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Abstract. Cyanobacteria  are  the  most  primitive  photosynthetic  organisms  on  the  Earth.  Their
classification  is  traditionally  based  on  morphological  characters  in  both  botanical  and
bacteriological systems. Due to the enormous diversity and the lack of clear diacritic morphological
features  between  the  closely  related  species,  for  resolving  the  evolutionary  relationships  and
classification  of  Cyanobacteria  during  the  last  years  is  used  a  polyphasic  approach  including
sequencing  data.  Although  many  molecular  markers  are  improved,  new  suitable  markers  for
resolving  relationships  within  cyanobacteria  at  species  and  generic  level  are  still  needed.  Our
objective was to examine whether the sequences of the photosystem II proteins CP43 and CP47 are
suitable markers for such purposes. Phylogenetic analyses based on the CP43 and CP47 amino acid
sequences showed that most of the cyanobacterial species/strains belonging to different genera are
clustered in separate clades supported by high bootstrap values. The comparison between the CP43
and CP47 trees, and the 16S phylogenetic trees showed that the CP43 and CP47 proteins are more
suitable  markers  in  resolving  phylogenetic  relationships  within  Cyanobacteria  at  generic  and
species level than the conserved 16S rRNA gene sequence. The correct taxonomic classification and
identification of the cyanobacterial strains is very important for all studies related to the biological
activity of cyanobacteria, their biotechnological application or in the management and monitoring
of water.
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Introduction
Cyanobacteria  are  the  oldest

microorganisms  performing  oxygenic
photosynthesis. They can be found in almost
all ecosystems on Earth including freshwater
lakes, rivers, ponds, oceans, hot springs and
deserts (Scanlan, 2001). Many cyanobacterial
strains  produce  intracellular  and

extracellular  metabolites  with  various
biological activities (antibacterial, antifungal,
antiviral,  immunostimulation  (Baldev et al.,
2015),  but they are also capable of extensive
growth, resulting in bloom events and toxin
production that can cause a significant threat
to  human  and  animal  health  (Carmichael,
1992).
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Within  prokaryotic  groups,
Cyanobacteria  is  one  of  the  most
morphologically diverse groups (Castenholz
et  al.,  2001  &  Shih  et  al.,  2013).  Their
evolutionary relationships and classification
are,  at  present,  poorly  understood
(Castenholz  et  al.,  2001  &  Komarek  et  al.,
2002).  The  taxonomy of  Cyanobacteria  has
been debated vigorously and revised many
times.  One  way  to  improve  cyanobacterial
taxonomy  is  a  polyphasic  approach
including molecular,  cytological,  ecological,
morphological,  and  physiological  data
(Rajaniemi  et  al.,  2005).  The morphological
and cytological features are the basis for the
conventional identification and taxonomy of
cyanobacteria.  But  it  is  found that  most  of
the  cyanobacterial  species  change  their
morphology  when  grow  at  different
ecological  conditions.  Therefore,  the
conventional  methods  are  useless  for
identification of cyanobacteria at the species
level. As a much more reliable technique for
such  identification  is  recommended  the
usage  of  molecular  markers  (Baldev  et  al.,
2015). 

Molecular phylogenies of cyanobacteria
were  mainly  inferred  with  the  16S  rDNA
sequences.  This  molecular  marker  is
generally  conserved  and  provide  many
thousands of well-aligned informative sites.
Furthermore, it is the best represented in the
GenBank  database,  and  phylogenies  based
on  their  sequences  have  so  far  been
considered quite efficient for cyanobacterial
phylogeny at the genus level  (Hoffmann et
al.,  2005;  Miller  &  Castenholz,  2001;
Rajaniemi  et  al.,  2005).  The  phylogenetic
resolution of 16S rDNA, however, is limited,
and  often  not  sufficient  to  resolve
relationships neither among very closely nor
very distinctly related organisms  (Johansen,
2005).  Various  protein  coding  sequences
have  also  been  used  for  inferring
phylogenies  within  cyanobacteria  (rpoC1,
rpoB,  gyrB,  rbcLX,  cpcBA-IGS  and  16S-23S-
ITS)( Sciuto et al., 2012; Seo & Yokota, 2003;
Boyer  et  al.,  2001;  Nubel  et  al.,  1997;
Premanandh et al.,  2006).  The 5S ribosomal

RNA,  the  outer  membrane  efflux  protein
(OMER), the Light-Repressed Protein (LRP)
and  the  Psb27  protein  have  been  recently
proposed  as  new  molecular  markers
(Teneva, 2019). The revolution in molecular
phylogenetic approaches has had a profound
effect on the description and classification of
taxa (Garcia-Pichel et al., 2020).

Photosystem  II  (PSII)  is  the  first
component  of  the  photosynthetic  electron
transfer  chain  located  in  the  thylakoid
membranes  of  cyanobacteria, algae  and
plants. Active cyanobacterial PSII consists of
17  transmembrane  protein  subunits,  three
peripheral  proteins  and  about  80  cofactors
such as chlorophylls, carotenoids and lipids
(Guskov  et  al.,  2009). The  membrane-
embedded core complex of PSII consists of
the D1 and D2 reaction center (RC) subunits,
the inner chlorophyll (Chl)-binding antenna
proteins, CP43 and CP47, and a number of
smaller  polypeptides  (Sánchez-Baracaldo  &
Cardona, 2020). CP47 and CP43 are encoded
by the  psbC and  psbB genes in the genomic
DNA of cyanobacteria. The main purpose of
CP43 and CP47 is to deliver energy to the RC
for driving electron transfer and, in the case
of  CP43,  to  help  ligate  the  CaMn4 cluster
(Barber, 2006; Sánchez-Baracaldo & Cardona,
2020). CP43  and  CP47  have  473  and  510
amino  residues,  respectively,  and  both  of
them  have  six  transmembrane  α-helices,
which  are  separated  by  five  extrinsic  loop
domains (Bricker & Frankel, 2002).

Taxonomy  and  classification  have
always been a challenge in the cyanobacteria.
It  is  important  to  identify  other  reliable
molecular  markers  for more  precise
cyanobacterial  classification  at  the  generic
and subgeneric level. We decided to focus on
the CP43 and CP47 proteins of Photosystem
II,  since  so  far,  it  is  not  exploited  for
phylogenetic  analyses  of  Cyanobacteria.  In
this study, we investigated the phylogenetic
relationships of  cyanobacterial  strains based
on the CP43 and CP47 protein sequences, and
compared  the  phylogenetic  position  of
cyanobacterial strains with phylogenetic trees
based on 16S rDNA.
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Material and Methods
The  CP43 and CP47 protein sequences

used in this study were obtained from NCBI
database.  We  chose  to  use  amino  acid
sequences rather than nucleotide sequences
because the latter are more strongly affected
by saturation over long time scales (Li et al.,
2014).  The  sequences  were  aligned  to
observe  the  phylogenetic  relationship.
Multiple sequence alignments of the proteins
were created using ClustalW program of the
phylogenetic  software  MEGA-7  (Kumar  et
al.,  2016).  Two data  sets  were  constructed.
The  first  one  included  129  taxa  (with
Escherichia  coli  str.  K-12 as  outgroup)  and
was based on CP47 sequence alignment.  A
second  data  set  included  133  taxa  (with
Arabidopsis  thaliana as  outgroup)  and  was
based on CP43 sequence alignment. The size
of the analyzed CP47 amino acid sequences
varied  between  456  aa  and  538  aa,  and
between  393  aa  and  490  aa  for  CP43.  The
minimum  evolution  (ME),  maximum
parsimony (MP), maximum-likelihood (ML),
and  neighbor-joining  (NJ)  algorithms  were
used to construct phylogenetic trees, and the
reliability of each branch was tested by 1,000
bootstrap  replications.  All  positions
containing  gaps  and  missing  data  were
removed  from  the  dataset  using  the
"complete deletion" option. For ME and NJ,
the  evolution  distances  were  calculated
using the  Maximum Composite  Likelihood
method.  For  ML  trees,  the  General  Time
Reversible  (GTR)  model  with  Corrected
Invariable  Sites  (I),  Gamma  Distribution
Shape  Parameters  (G),  and  Nearest-
Neighbor-Interchange  algorithm  was  used.
In order to compare the topology of the taxa,
the  phylogenetic  reconstruction  was
conducted  also  with  16S  rDNA  nucleotide
sequences  of  the  same  strains  used  in  the
CP47  and  CP43-phylogenetic  trees.  16S
rRNA  gene  sequences  were  aligned  using
the  ClustalW  multiple  sequence  alignment
tools in Version 7.0 of MEGA phylogenetic
software (Kumar et al., 2016). Trees based on
the 16S rRNA gene were constructed by the
same manner as described above. 16S rDNA

nucleotide sequence from Escherichia coli  str.
K-12 was used to root the trees.

Results and Discussion
Our objective was to examine whether

or not phylogenetic analysis based on CP47
and CP43 amino acid sequences supports the
division  Cyanobacteria. The  phylogenetic
trees based on different methods (Minimum
Evolution (ME), Maximum Parsimony (MP),
Maximum-Likelihood  (ML),  and Neighbor-
Joining (NJ)) obtained in this study exhibited
a  high  degree  of  similarity  with  minor
topological differences. Here we represented
only the ML trees.

CP43
In  the  present  study,  we  have

performed  phylogenetic  analyses  based  on
the CP43 amino acid sequences.  As can be
seen  in  Fig.  1,  cyanobacterial  strains  are
grouped in eight larger clades (Synechococcus
clade  1;  Candidatus  Synechococcus clade;
Planktothrix  clade;  Fischerela clade;
Leptolyngbya clade 1;  Nostoc clade 1; Nostoc
clade  2;  Pseudoanabaena clade). Most
members  of  the  genus  Synechococcus (23
strains) were grouped in two separate clades
(Fig. 1, Synechococcus clade 1 (20 strains, 86%
bootstrap supports),  Synechococcus clade 2 (3
strains, 99% bootstrap supports)). The Nostoc
strains also were clustered in two separate
clades:  Nostoc  clade  1  (6  strains,  72%
bootstrap  support)  and  Nostoc clade  2  (4
strains,  65% bootstrap  support,  Fig.  1).  All
representatives  of  the  other  main  clades
were  clustered  in  separate  monophyletic
clades:  Candidatus  Synechococcus (6  strains,
94%  bootstrap  support),  Planktothrix  (5
strains,  98%  bootstrap  support),
Pseudanabaena  (4  strains,  87%  bootstrap
support),  and Fischerella (4  strains,  88%
bootstrap support). The  Leptolyngbya strains
were  clustered  in  three  separate  clades:
Leptolyngbya clade 1 (4 strains, 69% bootstrap
support,  Fig.  1),  Leptolyngbya clade  2  (3
strains,  54% bootstrap  support,  Fig.  1)  and
Leptolyngbya clade 3 (2 strains, 79% bootstrap
support,  Fig.  1). According  to  the
phylogenetic analysis, the polyphyletic nature
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Fig. 1. Phylogenetic tree based on CP43 amino acid sequences from 133 cyanobacterial
strains. The reconstruction has been performed by using ML analysis applying the GTR+I+G

evolutionary model. The numbers above branches indicate the bootstrap support (>50%)
from 1,000 replicates. Arabidopsis thaliana was used as an outgroup. ● - big monophyletic

clades; ■ - small monophyletic clades.
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Fig. 2. Phylogenetic tree based on 16S rDNA sequences of 133 cyanobacterial strains. The tree
was reconstructed by using ML analysis and the GTR+I+G evolutionary model. 16S rDNA

sequence from Escherichia coli str. K-12 was used as an outgroup. The numbers near branches
indicate bootstrap support from 1,000 replicates.

 
of  order  Oscillatoriales  including  genus
Oscillatoria, Microcoleus  and  Phormidium was
confirmed.  Previous  studies  have  also
shown  the  polyphyletic  nature  of  order
Oscillatoriales based on the 16S rRNA gene
sequences  (Ishida et al., 1997; Marquardt &
Palinska, 2007).

A  number  of  smaller  clades  of
cyanobacterial  strains  belonging  to  one
genus,  which  are  comprised  of  between  2
and 3 species/strains,  are  also observed in

the tree shown in Fig.  1: Cylindrospermopsis
clade  (2  strains,  99%  bootstrap  support);
Moorea clade  (3  strains,  99%  bootstrap
support);  Arthrospira clade  (2  strains,  99%
bootstrap support); Spirulina clade (2 strains,
89%  bootstrap  support);  Lyngbya  clade  (3
strains, 99% bootstrap support); Geminocystis
clade  (3  strains,  99%  bootstrap  support);
Cyanobacterium clade  (3  strains,  79%
bootstrap support);  Stanieria clade (2 strains,
99%  bootstrap  support); Richelia clade  (2
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strains,  99%  bootstrap  support);
Synechocystis clade (2 strains, 99% bootstrap
support);  Cyanothece clade 1 (2 strains,  94%
bootstrap  support);  Cyanothece clade  2  (2
strains,  94%  bootstrap  support);
Thermosynechococcus clade  (2  strains,  99%
bootstrap support); Coleofasciculus clade clade
(2  strains,  99%  bootstrap  support);
Synechococcus clade  2  (3  strains,  99%
bootstrap  support);  Cyanobium clade  1  (2
strains,  50% bootstrap support); Cyanobium
clade  2  (2  strains,  94% bootstrap  support);
Acaryochloris clade (3 strains, 99% bootstrap
support); Crocosphaera  watsonii clade  (2
strains, 99% bootstrap support); Leptolyngbya
clade  2  (3  strains,  54% bootstrap  support);
Leptolyngbya clade 3 (2 strains, 79% bootstrap
support) (Fig. 1).

The  phylogenetic  trees  based  on  the
markers CP43 (Fig. 1) and 16S rDNA (Fig. 2)
showed similar topologies, but differences in
the positions of some strains were observed.
Some of  the species that showed monophyly
with high bootstrap supports in the CP43 tree
did  not  group  together  in  the  16S  tree.
Intermixing  of  the  members  of  genera
Synechococcus,  Candidatus  Synechococcus,
Pseudanabaena,  Nostoc,  Thermosynechococcus,
Cylindrospermopsis,  Crocosphaera  watsonii,
Richelia and  Spirulina was  observed  in  the
phylogenetic tree based upon 16S rRNA, while
in the phylogenetic tree constructed on CP43
they were grouped in separate monophyletic
clades.  The  representatives  of  the  genera
Fischerella,  Planktothrix,  Arthrospira,
Coleofasciculus,  Moorea,  Cyanobacterium,
Geminocystis,  Stanieria,  and Cyanothece were
grouped in separate monophyletic clades as in
the phylogenetic tree based on CP43, but with
low  bootstrap  supports  (Fig.  2). The
evolutionary  relationships  among  different
cyanobacterial  taxa  seen  in  this  work  are
similar  to  those  observed  by  Shih  and
colleagues  (Shih  et  al.,  2013).  These  results
confirmed the usefulness of 16S rRNA gene as
a  valuable  tool  for  identification  of
cyanobacteria up to order or genus level.

The  phylogenetic  trees  based  on  the
protein  sequences  and the  16S  rRNA gene

sequences created in this study showed that
the  CP43  is  a  suitable  marker  in  resolving
phylogenetic  relationships  within
Cyanobacteria  at  generic  and species  level.
The  search  for  more  stable  molecular
markers  has  become  essential  for
understanding the phylogeny and taxonomy
of cyanobacteria  (Gribaldo & Brochier, 2009
& Makarova et al., 1999). 

CP47
The  phylogenetic  tree  based  on  CP47

amino  acid  sequences  showed  that  most
cyanobacterial  species/strains  belonging  to
one genus were clustered together and they
were  supported  by  high  bootstrap  values
(Fig.  3).  Eight  distinct  large  monophyletic
clades  could  be  distinguished  in  the
phylogenetic  reconstruction,  here  named
Nostoc clade  1,  Anabaena clade  1,  Calothrix
clade,  Planktothrix clade,  Pseudanabaena
clade,  Candidatus  Synechococcus  clade,
Cyanobium  clade and  Synechococcus clade 1.
Representatives  of  the  Nostoc (11  strains)
were located in two separate clades (Fig. 3,
Nostoc clade  1  (89%  bootstrap  supports),
Nostoc clade  2  (53%  bootstrap  supports)).
The  Anabaena strains also were grouped in
two  separate  clades:  Anabaena clade  1  (5
strains,  91%  bootstrap  support)  and
Anabaena clade  2  (2  strains,  87% bootstrap
support,  Fig.  3).  All  representatives  of  the
other main clades were clustered in separate
monophyletic  clades:  Calothrix (4  strains,
97%  bootstrap  support),  Planktothrix  (6
strains,  100%  bootstrap  support),
Pseudanabaena  (4  strains,  67%  bootstrap
support), Candidatus Synechococcus (4 strains,
100% bootstrap  support)  and  Cyanobium  (4
strains,  78%  bootstrap  support).  Most
members  of  the  genus  Synechococcus were
clustered  in  two  separate  clades:
Synechococcus clade  1  (16  strains,  99%
bootstrap support, Fig. 3) and Synechococcus
clade  2  (3  strains,  98%  bootstrap  support,
Fig. 3).

The other cyanobacterial species belong-
ing  to  one  genus  were  grouped  in  smaller
separate  clades:  Nodularia clade  (2  strains,
100% bootstrap support);  Cylindrospermopsis
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Fig. 3. Phylogenetic tree based on CP47 amino acid sequences from 129 cyanobacterial strains. The
reconstruction has been performed by using ML analysis applying the GTR+I+G evolutionary model.
The numbers above branches indicate the bootstrap support (>50%) from 1,000 replicates. Arabidopsis

thaliana was used as an outgroup. ● - big monophyletic clades; ■ - small monophyletic clades.
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Fig. 4. Phylogenetic tree based on 16S rDNA sequences of 129 cyanobacterial strains. The tree
was reconstructed by using ML analysis and the GTR+I+G evolutionary model. 16S rDNA

sequence from Escherichia coli str. K-12 was used as an outgroup. The numbers near branches
indicate bootstrap support from 1,000 replicates.

clade  (2  strains,  100%  bootstrap  support);
Fischerella clade  (3  strains,  93%  bootstrap
support);  Chroococcidiopsis clade  (2  strains,
94%  bootstrap  support);  Moorea clade  (2
strains, 100% bootstrap support);  Arthrospira
clade  (3  strains,  100%  bootstrap  support);
Spirulina clade  (2  strains,  93%  bootstrap
support);  Limnothrix  clade  (2  strains,  100%
bootstrap  support);  Geminocystis  clade  (3

strains,  84%  bootstrap  support);  Stanieria
clade  (2  strains,  100%  bootstrap  support);
Microcystis clade (3  strains,  100% bootstrap
support); Synechocystis clade (2 strains, 100%
bootstrap  support);  Cyanothece clade  (3
strains,  84%  bootstrap  support);
Thermosynechococcus clade  (2  strains,  100%
bootstrap  support);  Prochlorococcus  marinus
clade  (3  strains,  100%  bootstrap  support);
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Synechococcus clade  2  (3  strains,  98%
bootstrap support);  Nostoc clade 2 (3 strains,
53% bootstrap support); Anabaena clade 2 (3
strains, 87% bootstrap support); (Fig. 3). The
examined  cyanobacterial  species  formed  a
number of strongly supported clades in this
tree.

For  comparison,  the  16S  phylogenetic
tree  (Fig.  4)  was  constructed  with  129
nucleotide  sequences  for  the  same
cyanobacterial  strains  as  in  Fig.  3  using
Mega 7 (Kumar et al., 2016). Comparing the
topology  of  CP47  and  16S  trees,  it  can  be
seen that the clades within the CP47 tree are
clustered  much  better  than  within  the  16S
tree.  Most  of  the  species  that  showed
monophyly with high bootstrap supports in
the CP47 tree did not group together in the
16S tree. For example, Nostoc, Pseudanabaena,
Cyanobium,  Anabaena,  Calothrix,
Synechococcus,  Arthrospira,  Candidatus
Synechococcus and Planktothrix (Fig. 4). Some
of the other cyanobacterial  species  are also
grouped in smaller separate clades as in the
phylogenetic  tree  based on CP47,  but  with
low  bootstrap  supports:  Nodularia clade  (2
strains,  85%  bootstrap  support); Fischerella
clade  (3  strains,  34%  bootstrap  support);
Geminocystis clade (3 strains, 77% bootstrap
support) (Fig.  4).  Representatives  of  the
Cyanobacterium (3 strains) were located in a
separate  clade  within  the  16S  tree.  This
topology  was  supported  by  a  bootstrap
value of 64%.

The  results  presented  herein  strongly
support CP43 and CP47 as markers of choice
for cyanobacterial phylogenetic studies and
emphasize the importance of using multiple
molecular  markers  to  prevent  erroneous
conclusions.

Conclusions
The taxonomic resolution offered by 16S

rRNA genes is insufficient for discrimination
of  closely  related  organisms.  The  results
obtained  from  this  study  have  contributed
greatly  to  the  knowledge of  cyanobacterial
diversity.  However,  more  phylogenetic
studies  are  needed  with  other  molecular

markers to confirm the phylogenetic position
of  previously  unidentified  cyanobacterial
isolates.
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