reported by previous stud-
ies was found to be early diverging. Gloeobacter violaceus PCC 
7421, a unicellular cyanobacterium dwells on the calcareous rocks 
in mountainous regions of Switzerland [44]. G. violaceus possesses 
several unique characteristics: it lacks thylakoid membrane and 
the photosynthetic machinery is situated in the cytoplasmic mem-
brane [44], it shows presence of morphologically distinct phyco-
bilisomes [45] and absence of SQDG (Sulfoquinovosyl diacylglycer-
ol) which has an important role in photosystem stabilization [46]. 
These characteristics also suggest that this organism has retained 
ancestral cyanobacterial properties. 

The complete set of β carboxysome proteins found in β cyano-
bacteria only

The BLASTp results for CcmK have been listed in table SI. The 
cyanobacteria, as expected were found to possess the CcmK pro-
tein. Further, in the Actinobacteria and Proteobacteria phyla, sever-
al significant hits were noted, which include both CcmK protein as 

Figure 1: Maximum Likelihood phylogenetic representation of 
cyanobacteria based on 16s rRNA-pyrH-rbcL sequence. The evo-
lutionary history was estimated on basis of General Time Revers-
ible model with 1000 bootstrapping replicates. Initial tree(s) for 
the heuristic search were obtained by applying the Neighbor-Join-
ing method to a matrix of pairwise distances estimated using the 
Maximum Composite Likelihood (MCL) approach. A discrete Gam-
ma distribution was used to model evolutionary rate differences 
among sites (5 categories {+G, parameter = 0.3531}). The rate vari-
ation model allowed for some sites to be evolutionarily invariable 
([+I], 0.0000% sites). The outgrouping of the tree was done using 
the 16s rRNA sequences of Staphylococcus aureus, Escherichia coli, 
Rhodopseudominas palustris CGA009 and Chlorobium tepidum TLS.

well as other proteins (proteins with function/s other than forma-
tion of carboxysomes but with similar domain). The homologs of 
CcmK obtained in the analysis, apart from CcmK include, Ethanol-
amine utilization protein EutM, Ethanolamine utilization protein 
EutK, Propanediol utilization protein PduA, Propanediol utilization 
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protein PduJ and Propanediol utilization protein PduT. Seven out 
of 23 reported genes for Pdu microcompartment are homologous 
to the carboxysome shell proteins [6]. The proteins found to have 
structural and functional analogy to the CcmK and CcmO proteins 
of carboxysomes are CsoS1A-D and CsoS2 in α carboxysomes, PduB, 
PduA, PduJ, PduK, PduU and PduT in Pdu microcompartments and 
EutL, EutM and EutS in Eut microcompartments [2,47]. 

The BLASTp results for CcmL are mentioned in table SII. The 
search from the cyanobacterial protein database revealed several 
significant hits which include both CcmL protein as well as proteins 
such as Ethanolamine utilization protein EutN. Similarly, α proteo-
bacteria and β proteobacteria gave equal number of significant hits 
for CcmL and other proteins i.e., EutN. The proteins in Pdu and Eut 
microcompartments responsible for forming the vertices are PduN 
and EutN, respectively and hence share appreciable sequence ho-
mology. The remaining phyla of Eubacteria were not found to pos-
sess CcmL protein, instead they have a hypothetical protein with 
significant homology to CcmL. The hypothetical protein could ei-
ther be CcmL protein or a protein involved in formation of micro-
compartment for some pathway other than Calvin cycle of photo-
synthesis as the CDART analysis revealed conserved domain.

The domains present in CcmM are Lbh_gamma CA and RuBisCO 
small subunit (SSU) domain. The BLASTp results for CcmM are 
mentioned in table SIII. The BLAST hits from cyanobacteria phylum 
were CcmM proteins from other cyanobacteria as well as carbonic 
anhydrase. No complete homologs of CcmM were found in proteo-
bacteria. This implies that the homolog identified as hypothetical 
protein is not complete CcmM protein, but the proteins have car-
bonic anhydrase/RuBisCO SSU domains in common. The several 
of the hits obtained are carbonic anhydrase as the N-terminal of 
CcmM has γ carbonic anhydrase domain. The Synechococcus elon-
gatus PCC 7942 CcmM N-terminal bears 60% amino acid similarity 
to γ carbonic anhydrase of Methanosarcina thermophila and pos-
sibly forms a similar structural arrangement. Apart from cyano-
bacteria, all phyla under study were observed to possess homologs 
other than CcmM protein. The various homologs obtained include 
carbonic anhydrase, acetyltransferase, ferripyochelin binding pro-
tein (Methanothermobacter sp CaT2, Archaea, CA domain), sid-
erophore binding protein (Organism: Halobacteriovorax marinus, 
Delta proteobacteria, has CA domain), phenylacetic acid degrada-
tion protein PaaY, 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate-

N-acetyltransferase, hexapeptide repeat containing protein, UDP-
3-O-[3 hydroxymyristoyl] glucosamine –N-acyltransferase, protein 
YrdA and hypothetical protein.

Very few CcmN homologs were found in the various phyla under 
investigation (table SIV). Only Cyanobacteria and Firmicutes gave 
hits of CcmN protein and other proteins which include hypotheti-
cal protein, hexapeptide repeat containing transferase, transferase 
and carbonic anhydrase (all of these proteins contain the LbetaH 
domain). The various homologs of CA/LbetaH domain of CcmM 
and CcmN, could be the possible candidates for evolutionary an-
cestors of these CCM lumen proteins. The most common molecular 
mechanisms responsible for formation of multidomain proteins 
include non-homologous recombination (also called domain shuf-
fling) [48], fusion of genes [49,50] and fission of genes [51,52]. At 
the time of emergence of CCM in primitive cyanobacteria, the pre-
existing domains possibly underwent certain evolutionary mecha-
nism viz. domain shuffling, gene fusion or gene fission in order to 
develop proteins such as CcmM and CcmN, which are crucial for a 
functional low environmental Ci phenotype. This theory could be 
supported by the fact that CcmM and CcmN do not have any com-
plete homologs in any of the reported phyla available at NCBI, apart 
from the domain centric homologs.

The CcmO protein contains two repeats of the BMC domain. In 
cyanobacteria phyla, hits were obtained for both CcmO and other 
proteins which include hypothetical protein (table SV). The phyla 
which gave hits other than CcmO, include Bacteroidetes/Chlorobi, 
Chlamydiae, Chloroflexi, Gemmatimonadetes, Spirochaetes and 
Tenericutes. The hits obtained in these phyla include EutM, car-
boxysomes shell protein, hypothetical protein, PduT, microcom-
partment protein and propanediol utilization protein. Very few 
CcmO homologs were obtained in Actinobacteria, Fibrobacteres/
Acidobacter, Firmicutes, Fusobacteria, Planctomycetes and γ pro-
teobacteria.

The phyla found to possess homologs for CcmK, CcmL and CcmO 
include Actinobacteria, Fibrobacteres, Fusobacteria, Planctomy-
cetes, α proteobacteria, β proteobacteria, Gamma proteobacteria, 
Cyanobacteria and Firmicutes. The genome of the organisms other 
than cyanobacteria, possessing CcmK/L homologs were screened 
for the presence of other CCM proteins, but were not found to pos-
sess other CCM proteins (Acidimicrobium ferrooxidans (Actinobac-
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teria), Bradyrhizobium sp ORS 278 and Bradyrhizobium sp BTAi1 
(α proteobacteria)). These bacteria have been reported to have α 
carboxysomes which have a different set of proteins apart from the 
shell proteins for carboxysome structure formation (α carboxy-
somes). While as also observed in the present analysis there are no 
reports for presence of the β carboxysomes or its gene repertoire in 
any other group of organisms except the β cyanobacteria (table 2).

Table 2: The distribution of the β carboxysome proteins across various phyla of Eubacteria.

Phyla with no CCM pro-
tein homologs

Phyla with homologs for 
CcmK, CcmL and CcmO

Phyla with domain homologs for 
CcmM and CcmN domain

Phyla with homologs for all CCM (β 
carboxysome) proteins

Armatimonadetes Actinobacteria Archaea Cyanobacteria
ε Proteobacteria Fibrobacteres Aquificae

Thermodesulfobacteria Fusobacteria Caldiserica
Planctomycetes Chlamydiae
α Proteobacteria Chrysiogenetes
β Proteobacteria Deferribacteres
γ Proteobacteria Deinococcus

Firmicutes Dictyoglomi
Elusimicrobia

Gemmatimonadetes
Nitrospinae
Nitrospirae

Spirochaetes
Tenericutes

The analysis reveals that the carbon concentrating mechanism 
microcompartment proteins, the ethanolamine utilization path-
way shell proteins and the propanediol utilization mechanism shell 
proteins are evolutionarily linked to each other. The phylogenetic 
analysis of BMC domain proteins from carboxysomes, Pdu BMC, 
Eut BMC and grp-type BMC shows segregation of the carboxysomal 
shell proteins from the rest and moreover, the occurrence of BMCs 
other than carboxysomes is not uniform among organisms of a par-
ticular phyla or even genera [53]. 

Was the CCM operon passed on by vertical succession or hori-
zontal gene transfer?

The phylogenetic tree of the carboxysome operon (Figure 2) 
shows two major clades constituting α cyanobacteria and β cyano-
bacteria, respectively. This result is in accordance with the expecta-
tion, since both α carboxysomes and β carboxysomes are formed of 
different set of proteins with the exception of BMC proteins, which 
are found in both. The subclades formed for α cyanobacteria are in 
accordance with the 16s rRNA phylogeny, validating the fact that 
the α carboxysome operon was formed in-situ and passed in ver-
tical succession. The topological arrangement of β cyanobacteria 
demonstrates some variance with respect to the 16s rRNA based 
phylogeny. An important observation that can be made from the 
topology of carboxysome operon based tree is that although the ar-

rangement of the various organisms is at some variance from that 
in case of 16s rRNA tree but the clustering of the organisms in the 
sub-clades formed is conserved. Further, although the early diverg-
ing forms cluster together, but it would not be correct to consider 
them to be the first forms to have acquired CCM.

Roughly 50% of prokaryotic genome is reported to be operonic 
[54] evolved under selection pressure [39]. Memon., et al. (2013) 
hypothesize that the most conserved and moderately conserved 
operons are formed in-situ and inherited vertically, on the basis 
of comparative phylogenetic analysis between the operon under 
study and the 16s rRNA sequence. An appreciable similarity be-
tween the phylogenetics based on 16s rRNA sequence and any 
other genetic sequence, if observed, is possible only if the latter is 
passed on by vertical inheritance [39].
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Figure 2: Maximum Likelihood phylogenetic representation of 
cyanobacteria based on carboxysome operon sequence. The per-
centage of replicate trees in which the associated taxa clustered 
together in the bootstrap test (1000 replicates) is shown next 
to the branches. The evolutionary distances were computed us-
ing the General Time Reversible model with 1000 bootstrapping 
replicates. Initial tree(s) for the heuristic search were obtained by 
applying the Neighbor-Joining method to a matrix of pairwise dis-
tances estimated using the Maximum Composite Likelihood (MCL) 
approach. A discrete Gamma distribution was used to model evolu-
tionary rate differences among sites (5 categories {+G, parameter 
= 1.8049}). The rate variation model allowed for some sites to be 

evolutionarily invariable ([+I], 0.0000% sites).

During the study it was noted that the cso operon constitutes 
the carboxysome encoding genes as well as the RuBisCO encoding 
genes, while most of the β cyanobacterial carboxysomes constitute 
only the CCM genes. Only five of the β cyanobacteria, available in 
Kazusa Genome Resource namely, Synechococcus elongates PCC 
6301, Synechococcus elongatus PCC 7942, Synechococcus sp PCC 
7002, Microcystis aeruginosa NIES 843 and Cyanothece sp PCC 7424 
were found to have rubisco genes in tandem with the carboxysome 
encoding genes. Further, while most of the β cyanobacteria were 
found to have CcmO as a part of the operon, several had CcmO en-
coding gene distant from the other CCM encoding genes (in Syn-
echocystis sp PCC 6803, T. elongatus BP-1, M. aeruginosa NIES 843, 
Synechococcus sp PCC 7002, Cyanothece sp ATCC 51142, Cyano-
thece sp PCC 7424 and Cyanothece sp PCC 8801). The occurrence 
of CcmO encoding gene away from the rest of the CCM encoding 
genes suggests lack of resistance to maintaining the operonic ar-
rangement. It would be interesting to identify the regulatory mech-
anisms of these proteins for carboxysome formation. Moreover, 
while ccmk/ccmk1/ccmk2 were found to be located adjacent to the 
rest of CCM genes, ccmk3/ccmk4 if present were always found to be 
located at different loci of the genome (table SII). It must be noted 
that the CCM genes, present on direct or complementary strand, 
were found to have a conserved arrangement, i.e., the order of the 
genes is ccmO, ccmN, ccmM, ccmL and ccmK. Amongst the organ-
isms considered for the study, in one organism only, i.e., Trichodes-
mium erythraeum IMS101 there is an insertion of a hypothetical 
protein in-between ccmM and ccmN, and hence it forms a separate 
branch in the phylogenetic tree of CCM operon of β cyanobacteria. 
On the basis of the conservation of the complete set of CCM encod-
ing genes in an operon, G. violaceus PCC 7421, Synechococcus sp JA-
2-3Ba’(2-13) and Synechococcus sp JA-3-3Ab, would be most suit-
able to study the carboxysome. In other cyanobacteria analyzed in 
the present study, some parts of the carboxysome encoding genes 
are lying separately in the genome, hence requiring a separate set 
of genetic engineering steps to get the complete picture of CCM as-
sembly and function.

Diversity of CCM proteins
All CCM proteins were analyzed for pairwise distances to find 

out the relation of one protein with respect to the others on the 
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basis of sequence homology. Further, the distance of various cya-
nobacteria was analyzed with respect to G. violaceus PCC 7421, the 
most primitive cyanobacteria, using the number of substitutions 
per site of the sequences under study. The analysis brought forth 
the closest relatives of G. violaceus PCC 7421 on the basis of 16s 
rRNA and CCM protein sequence homology. The distance obtained 

Figure 3: Box and Whiskers plot for the distance of the 16s rRNA (yellow), CCM operon (orange), CcmL (light blue), CcmN (red), CcmO 
(dark blue), CcmM (purple) and CcmK (green) sequences (on Y axis) with respect to Gloeobacter violaceus PCC 7421 sequences, depict-

ing the degree of evolutionary distance (X axis) existing among the sequences under study.

for individual sequence depicts the distance of each cyanobacte-
ria from G. violaceus PCC 7421, for each protein respectively and 
hence the probable time of emergence of CCM in that particular 
cyanobacteria. This analysis by itself fails to give the exact closest 
relatives of G. violaceus PCC 7421 due to difference in scale of dis-
tance for each protein; hence a box and whiskers plot was used to 
analyze the data.

The thickness of the bars shows degree of variation in the dis-
tance of the various β cyanobacteria from G. violaceus PCC 7421 
(Figure 3). The distance of various cyanobacteria from G. violaceus 
PCC 7421 on basis of 16S rRNA shows very little variation, as ex-
pected, since it is the most conserved region of the genome. The 
proteins CcmN and CcmM show greater degree of variation. CcmK, 
although expected to be very diverse due to several duplicates of 
the protein found in each genome, the bar on the graph shows it 
to be comparatively conserved. This result was obtained, because 

only CcmK/CcmK1/CcmK2 was used for this particular analysis 
(i.e., the CcmK protein closest to G. violaceus PCC 7421 CcmK from 
ML tree). 

Further, information that can be extracted from the plot is the 
identification of close relatives of G. violaceus PCC 7421 with re-
spect to the CCM proteins. The cyanobacteria corresponding to dis-
tance values lying between the minimum value and the first quar-
tile of the set of values for a particular protein were considered as 
close relatives (mentioned in Figure 4). 
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Figure 4: The closest homologs of CCM proteins of Gloeobacter 
violaceus PCC 7421, among the β-cyanobacteria available at  

Cyanobase found by phylogenetic analysis.

According to 16s rRNA-rbcL-pyrH sequence, T. elongatus BP-1, 
Synechococcus sp JA-3-3Ab, Cyanothece sp PCC 7425, Synechococ-
cus sp JA-2-3B’a(2-13) and Acaryochloris marina MBIC11017 are 
closest to G. violaceus PCC 7421. Further according to ccm operon 
sequence Synechococcus sp JA-2-3Ba(2-13), Synechococcus sp 
JA-3-3Ab, Cyanothece sp PCC 7425, T. elongatus BP-1 and Acaryo-
chloris marina MBIC11017 are closest relatives according to dis-
tance. Similarly, for CcmK and CcmL, the closest homologs are 
Synechococcus sp JA-2-3B’a(2-13), Synechococcus sp JA-3-3Ab, Cya-
nothece sp PCC 7425, T. elongatus BP-1 and S. elongatus PCC 6301 
and Synechococcus sp JA-2-3B’a(2-13), Cyanothece sp PCC 7425, 
Anabaena sp PCC 7120, A. variabilis ATCC 29413 and S. elongatus 
PCC 6301, respectively. For CcmM, CcmN and CcmO are Nostoc 
punctiforme ATCC29133, Synechococcus sp JA-2-3B’a(2-13), Syn-
echococcus sp JA-3-3Ab,Synechococcus sp PCC 7002, T. erythraeum 
IMS101; Nostoc punctiforme ATCC29133, Anabaena sp PCC 7120, 
A. variabilis ATCC 29413 M aeruginosa NIES843, Synechococcus sp 

JA-3-3Ab; Nostoc punctiforme ATCC29133, Anabaena sp PCC 7120, 
A. variabilis ATCC 29413, A. platensis NIES39, Synechococcus sp JA-
2-3B’a(2-13), respectively. 

The analysis also shows lack of concordance in evolution of the 
CCM proteins. The CcmK and CcmL proteins appear to have co-
evolved, separately from CcmM, CcmN and CcmO which appear to 
have evolved together. The multiple sequence alignment of CcmM 
and CcmN proteins shows a comparatively conserved C terminal 
and a more diverse N terminal region. To consider the possibility 
that N terminal of both the proteins had undergone recent evolu-
tionary changes in accordance to the proteins they interact with in 
BMC formation and hence resulted in this disparity, the evolution-
ary distance of the C and N terminals (separately) of the proteins 
was computed against G. violaceus proteins. Despite the variability, 
the analysis brought forth the same set of organisms as the close 
relatives of respective proteins in G. violaceus, viz. N. punctiforme 
for CcmM, CcmN and CcmO.

The occurrence of Synechococcus sp sequences as close relative 
of G. violaceus CcmK and CcmL and N. punctiforme sequences as 
close relative of G. violaceus CcmM, CcmN and CcmO suggests the 
possibility of acquiring the shell proteins from other BMC contain-
ing early ancestors and evolution of lumen proteins at a later stage. 
However, this revelation does not reflect in the phylogeny based 
on complete operon which is moderately concordant with the 16S 
rRNA evolution, signaling organism specific evolutionary patterns 
which cannot be confirmed by current analysis. The variation in 
protein evolution across species could be explained by the differ-
ences in the underlying mutation rates which in turn are governed 
by differences in DNA methylation, fidelity of DNA-repair mecha-
nisms or production of DNA-damaging agents [55].

Conclusions
The present analysis reveals that α and β carboxysomes are 

encoded by distinct set of proteins apart from the shell proteins 
that share the BMC domain, and hence form distinct phylogenetic 
clades. Further, the comparison of the carboxysome genes based 
phylogeny with that of the 16s rRNA shows moderate congruency 
between the two and hence suggests in-situ formation of the car-
boxysome and its subsequent vertical succession. As pointed out 
by several researchers, the carboxysomes are believed to have 
come into emergence after the divergence of the α and β cyanobac-
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teria, considering the difference in the set of genes involved in the 
carboxysomes of both. The phylogenetic analysis, the conservation 
of genetic arrangement and sequence of the β carboxysome proteins 
adds to the evidence of in-situ formation of the ccm operon. Further, 
the structural and functional homology to the BMC shell proteins 
of other microcompartments (pdu/eut) signifies the evolution-
ary relation between the two. The CcmM and CcmN proteins were 
found to have no protein homolog/s amongst the proteins avail-
able at NCBI database apart from the homologs as result of com-
mon domains, suggesting the evolution of these by mechanisms 
like domain shuffling, gene fusion or gene fission. The CcmK pro-
teins of the β cyanobacteria when analyzed were found to be pres-
ent in several copies, emphasizing the importance of the protein 
in shell formation. The present analysis was conducted to identify 
closest relatives of early diverging cyanobacteria with respect to 
the CCM proteins, with the objective of tracing their evolutionary 
paths. While the phylogenies as well as the evolutionary distances 
suggest a relationship among the cyanobacteria in accordance with 
that obtained from the most conserved regions of the genome, a 
similar analysis on the basis of the individual CCM proteins shows 
some disparity. As suggested by [56] Csaba., et al. (2006), the pro-
teins evolve at different rates depending on several factors includ-
ing selection on protein structure and function and robustness 
to mistranslation. The CcmK and CcmL proteins have been found 
to be more conserved in comparison to CcmM, CcmN and CcmO, 
signaling the former to be less robust to variation in sequence as 
compared to the latter and hence the lack in concordance of the 

evolution of the proteins involved in the same pathway.
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Table SI: pBLAST hits for amino acid sequence of CcmK from Gloeobacter violaceus PCC 7421 from various phyla of Eubacteria and Ar-
chaeabacteria

S.No Phylum Total 
Hits E<10-5 ccmK and 

E<10-5
Other proteins 

and E<10-5 Names of other proteins

1 Archaeabacteria 9 0 0 0 -
2 Actinobacteria >100 >100 31 69 PduA,EutM, BMC domain protein
3 Aquificae 11 0 0 0 -
4 Armatimonadetes

5 Bacteroidetes/Chlorobi 100 11 - 11 Carboxysome shell protein, EutM, pduT, hypo-
thetical protein

6 Caldiserica 42 0 0 0 -
7 Chlamydiae 100 0 0 0 -
8 Chloroflexi 14 3 0 3 EutM, carboxysome shell protein
9 Chrysiogenetes 13 0 0 0 -

10 Cyanobacteria 100 100 100 0 -
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11 Deferribacteres 2 0 0 0 -
12 Deinococcus-thermus 2 0 0 0 -
13 Dictyoglomi 4 0 0 0 -
14 Elusimicrobia 6 0 0 0 -

15 Fibrobacteres/Acidobacter 21 12 1 11 EutM, Carboxysome shell protein, microcom-
partment protein

16 Firmicutes 100 100 8 92 EutM, pduA, carboxysome shell protein

17 Fusobacteria 100 79 2 77 Carboxysome shell protein, EutM, pduT, hypo-
thetical protein

18 Gemmatimonadetes 11 5 0 5 EutM
19 Nitrospinae 5 0 0 0 -
20 Nitrospirae 101 0 0 0 -

21 Planctomycetes 46 36 1 35 Carboxysome shell protein, EutM, microcom-
partment protein

22 Alpha Proteobacteria 52 33 22 10 EutM, pduA
23 Beta Proteobacteria 54 46 34 12 EutM, pduA, EutK, pduT
24 Gamma Proteobacteria 100 100 41 59 EutM, pduJ, pduA
25 Delta Proteobacteria 101 70 40 30 EutM, pduA, EutK, Biotin ligase
26 Epsilon Proteobacteria 2 0 0 0 -

27 Spirochaetes 24 20 0 20 Carboxysome shell protein, EutM, hypothetical 
protein

28 Synergistetes 71 36 3 33 Carboxysome shell protein, EutM, pduT
29 Tenericutes 12 4 0 4 Propanediol utilization protein, EutM
30 Thermodesulfobacteria 12 0 0 0 -
31 Thermotogae 13 0 0 0 -

Table SII: pBLAST hits for amino acid sequence of CcmL from Gloeobacter violaceus PCC 7421 from various phyla of Eubacteria and 
Archaeabacteria

S. No Phylum Total Hits E<10-5 CcmL and 
E<10-5

Other proteins 
and E<10-5 Names of other proteins

1 Archaeabacteria 2 0 0 0 -
2 Actinobacteria 78 22 1 21 EutN, PduN, hypothetical protein
3 Aquificae 1 0 0 0 -
4 Armatimonadetes 9 0 0 0 -
5 Bacteroidetes/Chlorobi 100 13 0 13 EutN, hypothetical protein
6 Caldiserica 3 0 0 0 -
7 Chlamydiae 3 0 0 0 -
8 Chloroflexi 10 1 0 1 EutN
9 Chrysiogenetes 8 0 0 0 -

10 Cyanobacteria 100 100 86 14 EutN
11 Deferribacteres 2 0 0 0 -
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12 Deinococcus-thermus
13 Dictyoglomi 8 0 0 0 -
14 Elusimicrobia 50 0 0 0 -
15 Fibrobacteres/Acidobacter 18 11 0 11 EutN, hypothetical protein

16 Firmicutes 100 100 10 90 EutN, propanediol utilization protein, 
hypothetical protein

17 Fusobacteria 38 33 2 31 EutN, hypothetical protein
18 Gemmatimonadetes 13 3 0 3 EutN, hypothetical protein
19 Nitrospinae 9 0 0 0 -
20 Nitrospirae 9 0 0 0 -
21 Planctomycetes 52 31 8 23 EutN
22 Alpha Proteobacteria 38 17 8 9 EutN
23 Beta Proteobacteria 41 10 6 4 EutN
24 Gamma Proteobacteria 100 100 0 100 EutN
25 Delta Proteobacteria
26 Epsilon Proteobacteria 3 0 0 0 -
27 Spirochaetes 11 8 0 8 Hypothetical protein, EutN
28 Synergistetes 15 11 1 10 EutN
29 Tenericutes 15 3 0 3 Hypothetical protein, EutN
30 Thermodesulfobacteria 0 0 0 0 -
31 Thermotogae 8 0 0 0 -

Table SIII: pBLAST hits for amino acid sequence of CcmM from Gloeobacter violaceus PCC 7421 from various phyla of Eubacteria and 
archaeabacteria

S. No Phylum Total Hits E<10-5 CcmM and 
E<10-5

Other proteins 
and E<10-5 Names of other proteins

1 Archaeabacteria 100 100 0 100 Carbonic anhydrase, acetyltransferase, fer-
ripyochelin binding protein

2 Actinobacteria 100 100 0 100

Carbonate dehydratase, anhydrase, hypo-
thetical protein, siderophore binding pro-

tein, phenylacetic acid degradation protein 
PaaY, 2,3,4,5-tetrahydropyridine-2,6-dicar-

boxylate-N-acetyltransferase

3 Aquificae 60 20 0 20 Acetyltransferase, transferase, hypothetical 
protein, putative carbonic anhydrase

4 Armatimonadetes 20 0 0 0 -

5 Bacteroidetes/Chlorobi 100 100 0 100
Acetyltransferase, transferase, hypotheti-
cal protein, carbonic anhydrase, hexapep-

tide repeat containing protein
6 Caldiserica 12 1 0 1 Hypothetical protein
7 Chlamydiae 30 0 0 0 -
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8 Chloroflexi 73 13 0 13
Anhydrase, anhydratase, Transferase hexa-

peptide repeat containing protein, hypo-
thetical protein

9 Chrysiogenetes 16 2 0 2 Transferase, anhydratase

10 Cyanobacteria >100 >100 49 51 Carbonic anhydrase, cytochrome C biogen-
esis protein ccmM

11 Deferribacteres 33 8 0 8 Hypothetical protein, acetyltransferase

12 Deinococcus-thermus 76 22 0 22
Carbonate dehydratase, carbonic anhydrase, 
ferripyochelin binding protein, hypothetical 

protein, NUDIX protein
13 Dictyoglomi 15 2 0 2 Hypothetical protein
14 Elusimicrobia 4 1 0 1 Hypothetical protein

15 Fibrobacteres/Acidobacter 43 20 0 20 Transferase, Hypothetical protein, carbonic 
anhydrase

16 Firmicutes 100 100 4 96 Carbonic anhydrase, carbonate dehydratase, 
hypothetical protein, transferase

17 Fusobacteria 77 14 0 14
Bacterial transferase hexapeptide repeat 

containing protein, acetyltransferase, Hypo-
thetical protein

18 Gemmatimonadetes 38 9 0 9
Transferase hexapeptide repeat containing 
protein, phenylacetic acid degradation pro-
tein PaaY, Hypothetical protein, transferase

19 Nitrospinae 22 3 0 3 Hypothetical protein, putative transferase, 
hexapeptide repeat protein

20 Nitrospirae 42 10 0 10 Carbonic anhydrase, putative transferase, 
acetyltransferase, Hypothetical protein

21 Planctomycetes 63 24 0 24
Ferripyochelin binding protein, Hypotheti-
cal protein, anhydrase, , phenylacetic acid 

degradation protein PaaY

22 Alpha Proteobacteria 100 100 0 100 Hexapeptide repeat containing transferase, 
carbonate dehydratase, acetyltransferase

23 Beta Proteobacteria 100 100 0 100 Carbonate dehydratase, acetyltransferase

24 Gamma Proteobacteria 100 100 0 100
Carbonate dehydratase, UDP-3-O-[3-hy-

droxymyristoyl] glucosamine N-acyltrans-
ferase

25 Delta Proteobacteria 101 101 0 101

Sulfate permease, carbonic anhydrase, 
transferase,  protein YrdA, phenylacetic 

acid degradation protein PaaY, UDP-3-O-[3-
hydroxymyristoyl] glucosamine N-acyltrans-

ferase
26 Epsilon Proteobacteria -

27 Spirochaetes 100 100 0 100 Transefrase hexapeptide repeat protein, 
acetyltransferase, carbonic anhydrase

28 Synergistetes 33 7 0 7 Hypothetical protein, anhydrase, transferase
29 Tenericutes 11 1 0 1 Hypothetical protein
30 Thermodesulfobacteria 9 0 0 0 -
31 Thermotogae 74 2 0 2 Hypothetical protein, acetyltransferase
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Table SIV: pBLAST hits for amino acid sequence of CcmN from Gloeobacter violaceus PCC 7421 from various phyla of Eubacteria and  
Archaeabacteria

S. No Phylum Total Hits E<10-5 CcmN and 
E<10-5

Other proteins 
and E<10-5 Names of other proteins

1 Archaeabacteria 107 15 0 15 Hexapeptide repeat containing transferase, car-
bonic anhydrase, acetyltransferase 

2 Actinobacteria 103 51 0 51 Carbonic anhydrase, isoleucine patch superfam-
ily enzyme, putative siderophore binding protein

3 Aquificae 11 0 0 0 -
4 Armatimonadetes 20 0 0 0 -
5 Bacteroidetes/Chlorobi 101 17 0 17 Carbonic anhydrase, bacterial transferase hexa-

peptide repeat protein, acetyltransferase
6 Caldiserica
7 Chlamydiae 34 1 0 1 Carbonic anhydrase
8 Chloroflexi 26 7 0 7 Transferase hexapeptide repeat containing pro-

tein, anhydratase, acetyltransferase
9 Chrysiogenetes 15 0 0 0 -

10 Cyanobacteria 100 100 21 79 Hypothetical protein, hexapeptide repeat 
containing transferase, transferase, 2,3,4,5-tetra-
hydropyridine-2,6-dicarboxylate N-acetyltrans-

ferase
11 Deferribacteres 18 0 0 0 -
12 Deinococcus-thermus 66 11 0 11 Carbonic anhydrase, hypothetical protein, fer-

ripyochelin binding protein, Isoleucine patch 
superfamily enzyme

13 Dictyoglomi 9 0 0 0 -
14 Elusimicrobia 13 0 0 0 -
15 Fibrobacteres/Acidobacter 36 0 0 0 -
16 Firmicutes 102 10 0 10 Hypothetical protein, transferase, carbonic 

anhydrase
17 Fusobacteria 43 1 0 1 Bacterial transferase hexapeptide repeat protein
18 Gemmatimonadetes 27 1 0 1 Transferase hexapeptide repeat containing 

protein
19 Nitrospinae 16 0 0 0 -
20 Nitrospirae 28 0 0 0 -
21 Planctomycetes 37 0 0 0 -
22 Alpha Proteobacteria 102 33 0 33 Anhydrase, bacterial transferase hexapeptide 

repeat protein, acetyltransferase
23 Beta Proteobacteria 105 11 0 11 Anhydrase, Transferase hexapeptide repeat con-

taining protein
24 Gamma Proteobacteria 114 7 0 7 Carbonic anhydrase, hypothetical protein, acet-

yltransferase, bacterial transferase hexapeptide 
repeat protein

25 Delta Proteobacteria
26 Epsilon Proteobacteria 29 0 0 0 -
27 Spirochaetes 100 0 0 0 -
28 Synergistetes 35 0 0 0 -
29 Tenericutes 9 0 0 0 -
30 Thermodesulfobacteria 8 0 0 0 -
31 Thermotogae 39 0 0 0 -
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Table SV: pBLAST hits for amino acid sequence of CcmO from Gloeobacter violaceus PCC 7421 from various phyla of  
Eubacteria and Archaeabacteria

S.No Phylum Total Hits E<10-5 CcmO and 
E<10-5

Other proteins 
and E<10-5 Names of other proteins

1 Archaeabacteria 10 0 0 0 -

2 Actinobacteria >100 98 3 95 Carboxysome shell protein, EutM, 
PduA, PduK

3 Aquificae 4 0 0 0 -
4 Armatimonadetes 8 0 0 0 -

5 Bacteroidetes/Chlorobi 26 9 0 9 EutM, carboxysome shell protein, 
hypothetical protein PduT

6 Caldiserica

7 Chlamydiae 50 20 0 20
EutM, carboxysome shell protein, 

hypothetical protein, microcompart-
ment protein

8 Chloroflexi 12 3 0 3 EutM, carboxysome shell protein
9 Chrysiogenetes 9 0 0 0 -

10 Cyanobacteria 100 100 50 50 Hypothetical protein, EutM
11 Deferribacteres 7 0 0 0 -
12 Deinococcus-thermus 10 0 0 0 -
13 Dictyoglomi 9 0 0 0 -
14 Elusimicrobia 8 0 0 0 -

15 Fibrobacteres/Acidobacter 29 13 1 12 EutM carboxysome shell protein, mi-
crocompartment  protein PduT

16 Firmicutes >100 >100 7 93 EutM, PduA, BMC domain protein, 
carboxysome shell protein

17 Fusobacteria >100 67 2 65 EutM, carboxysome shell protein
18 Gemmatimonadetes 14 5 0 5 EutM
19 Nitrospinae 11 0 0 0 -
20 Nitrospirae 5 0 0 0 -

21 Planctomycetes 85 35 1 34
EutM, carboxysome shell protein, mi-

crocompartment protein, hypothetical 
protein

22 Alpha Proteobacteria 97 31 21 10 EutM, PduA

23 Beta Proteobacteria 49 43 28 11 EutM, PduA, Hypothetical protein, 
PduT

24 Gamma Proteobacteria 100 100 21 79 EutM, PduJ, detox protein, PduA, EutN, 
hypothetical protein

25 Delta Proteobacteria
26 Epsilon Proteobacteria 2 0 0 0 -

27 Spirochaetes 57 14 0 14
EutM, carboxysome shell protein, 

hypothetical protein, microcompart-
ment protein

28 Synergistetes 96 27 EutM, PduT, carboxysome shell pro-
tein

29 Tenericutes 17 4 0 4 EutM, Propanediol utilization protein
30 Thermodesulfobacteria 11 0 0 0 -
31 Thermotogae 3 0 0 0 -
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Table SVI: List of ccmK gene complements in β cyanobacteria arranged according to the phylogenetic topology.

Clade Name of organism CcmK gene complements

A1

S. elongatus PCC 6301 Syc0134 (ccml)-syc0135 (ccmk1)//syc1227 (ccmk4)-syc1228 (ccmk3)

S. elongatus PCC 7942 Synpcc7942_1422 (ccml)-Synpcc 7942_1421(ccmk)//Synpcc7942_0284 (ccmk3)-Synpcc 
7942_0285 (ccmk4)

Synechococcus sp JA-2-3B’a(2-13) CYB_1795 (ccml)-CYB_1796 (ccmk1)-CYB_1797 (ccmk2)
Synechococcus sp JA-3-3Ab CYA_1613 (ccml)-CYA_1612 (ccmk2)-CYA_1611 (ccmk1)

T. elongatus BP-1 tll0945 (ccml)-tll0946 (ccmk1)-tll0947 (ccmk2)//tlr0954 (ccmk3)//tll 1596 (ccmk4)

G. violaceus PCC 7421 gll2094 (ccml)-gll2095 (ccmk)-gll2096 (ccmk)
T. erythreaum IMS 101 Tery_3850 (ccml)-Tery_3851 (MCP)-Tery_3852 (MCP)//Tery_4328 (MCP)-Tery_4329 (MCP)

N. punctiforme STCC 29133 Npun_F4293 (ccml)-Npun_F4292 (MCP)-Npun_F4291 (MCP)//Npun_F2745 (MCP)-Npun_2744 
(MCP)

Anabaena PCC 7120 all0866 (ccml)-all0867 (ccmk)-all0868 (ccmk)//alr0317 (ccmk)-alr0318 (ccmk)

A. variabilis ATCC 29413 Ava_4470 (ccml)-Ava_4471 (MCP)-Ava_4472 (MCP)//Ava_4709 (MCP)-Ava_4710 (MCP)

Synechococcus sp PCC 7002 SYNPCC7002_A1801 (ccml)-SYNPCC7002_A1802 (ccmk1)-SYNPCC7002_A1803 (ccmk2) //SYN-
PCC7002_A2612 (ccmk)-SYNPCC7002_A2613 (ccmk)

Synechocystis sp PCC 6803 sll1030 (ccml)-sll1029 (ccmk1)-sll1028 (ccmk2) //slr1838 (ccmk3)-slr1839 (ccmk4) 

Cyanothece sp PCC 7424 PCC7424_1370 (ccml)-PCC7424_1371 (MCP)-PCC7424_1372 (MCP)-PCC7424_1373 (MCP) //
PCC7424_2157 (MCP)-PCC7424_2158 (MCP)

Cyanothece sp ATCC 51142 cce_4281 (ccml)-cce_4282 (ccmk1)-cce_4283 (ccmk2) //cce_2433 (ccmk4)-cce_2434 (ccmk3)

Cyanothece sp PCC 8801 PCC8801_1598 (ccml)-PCC8801_1597 (MCP)-PCC8801_1596 (MCP) //PCC8801_1859 (MCP)-
PCC8801_1860 (MCP)

A. marina MBIC 11017 AM1_5382 (ccml)-AM1_5381 (ccmk)-AM1_5380 (ccmk) //AM1_0655 (ccmk)-AM1_0656 (ccmk)//
AM1_3280 (ccmk)//AM1_5778 (ccmk)

Cyanothece sp PCC 7425 Cyan7425_1616 (ccml)-Cyan7425_1617 (ccmk)-Cyan7425_1618 (MCP) //Cyan7425_2087 (MCP) 
// Cyan7425_2386 (MCP)

Synechocystis sp PCC 6803 sll1030 (ccml)-sll1029 (ccmk1)-sll1028 (ccmk2) //slr1838 (ccmk3)-slr1839 (ccmk4)

A platensis NIES 39 NIES39_K04810 (ccml)-NIES39_K04820 (ccmk1)-NIES39_K04830 (ccmk2) //NIES39_A03150 
(ccmk4)-NIES39_A03160 (ccmk3)

A platensis NIES 39 NIES39_K04810 (ccml)-NIES39_K04820 (ccmk1)-NIES39_K04830 (ccmk2) //NIES39_A03150 
(ccmk4)-NIES39_A03160 (ccmk3)

Cyanothece sp PCC 7425 Cyan7425_1616 (ccml)-Cyan7425_1617 (ccmk)-Cyan7425_1618 (MCP) //Cyan7425_2087 (MCP) 
// Cyan7425_2386 (MCP)

T. elongatus BP-1 tll0945 (ccml)-tll0946 (ccmk1)-tll0947 (ccmk2)//tlr0954 (ccmk3)//tll 1596 (ccmk4)

G. violaceus PCC 7421 gll2094 (ccml)-gll2095 (ccmk)-gll2096 (ccmk)

Synechococcus sp JA-2-3B’a(2-13) CYB_1795 (ccml)-CYB_1796 (ccmk1)-CYB_1797 (ccmk2)

Synechococcus sp JA-3-3Ab CYA_1613 (ccml)-CYA_1612 (ccmk2)-CYA_1611 (ccmk1)

M. aeruginosa NIES 843 MAE47920 (ccml)-MAE47930 (ccmk1)-MAE47940 (ccmk2) // MAE55390 (ccmk3)-mae55400 
(ccmk4)

Cyanothece sp ATCC 51142 cce_4281 (ccml)-cce_4282 (ccmk1)-cce_4283 (ccmk2) //cce_2433 (ccmk4)-cce_2434 (ccmk3)

Synechococcus sp PCC 7002 SYNPCC7002_A1801 (ccml)-SYNPCC7002_A1802 (ccmk1)-SYNPCC7002_A1803 (ccmk2) //SYN-
PCC7002_A2612 (ccmk)-SYNPCC7002_A2613 (ccmk)

Cyanothece sp PCC 8801 PCC8801_1598 (ccml)-PCC8801_1597 (MCP)-PCC8801_1596 (MCP) //PCC8801_1859 (MCP)-
PCC8801_1860 (MCP)

M. aeruginosa NIES 843 MAE47920 (ccml)-MAE47930 (ccmk1)-MAE47940 (ccmk2) // MAE55390 (ccmk3)-mae55400 
(ccmk4)

Cyanothece sp PCC 7424 PCC7424_1370 (ccml)-PCC7424_1371 (MCP)-PCC7424_1372 (MCP)-PCC7424_1373 (MCP) //
PCC7424_2157 (MCP)-PCC7424_2158 (MCP)

Cyanothece sp PCC 7424 PCC7424_1370 (ccml)-PCC7424_1371 (MCP)-PCC7424_1372 (MCP)-PCC7424_1373 (MCP) //
PCC7424_2157 (MCP)-PCC7424_2158 (MCP)

T. erythreaum IMS 101 Tery_3850 (ccml)-Tery_3851 (MCP)-Tery_3852 (MCP)//Tery_4328 (MCP)-Tery_4329 (MCP)

A. marina MBIC 11017 AM1_5382 (ccml)-AM1_5381 (ccmk)-AM1_5380 (ccmk) //AM1_0655 (ccmk)-AM1_0656 (ccmk)//
AM1_3280 (ccmk)//AM1_5778 (ccmk)

Anabaena PCC 7120 all0866 (ccml)-all0867 (ccmk)-all0868 (ccmk)//alr0317 (ccmk)-alr0318 (ccmk)

A. variabilis ATCC 29413 Ava_4470 (ccml)-Ava_4471 (MCP)-Ava_4472 (MCP)//Ava_4709 (MCP)-Ava_4710 (MCP)

N. punctiforme STCC 29133 Npun_F4293 (ccml)-Npun_F4292 (MCP)-Npun_F4291 (MCP)//Npun_F2745 (MCP)-Npun_2744 
(MCP)
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A2

A platensis NIES 39 NIES39_K04810 (ccml)-NIES39_K04820 (ccmk1)-NIES39_K04830 (ccmk2) //NIES39_A03150 
(ccmk4)-NIES39_A03160 (ccmk3)

M. aeruginosa NIES 843 MAE47920 (ccml)-MAE47930 (ccmk1)-MAE47940 (ccmk2) // MAE55390 (ccmk3)-MAE55400 
(ccmk4)

Synechocystis sp PCC 6803 sll1030 (ccml)-sll1029 (ccmk1)-sll1028 (ccmk2) //slr1838 (ccmk3)-slr1839 (ccmk4)

Cyanothece sp PCC 7424 PCC7424_1370 (ccml)-PCC7424_1371 (MCP)-PCC7424_1372 (MCP)-PCC7424_1373 (MCP) //
PCC7424_2157 (MCP)-PCC7424_2158 (MCP)

Cyanothece sp ATCC 51142 cce_4281 (ccml)-cce_4282 (ccmk1)-cce_4283 (ccmk2) //cce_2433 (ccmk4)-cce_2434 (ccmk3)

Cyanothece sp PCC 8801 PCC8801_1598 (ccml)-PCC8801_1597 (MCP)-PCC8801_1596 (MCP) //PCC8801_1859 (MCP)-
PCC8801_1860 (MCP)

Synechococcus sp PCC 7002 SYNPCC7002_A1801 (ccml)-SYNPCC7002_A1802 (ccmk1)-SYNPCC7002_A1803 (ccmk2) //SYN-
PCC7002_A2612 (ccmk)-SYNPCC7002_A2613 (ccmk)

T. erythreaum IMS 101 Tery_3850 (ccml)-Tery_3851 (MCP)-Tery_3852 (MCP)//Tery_4328 (MCP)-Tery_4329 (MCP)

Anabaena PCC 7120 all0866 (ccml)-all0867 (ccmk)-all0868 (ccmk)//alr0317 (ccmk)-alr0318 (ccmk)

A. variabilis ATCC 29413 Ava_4470 (ccml)-Ava_4471 (MCP)-Ava_4472 (MCP)//Ava_4709 (MCP)-Ava_4710 (MCP)

S. elongatus PCC 6301 Syc0134 (ccml)-syc0135 (ccmk1)//syc1227 (ccmk4)-syc1228 (ccmk3)

S. elongatus PCC 7942 Synpcc7942_1422 (ccml)-Synpcc 7942_1421(ccmk)//Synpcc7942_0284 (ccmk3)-Synpcc 
7942_0285 (ccmk4)

A. marina MBIC 11017 AM1_5382 (ccml)-AM1_5381 (ccmk)-AM1_5380 (ccmk) //AM1_0655 (ccmk)-AM1_0656 (ccmk)//
AM1_3280 (ccmk)//AM1_5778 (ccmk)

Anabaena PCC 7120 all0866 (ccml)-all0867 (ccmk)-all0868 (ccmk)//alr0317 (ccmk)-alr0318 (ccmk)
A. variabilis ATCC 29413 Ava_4470 (ccml)-Ava_4471 (MCP)-Ava_4472 (MCP)//Ava_4709 (MCP)-Ava_4710 (MCP)

Cyanothece sp ATCC 51142 cce_4281 (ccml)-cce_4282 (ccmk1)-cce_4283 (ccmk2) //cce_2433 (ccmk4)-cce_2434 (ccmk3)

Cyanothece sp PCC 7424 PCC7424_1370 (ccml)-PCC7424_1371 (MCP)-PCC7424_1372 (MCP)-PCC7424_1373 (MCP) //
PCC7424_2157 (MCP)-PCC7424_2158 (MCP)

M. aeruginosa NIES 843 MAE47920 (ccml)-MAE47930 (ccmk1)-MAE47940 (ccmk2) // MAE55390 (ccmk3)-MAE55400 
(ccmk4)

Cyanothece sp PCC 8801 PCC8801_1598 (ccml)-PCC8801_1597 (MCP)-PCC8801_1596 (MCP) //PCC8801_1859 (MCP)-
PCC8801_1860 (MCP)

Synechocystis sp PCC 6803 sll1030 (ccml)-sll1029 (ccmk1)-sll1028 (ccmk2) //slr1838 (ccmk3)-slr1839 (ccmk4)

Synechococcus sp PCC 7002 SYNPCC7002_A1801 (ccml)-SYNPCC7002_A1802 (ccmk1)-SYNPCC7002_A1803 (ccmk2) //SYN-
PCC7002_A2612 (ccmk)-SYNPCC7002_A2613 (ccmk)

A. marina MBIC 11017 AM1_5382 (ccml)-AM1_5381 (ccmk)-AM1_5380 (ccmk) //AM1_0655 (ccmk)-AM1_0656 (ccmk)//
AM1_3280 (ccmk)//AM1_5778 (ccmk)

A platensis NIES 39 NIES39_K04810 (ccml)-NIES39_K04820 (ccmk1)-NIES39_K04830 (ccmk2) //NIES39_A03150 
(ccmk4)-NIES39_A03160 (ccmk3)

T. erythreaum IMS 101 Tery_3850 (ccml)-Tery_3851 (MCP)-Tery_3852 (MCP)//Tery_4328 (MCP)-Tery_4329 (MCP)

A. marina MBIC 11017 AM1_5382 (ccml)-AM1_5381 (ccmk)-AM1_5380 (ccmk) //AM1_0655 (ccmk)-AM1_0656 (ccmk)//
AM1_3280 (ccmk)//AM1_5778 (ccmk)

A. marina MBIC 11017 AM1_5382 (ccml)-AM1_5381 (ccmk)-AM1_5380 (ccmk) //AM1_0655 (ccmk)-AM1_0656 (ccmk)//
AM1_3280 (ccmk)//AM1_5778 (ccmk)

S. elongatus PCC 6301 Syc0134 (ccml)-syc0135 (ccmk1)//syc1227 (ccmk4)-syc1228 (ccmk3)

S. elongatus PCC 7942 Synpcc7942_1422 (ccml)-Synpcc 7942_1421(ccmk)//Synpcc7942_0284 (ccmk3)-Synpcc 
7942_0285 (ccmk4)
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