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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 165 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 extracellular ~metabolites with various
Cyanobacteria are the oldest biological activities (antibacterial, antifungal,
microorganisms  performing  oxygenic antiviral, immunostimulation (Baldev et al.,

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
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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 wused for inferring
phylogenies within cyanobacteria (rpoCl,
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 (Sanchez-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 CaMn, cluster
(Barber, 2006; Sanchez-Baracaldo & Cardona,
2020). CP43 and CP47 have 473 and 510
amino residues, respectively, and both of
them have six transmembrane a-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 165 rDNA.
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Material and Methods

The CP43 and CP47 protein sequences

used in this study were obtained from
. 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), maximume-likelihood (ML),
and neighbor-joining (N]) 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 165 rDNA nucleotide
sequences of the same strains used in the
CP47 and CP43-phylogenetic trees. 165
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. 165 rDNA
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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% Dbootstrap 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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@ Candidatus Synech clade (6 strains)
WP 054465047.1 CP43 Planktothricoides sp. SR001
M Arthrospira clade (2 strains)

KPQ39373.1 CP43 Phomidium sp. OSCR

WP 068787886.1 CP43 Phommidium willei

WP 011610363.1 CP43 Trichodesmium erythrasum
M Lyngbya clade (3 strains)

@ Planktothrix clade (5 strains)
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99
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M Cylindrospermopsis clade (2 strains)
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WP 071188162.1 CP43 Trichormus sp. NMC-1

WP 016950781.1 CP43 Anabaena sp. PCC 7108
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WP 073594495.1 CP43 Phommidium ambiguum

1 |—E AFY82640.1 CP43 Oscillatoria acuminata PCC 6304
99 WP 044195183.1 CP43 Oscillatoria acuminata
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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. e - big monophyletic
clades; m - small monophyletic clades.
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Fig. 2. Phylogenetic tree based on 165 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% Dbootstrap 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%  Dbootstrap 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 165 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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@ Nostoc clade 1 (8 strains)
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= H Chr idiopsis clade (2 strains)
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WP 015185905.1 CP47 Microcoleus sp. PCC 7113
WP 017286594.1 CP47 Leptolyngbya boryana
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WP 068788320.1 CP47 Phormidium willei
WP 026099146.1 CP47 Oscillatoria sp. PCC 10802
WP 015148750.1 CP47 Oscillatoria acuminata
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ﬂ|—£ WP 073607451.1 CP47 Phommidium tenue
VWP 035985900.1 CP47 Leptolyngbya sp. KIOST-1
WP 039727860.1 CP47 Lyngbya confervoides
—65|: WP 008311661.1 CP47 Leptolyngbya sp. PCC 6406
WP 006516452.1 CP47 Leptolyngbya sp. PCC 7375
100 WP 031294148.1 CP47 Leptolyngbya sp. Heron Island J

WP 015226093.1 CP47 Halothece sp. PCC 7418
100 I: WP 015229700.1 CP47 Dactylococcopsis salina
3

M Spirulina clade (2 strains)

—a

93
97

98
97

Il Limnothrix clade (2 strains)

H Geminocystis clade (3 strains)

WP 015220128.1 CP47 Cyanobacterium aponinum
WP 069790289.1 CP47 Cyanchacterium sp. IPPAS B-1200
AFZ46878.1 CP47 Cyancbacterium stanieri PCC 7202
VWP 026102860.1 CP47 Pleurocapsa sp. PCC 7319
VWP 036484499.1 CP47 Myxosarcina sp. Gl

VWP 006510896.1 CP47 Xenococcus sp. PCC 7305
M Stanieria clade (2 strains)

H Microcystis clade (3 strains)

H Synechocystis clade (2 strains)

H Cyanothece clade (3 strains)

Hl Thermesynechococcus dade (2 strains)

H Synechococcus clade 2 (3 strains)

[cr @ Pseudanabaena clade (4 strains)
100

100

98

@ Candidatus Synechococcus clade (4 strains)

1

- I Prochlorococcus marinus clade (3 strains)
88 - @ Cyanobium clade (4 strains)

99 @ Synechococcus clade 1 (16 strains)
0AAGI.2343.1 CP47 Arabidopsis thallana

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. e - big monophyletic clades; m - small monophyletic clades.

147



CP43 and CP47 Proteins of Photosystem 11 (PSII) as Molecular Markers for Resolving Relationships...

%
%)
2
2,
% %,
E )
G T Y
= = % R
K3 W e S
A T 3
% Z 2, e} 9
%, %, EY 23
0{’5 = 55%) @ A %
< e 7 e 9%3 TJGE‘ %
E N % % 3
B B % % 7 %
Y . B B % B %
T, R, % % e 3 % A
&, By Ry G k% B % B
KN A Y @9& A
A % =, 2y G % s“'L "2 %
‘g, 092:, Ry, by Ps, By % 2%
) %
” X

Limnothrix dade
Synechomccus sp. KORDI-100

. NKS5
88 1683228—1639718Thennoswec.’nowcc;ussp PR

02 37
gil57 10267 o pCC 108 0
fgtoria sP EY
mazmgﬁaogmamae Osel X @,PCG 710‘; 3 )
gikeat® L
5 o\ %3
a2 710 05
au ” X i \be-gcec\
28 L 35
w17 SRR g
N“D’;‘]\ ,\p\:\“‘ BVC‘C . ® & . TS
. ol
@bﬂ\ ‘bv«» A G@,hé\
B o A o
& &e‘?’ 5° q('b béy &
25 @ O o it
o <@ & ¥ &
e S & o C) 4 L
* 2 2° & o
Gl SN R
R P FL FFF R8s
o o A A &g E
A e & & ‘é' F F & 55 & & & &g
B X S & s FFIsse
o o o &S P FFrs2E
$o v - A
Nad S S ESEFFEES
@ £ & £ o058 F FE
& g P L g 53
& F ¥ o s 388
& S s =
< & 588 g g
< & & F £ g
) < oy S5 802
& > & &8 F R g
& 5 2 g £ g 2
& A S § =
F < & T » 3
& § g g
& C
=3 =
é}’ S
(9]
¥

PSIS racibors i
0,
59 Nostog SP. NIES-375¢

0152504915035
tog,
“”ncxfro,me

fada
T Nog,
B,

Anabaenaclade 2
ABD42985 1 Cylindrospemcy
5.1

16

a5

Aamgm "
26L]_ phrosP
: AB038005.1 Ghroocooaidiopsis NeT

ra dade
malis

CP003630.1:c2628737-2627368 Microcoleus sp. PCC 7113
63~ ABO03167 1P hormidium ambiguum
a7 Qtanobact N
S ium dage
OCys;
Vstis clage

46

£
)
e

96
1N
)
o
3
»
oF
L)
&
&
.
o
&

aez

3pep snshooydauls

eAgpukiordaT v L8280
1 GOE L0

vzy%LEvZﬂ-'&E

Geiz-saIN euBkea
1. L9
. mﬂg\,DN\
29 JOOELY V

-ELM ds ehBURINEE )
gGLe"

ey
s ekaporee
i
pore s

Fig. 4. Phylogenetic tree based on 165 rDNA sequences of 129 cyanobacterial strains. The tree
was reconstructed by using ML analysis and the GTR+I+G evolutionary model. 165 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

Moten et al.

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