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Colorful microdiversity of Synechococcus
strains (picocyanobacteria) isolated from
the Baltic Sea
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Synechococcus is a cosmopolitan genus of picocyanobacteria living in the photic zone of
freshwater and marine ecosystems. Here, we describe the isolation of 46 closely related
picocyanobacterial strains from the Baltic Sea. The isolates showed considerable variation in their
cell size and pigmentation phenotypes, yielding a colorful variety of red, pink and blue-green strains.
These pigmentation phenotypes could not be differentiated on the basis of their 16S rRNA-internal
transcribed spacer (ITS) sequences. Thirty-nine strains, designated BSea, possessed 16S rRNA-ITS
sequences almost identical with Synechococcus strain WH5701. Despite their similar 16S rRNA-ITS
sequences, the BSea strains separated into several different clusters when comparing the
phycocyanin (cpcBA) operon. This separation was largely consistent with the phycobiliprotein
composition of the different BSea strains. The majority of phycocyanin (PC)-rich Bsea strains
clustered with WH5701. Remarkably, the phycoerythrin (PE)-rich strains of BSea formed an as yet
unidentified cluster within the cpcBA phylogeny, distantly related to other PE-rich groups. Detailed
analysis of the cpcBA operon using neighbour-net analysis indicated that the PE-rich BSea strains
are probably endemic for the Baltic Sea. Comparison of the phylogenies obtained by the 16S rRNA-
ITS, the cpcBA, and the concatenated 16S rRNA-ITS and cpcBA operon sequences revealed possible
events of horizontal gene transfer among different Synechococcus lineages. Our results show that
microdiversity is important in Synechococcus populations and that it can reflect extensive
diversification of different pigmentation phenotypes into different ecological niches.
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Introduction

Synechococcus is a typical cosmopolitan genus
comprising both picocyanobacteria (cellso2 mm) as
well as larger cyanobacteria (Schmidt et al., 1991).
The genus is polyphyletic and genetically highly
diverse. Synechococcus species are phylogeneti-
cally divided into several major clusters. Picocya-
nobacteria that are often found and isolated from
marine, brackish and freshwater environments are
related to Synechococcus cluster 5 (Herdman et al.,
2001; Crosbie et al., 2003; Ernst et al., 2003). At the
16S rRNA level, this cluster is closely related to the
sister groups Prochlorococcus and Cyanobium.

The diversity of Synechococcus and its sister
groups has been investigated mainly by analysis of
the 16S rRNA gene obtained from environmental
clone libraries or from strains isolated from various
environments throughout the world. However, the
16S rRNA gene is conserved and has limited
resolution. Several studies have therefore used less
conserved genetic markers, such as the internal
transcribed spacer (ITS) separating the 16S and 23S
ribosomal genes or the phycocyanin operon
(cpcBA), to study the diversity of picocyanobacteria
(for example, Rocap et al., 2002; Crosbie et al., 2003;
Everroad and Wood, 2006). In particular, isolated
strains offer the possibility to concatenate multiple
genetic markers, which can provide a detailed
picture of the evolutionary history and genetic
diversity of picocyanobacteria.

Synechococcus consists of strains rich in the
pigment phycoerythrin (PE), rendering its represen-
tatives a variety of orange, reddish, pink and purple
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colors, and strains rich in phycocyanin (PC), color-
ing the organism in various shades of blue-green.
Competition experiments showed that PE-rich and
PC-rich strains can coexist in white light, through
niche differentiation in the light spectrum (Stomp
et al., 2004). This spectral niche differentiation can
also explain the distribution of reddish and blue-
green strains in natural waters. PE-rich strains
dominate in clear waters; they contain relatively
high contents of the chromophore phycourobilin
(PUB) in the clearest ocean waters in which blue
light prevails, whereas their chromophore composi-
tion shifts towards phycoerythrobilin (PEB) in
more mesotrophic marine waters characterized by
blue-green light environments (Olson et al., 1990;
Lantoine and Neveux, 1997; Wood et al., 1998;
Scanlan, 2003). Conversely, PC-rich strains domi-
nate in turbid inland waters in which orange and
red light prevail (Pick, 1991; Vörös et al., 1998;
Stomp et al., 2007a, b). Widespread coexistence of
PE- and PC-rich picocyanobacteria can be found in
waters of intermediate turbidity, such as meso-
trophic lakes and coastal seas (Stomp et al., 2007a;
Haverkamp et al., 2008). On the basis of these
previous studies, we hypothesize that waters of
intermediate turbidity, such as the Baltic Sea, are
hotspots for the pigmentation diversification of
picocyanobacteria.

In this study, the partial 16S rRNA, the ITS region
and the cpcBA operon sequences were concatenated
to study the phylogenetic relationship among a
colorful diversity of Synechococcus strains isolated
from the Baltic Sea and other known picocyanobac-
teria. The data sets were analyzed phylogenetically
and by rarefaction. We show that the concatenated
data set yielded higher estimates of cyanobacterial
diversity than the analyses of the data sets sepa-
rately. Furthermore, the data suggest geographical
endemism and horizontal gene transfer, indicative
of rapid diversification of Synechococcus in the
Baltic Sea.

Materials and methods

Isolation of strains
Strains were isolated from water samples collected
during a research cruise with the Finnish RVAranda
in the Gulf of Finland (Baltic Sea) from 12 to 19 July
2004. Details on the sampling sites and isolation
procedure are given in the Supplementary Informa-
tion(Supplementary Figures SM1 and SM2; Supple-
mentary Tables SM1 and SM2). Isolated strains were
maintained in liquid BSea6 medium, which is a
mixture of one part ASNIII and four parts BG11
medium (Rippka et al., 1979) with a final salinity of
6.0 psu representative of the brackish waters of the
Baltic Sea. We modified our BSea6 medium to
obtain a final concentration of 1mM NH4Cl, 1.8mM

NaNO3 and 0.012mM NaHCO3.

Morphology and microscopy
Microscope slides were prepared by covering them
with a thin layer of 1% hot agarose (50 1C) that was
subsequently allowed to solidify. Cells of the
isolated strains were applied to the agarose and
covered with a coverslip. Observations were per-
formed using a Zeiss Axiophot microscope (Zeiss,
Oberkochen, Germany). Microphotographs were
taken with a ProgRes C10 plus digital imaging
system (Jenoptik, Laser, Optik, Systeme GmbH, Jena,
Germany). The pictures were processed using
ProgRes CapturePro2.0 software (Jenoptik). At least
40 measurements of cell width (W) and length (L)
were taken and averaged for each culture. Cell
volume (V) was calculated using the formula for a
cylinder with hemispherical ends for all cells
(V¼ p(L�W) W2/4þ pW3/6) (Sieracki et al., 1989).

In vivo absorption spectra
Cultures in the exponential to early stationary phase
were used for recording in vivo absorption spectra.
An aliquot of the culture was transferred to a cuvet
(4ml) and the in vivo absorption spectrum was
measured from 400 to 750nm using a Varian Cary
100 Bio equipped with an integrating sphere DRA-
CA-3300 (Varian, Palo Alto, CA, USA).

DNA extraction
Stationary phase cultures were used for DNA
extraction. One ml of culture was transferred to a
microcentrifuge tube provided with the UltraClean
Soil DNA extraction kit (MoBio Laboratories Inc.,
Carlsbad, CA, USA). DNA extraction was performed
following the instructions of the manufacturer,
except that the initial vortexing step was decreased
to 5min at maximum speed. DNA was eluted with
50ml of TE-buffer (10mM Tris, 1mM EDTA, pH 8.0).
The DNA concentration was measured using an ND-
1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA).

PCR reactions
PCR reactions were performed with 20–100ng of
DNA in a 25 ml reaction volume. The 16S-ITS operon
was amplified using the primers B1055F and PitsE-
cyanR (Ernst et al., 2003; Zaballos et al., 2006),
whereas in a separate reaction the cpcBA operon
was amplified using the primers cpcBF (UFP)/
cpcAR (URP) (Robertson et al., 2001). For each
PCR reaction, the mixture contained 0.625 units of
HotStarTaq (Qiagen, Venlo, The Netherlands),
0.2mM of each dNTP (Roche, Woerden, The Nether-
lands), 1� PCR buffer (Qiagen), 5 pmol of the
forward and reverse primers were used per reaction
and purified Milli-Q-Grade (MQ-grade) water
(Millipore purification unit, 18MO � cm (Millipore,
Billerica, MA, USA)) was added to a final volume
of 25 ml.
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A GeneAmp PCR System 2700 (Applied Biosys-
tems, Foster City, CA, USA) was used to perform the
PCR reactions. The PCR program to amplify the 16S
rRNA-ITS-1 region consisted of a hot start at 94 1C of
15min, followed by 35 cycles of 1min at 94 1C,
1min at 62 1C and 1min at 72 1C and a final
elongation step of 10min at 72 1C. The PCR of the
cpcBA operon was identical except that the anneal-
ing step was at 55 1C and the number of cycles was
40. PCR products were checked using electrophor-
esis with a TAE buffer (pH 8.5) on a 1% agarose
(Sigma Aldrich, Zwijndrecht, The Netherlands) gel.

Cloning and sequencing
PCR products were cloned using the TOPO TA
Cloning Kit (Invitrogen, Breda, The Netherlands)
following the instructions of the manufacturer. Five
colonies were picked for each PCR product and
inoculated in microtiterplates (type 655180, Greiner
Bio-one, Alphen a/d Rijn, The Netherlands) contain-
ing 200 ml of liquid LB-medium. After overnight
incubation at 37 1C, 25 ml of culture was mixed with
25 ml of sterile MQ-grade H2O. The mixture was
heated for 10min at 95 1C and subsequently used as
template in a PCR reaction containing the T7 and T3
primers of the vector to amplify the inserted gene
fragments. The PCR reaction mixture contained
0.625 units HotStarTaq (Qiagen), 0.2mM of each
DNTP (Roche), 1� PCR buffer (Qiagen), 5 pmol of
each of the T7 and T3 primers, 2 ml of the bacterial
suspension. Sterile MQ-grade H2O was added to a
final volume of 50ml. The PCR program was run on a
GeneAmp PCR System 2700 with the following
settings: 15min hot start at 94 1C, 35 cycles of 30 s at
94 1C, 30 s at 55 1C, 1min at 72 1C and a final step of
10min elongation at 72 1C. PCR products were
checked on a 1% agarose (Sigma Aldrich) gel.
Positive PCR reactions were purified using the
DNA clean and concentrator-5 kit (Zymo Research,
Orange, CA, USA) and eluted in 20 ml of sterile MQ-
grade H2O. DNA concentrations of purified PCR
products were checked with the ND1000 spectro-
photometer.

For each of the loci four clones were sequenced to
minimize errors caused by the polymerase. The
sequencing reactions were performed by using the
Big Dye Terminator v1.1 Cycle sequencing kit
(Applied Biosystems) following the instructions of
the manufacturer. Sequence products were analyzed
with a 3130 Genetic Analyzer (Applied Biosystems).
For each clone, the forward and reverse sequences
were manually aligned in BioEdit (Hall, 1999).
In case of nucleotide differences, chromatograms were
checked for base calling errors, and the sequences
were corrected. The clone sequences were then
aligned in BioEdit and a consensus sequence
was created for each strain, using ambiguous
bases for the positions with nucleotide differences.
The consensus sequences were checked against
GenBank using BlastN and BlastP (Altschul et al.,

1997; McGinnis and Madden, 2004). For all strains
the 16S rRNA-ITS-1 sequences and cpcBA operon
sequences have been submitted to the GenBank
databases under accession nos. EU386608–
EU386699.

Phylogenetic and diversity analysis
Phylogenetic analysis was performed using align-
ments of the 16S rRNA-ITS-1 and the cpcBA operon
sequences of our isolated strains and closely related
sequences obtained from GenBank. For the 16S
rRNA-ITS-1 the highly variable regions that could
not be reliably aligned were removed from
the analysis, except when stated otherwise. Also,
the intergenic spacer region was removed from the
cpcBA operon sequences before analysis for reasons
of reliable alignment. Additionally, for those strains
of which both the 16S rRNA-ITS-1 and the cpcBA
operon are known we constructed concatenated
sequences using the program DAMBE (Xia and
Xie, 2001).

Phylogenetic tree construction was performed
using the MEGA4.0 software (Tamura et al., 2007).
Neighbour-net network analysis was performed
using the SplitsTree4 program (Huson and Bryant,
2006). Maximum likelihood (ML) analysis using the
16S rRNA-ITS-1 region and the cpcBA operon was
performed using PAUP* (Swofford, 2003). The ML
of the 16S rRNA-ITS tree was evaluated using the
Jukes–Cantor model of nucleotide substitution,
whereas the ML of the cpcBA tree was evaluated
using the Kimura two parameter model. The Kimura
model assumes that transition and transversion
mutations may occur at different rates, which is an
appropriate assumption for protein-coding se-
quences such as the cpcBA operon. If transition
rates equal transversion rates, which is a reasonable
assumption for non-coding sequences such as the
16S rRNA-ITS, the Kimura model simplifies to the
Jukes–Cantor model (Huelsenbeck, 1995). The con-
gruence of the 16S rRNA-ITS and the cpcBA tree
was investigated by fitting the sequences of one gene
to the ML tree of the other gene, and vice versa,
followed by re-sampling (Swofford, 2003). The
resulting distributions of log-likelihoods and asso-
ciated P-values were compared to assess whether the
two phylogenetic trees were significantly different.

Analysis of the diversity at the different loci
among the picocyanobacterial isolates was per-
formed using rarefaction analysis with the software
DOTUR (Schloss and Handelsman, 2005). As input
for rarefaction analysis a distance matrix of the
sequence alignments of the different loci was
created using the program DNAdist in the Phylip
package using Jukes–Cantor distances and standard
settings (Felsenstein, 1989). The distance matrix
was subsequently analyzed with DOTUR using
standard conditions with the rarefaction option
enabled. The output was used to create the rarefac-
tion curves and similarity plots.
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Results

Morphology and pigmentation of the isolates
In total, we isolated 46 picocyanobacteria from the
Baltic Sea. The strains, their Culture Collection
Yerseke (CCY) number, clade assignment, station
and depth of isolation, pigmentation, size and
volumes are listed in Table 1. Cell dimensions and
biovolumes varied considerably between the iso-
lates. The coccoid isolate CCY0452 was the smallest
among the isolates (biovolume of 0.66 mm3) and the
rod CCY0454 was the largest (biovolume of
2.43 mm3). Cell width varied only little among strains
(0.8–1.4 mm), whereas cell length varied from 1.2–
2.9 mm causing the biovolume differences. The
isolates differed widely in color, including various
shades of red, pink and blue-green strains. Thirteen
strains contained large amounts of PC but lacked PE
(Table 1). The high PC content of these PC-rich
strains is illustrated by their light absorption
spectra, as major peaks at 620nm (Figure 1). The
other 33 strains contained large amounts of PE but
little PC. The predominant chromophore of the PE-
rich strains was PEB, yielding high absorption peaks
at 565nm. In addition, some of the PE-rich strains
also contained small amounts of the PUB, indicated
by minor absorption peaks at 495nm. The absorp-
tion spectra of the 46 isolated strains showed
considerable phenotypic variation with respect to
the ratio of phycobiliprotein (either PE or PC) to Chl
a, despite the fact that they were maintained under
the same growth conditions.

Molecular identification of the Baltic Sea
picocyanobacterial isolates
Molecular identification of the 46 strains isolated in
this study revealed representatives of several clus-
ters of picocyanobacteria. Based on sequence
comparison of the 16S rRNA-ITS-1 region, all
strains were highly similar to known picocyanobac-
teria (Table 1 and Figure 2). The isolates belong to
four major groups within the 16S rRNA-ITS-1
phylogeny. The 16S rRNA-ITS-1 sequence of strain
CCY0426 clustered with strains belonging to group
A of the picocyanobacteria (Ernst et al., 2003;
Chen et al., 2006). Group A is also known as the
Cyanobium gracile cluster (Ernst et al., 2003). The
second group comprises the strains CCY0420,
CCY0454 and CCY0470. Their 16S rRNA-ITS-1
sequences form a monophyletic clade with
CCY9201 (former BS4) and CCY9202 (former BS5)
that were previously isolated from the Baltic Sea
(Ernst et al., 2003; Stomp et al., 2004) and were
assigned as ‘Bornholm Sea Group’. The third clade
comprises the ITS-1 sequences of the strains
CCY0432, CCY0468 and CCY0490. These three
strains form another deep branching phylogenetic
cluster related with the 16S rRNA sequences of
Group I (Crosbie et al., 2003). The fourth and largest
group contains 39 strains and is designated the

Baltic Sea group (Bsea; Figure 2). The 16S rRNA-
ITS-1 sequences of these strains show the highest
similarity to those of Synechococcus WH5701 and
BO8805 that belong to the marine cluster B or the
subalpine cluster II (Ernst et al., 2003; Chen et al.,
2006). The 16S rRNA-ITS sequences of BSea isolates
can be completely aligned with WH5701 and
BO8805. Nonetheless, the sequences of the BSea
strains show on average 7.3 and 8.6% nucleotide
difference at the 16S rRNA-ITS-1 region in compar-
ison with WH5701 and BO8805, respectively.
Detailed comparison of the ITS-1 of WH5701 and
the BSea isolates revealed that most of the nucleo-
tide differences are found in the hyper-variable
regions that form the hairpins (Rocap et al., 2002).
Within the BSea group, microdiversity is observed
when the full-length ITS-1 sequences are used for
phylogenetic analysis (Supplementary Figure SM3).
Four strains form a distinct cluster (BSeaB) that has
on average 1.3% sequence difference with the other
major subcluster, BSeaA (Supplementary Figure
SM3). Originally, Synechococcus WH5701 was
assigned to the marine Synechococcus cluster
5.2 (Herdman et al., 2001). However, based on the
similarity of the 16S rRNA and the ITS sequences
with strain BO8805, WH5701 can also be assigned to
the subalpine cluster II (Crosbie et al., 2003; Ernst
et al., 2003; Chen et al., 2006). Interestingly, in the
taxonomic description of marine Synechococcus
cluster 5.2, all members of this clade were assumed
to have PC as their main light-harvesting pigment
(that is, they are blue-green) (Herdman et al., 2001).
However, as shown here, strains belonging to
subalpine cluster II may also possess PE. In fact,
many of our Baltic Sea isolates closely related to
BO8805 and WH5701 contain PE as their main light-
harvesting pigment. This shows that pigmentation
does not necessarily correspond to the 16S rRNA
and ITS-1 sequences.

PC diversity of picocyanobacteria
Earlier work has shown that the cpcBA operon of
picocyanobacteria can separate strains into different
phylogenetic groups with clearly different pigment
phenotypes (Six et al., 2007; Haverkamp et al.,
2008). Indeed, comparison of the cpcBA operon
sequences of our 46 isolates and those available in
GenBank shows that the majority of the Baltic Sea
isolates clustered according to pigment phenotype
(Supplementary Figure SM4). This is especially
clear for the strains belonging to the BSea group,
which separated into a PE-rich group clustering
with other PE-rich isolates, and a PC-rich group
which clusters closely with strain WH5701 and the
PC-rich Group I when based on the phylogeny
of the cpcBA operon (Supplementary Figure SM4)
(Crosbie et al., 2003; Haverkamp et al., 2008).
Nonetheless, a more detailed representation of this
phylogenetic tree shows that there are exceptions.
Some PC-rich strains cluster with PE-rich isolates
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Table 1 Picocyanobacteria isolated in this study

Strain Clade Site of isolation Station Isolation
depth (m)

Cell length
(mm)

Cell width
(mm)

Cell biovolume
(mm3)

Major
phycobiliprotein

CCY0415 Subalpine C II 591 300 N, 221 400 E S314 0 1.8±0.5 1.2±0.2 1.5±0.6 PC
CCY0416 Subalpine C II 591 300 N, 221 400 E S314 0 ND ND ND PC
CCY0417 Subalpine C II 591 300 N, 221 400 E S314 0 1.5±0.3 1.1±0.1 1.1±0.5 PC
CCY0418 Subalpine C II 591 300 N, 221 400 E S314 0 2.1±0.6 1.1±0.1 1.8±0.6 PE
CCY0419 Subalpine C II 591 300 N, 221 400 E S314 0 1.6±0.4 1.1±0.1 1.2±0.4 PE
CCY0420 Bornholm Sea 591 300 N, 221 400 E S314 0 ND ND ND PE
CCY0421 Subalpine C II 591 300 N, 221 400 E S314 15 1.3±0.2 1.1±0.3 0.9±0.6 PE
CCY0422 Subalpine C II 591 300 N, 221 400 E S314 15 1.6±0.3 1.1±0.1 1.1±0.3 PE
CCY0423 Subalpine C II 591 130 N, 221 190 E S327 15 1.9±0.6 1.1±0.1 1.5±0.9 PE
CCY0424 Subalpine C II 591 130 N, 221 190 E S327 15 1.6±0.3 1.1±0.1 1.1±0.4 PE
CCY0426 Group A Cyanobium 591 300 N, 221 430 E S310 0 2.0±0.4 1.3±0.1 1.9±0.6 PC
CCY0431 Subalpine C II 591 300 N, 221 400 E S314 15 1.7±0.5 1.1±0.1 1.3±0.7 PE
CCY0432 Group I 601 040 N, 261 210 E S298 0 ND ND ND PE
CCY0434 Subalpine C II 591 300 N, 221 400 E S314 0 1.5±0.4 1.2±0.2 1.2±0.7 PE
CCY0435 Subalpine C II 591 300 N, 221 400 E S314 0 1.8±0.5 1.1±0.2 1.3±0.5 PE
CCY0436 Subalpine C II 591 240 N, 221 260 E S322 0 1.7±0.5 1.1±0.2 1.3±0.6 PE
CCY0437 Subalpine C II 591 130 N, 221 190 E S327 0 1.7±0.4 1.2±0.1 1.5±0.5 PC
CCY0439 Subalpine C II 591 300 N, 221 400 E S314 0 1.6±0.4 1.1±0.1 1.2±0.5 PE
CCY0441 Subalpine C II 591 280 N, 221 390 E S305 0 1.8±0.5 1.1±0.1 1.3±0.5 PC
CCY0443 Subalpine C II 591 280 N, 221 390 E S305 0 2.0±0.4 1.0±0.1 1.2±0.4 PC
CCY0444 Subalpine C II 591 300 N, 221 500 E S307 0 2.1±0.5 1.1±0.1 1.6±0.5 PE
CCY0446 Subalpine C II 591 300 N, 221 430 E S310 0 1.3±0.3 1.1±0.1 0.9±0.3 PE
CCY0448 Subalpine C II 591 300 N, 221 430 E S310 12 1.5±0.2 1.4±0.2 1.6±0.5 PE
CCY0449 Subalpine C II 591 300 N, 221 430 E S310 12 2.0±0.4 1.1±0.1 1.6±0.4 PE
CCY0450 Subalpine C II 591 300 N, 221 430 E S310 12 1.6±0.3 1.0±0.1 1.0±0.3 PE
CCY0451 Subalpine C II 591 300 N, 221 430 E S310 12 1.7±0.3 1.0±0.1 1.1±0.4 PE
CCY0452 Subalpine C II 591 300 N, 221 430 E S310 12 1.2±0.3 1.0±0.1 0.7±0.2 PC
CCY0454 Bornholm Sea 591 300 N, 221 430 E S310 0 2.9±0.7 1.1±0.2 2.5±1.0 PE
CCY0455 Subalpine C II 591 300 N, 221 400 E S314 0 2.1±0.4 1.1±0.1 1.6±0.4 PC
CCY0456 Subalpine C II 591 320 N, 221 500 E S301 0 1.5±0.3 1.1±0.1 1.1±0.4 PE
CCY0457 Subalpine C II 591 300 N, 221 400 E S314 0 1.7±0.3 1.0±0.1 1.1±0.3 PE
CCY0458 Subalpine C II 591 300 N, 221 400 E S314 0 1.9±0.4 1.0±0.1 1.1±0.3 PE
CCY0461 Subalpine C II 591 320 N, 221 500 E S301 0 1.5±0.3 0.9±0.1 0.8±0.3 PE
CCY0462 Subalpine C II 591 300 N, 221 400 E S314 15 1.4±0.2 1.0±0.1 0.8±0.2 PC
CCY0463 Subalpine C II 591 300 N, 221 400 E S314 15 1.7±0.3 1.1±0.1 1.2±0.4 PE
CCY0464 Subalpine C II 591 300 N, 221 400 E S314 15 1.6±0.4 1.2±0.1 1.3±0.4 PE
CCY0465 Subalpine C II 591 300 N, 221 400 E S314 15 1.8±0.4 1.1±0.1 1.3±0.4 PE
CCY0466 Subalpine C II 591 240 N, 221 260 E S322 0 1.3±0.1 1.1±0.1 0.9±0.3 PE
CCY0467 Subalpine C II 591 240 N, 221 260 E S322 0 1.4±0.2 1.2±0.1 1.1±0.4 PE
CCY0468 Group I 591 320 N, 221 500 E S301 0 1.8±0.4 0.8±0.1 0.8±0.3 PE
CCY0469 Subalpine C II 591 240 N, 221 260 E S322 15 1.3±0.2 1.0±0.1 0.8±0.3 PC
CCY0470 Bornholm Sea 591 280 N, 221 390 E S305 0 1.7±0.4 1.1±0.1 1.2±0.5 PE
CCY0489 Subalpine C II 591 280 N, 221 390 E S305 0 1.7±0.6 1.0±0.2 1.2±0.5 PE
CCY0490 Group I 591 280 N, 221 390 E S305 0 1.8±0.3 0.9±0.1 0.9±0.2 PC
CCY0491 Subalpine C II 591 280 N, 221 390 E S305 0 1.7±0.5 1.0±0.1 1.1±0.5 PE
CCY0492 Subalpine C II 591 280 N, 221 390 E S305 0 1.3±0.3 1.0±0.1 0.8±0.3 PC

Abbreviations: ITS, internal transcribed spacer; ND, not determined; PC, phycocyanin; PE, phycoerythrin; PEB, phycoerythrobilin; PUB, phycourobilin.
Clade designation is based on the highest similarity between the 16S rRNA-ITS sequence of the isolate and known sequences found in GenBank. Cell length and width (±standard deviation) were
measured on 40 cells. Biovolumes were calculated from the length and width of each cell using the formula for a cylinder with hemispherical ends (Sieracki et al., 1989). Strains indicated by PC
contained large amounts of phycocyanin but no phycoerythrin, whereas strains indicated by PE contained large amounts of phycoerythrin and only a little phycocyanin. All PE-rich strains
contained PEB as predominant chromophore, and some of these strains also contained a little PUB.
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of the BSea group and vice versa (Supplementary
Figure SM5). Remarkably, the PE-rich isolates
CCY0432 and CCY0468 fall into the Baltic Sea
cluster of environmental clones in Group I, which
until now contained only PC-rich isolates. The
cpcBA sequences of PE-rich strains CCY0420,
CCY0450, CC0454 and CCY0470 form a monophy-
letic clade with the strains belonging to the PE-rich
group E including the Bornholm Sea strain
CCY9202. Finally, the cpcBA operon sequence of
PC-rich strain CCY0426 clusters with the PC-rich
group A (Crosbie et al., 2003) (Supplementary
Figure SM5).

Comparison of the cpcBA data from the environ-
mental clone libraries extracted in our previous
study (Haverkamp et al., 2008) and from the
strains isolated in the presented study revealed a
much higher diversity in the combined dataset than
in either the clone libraries or the isolates alone
(Table 2; Supplementary Figure SM5). Phylogenetic
analysis revealed that this is caused by the presence
of several sequences that were found in only one of
the two data sets, thus increasing the overall
diversity (Supplementary Figure SM5). Rarefaction
analysis of the cpcBA sequences of the isolates,
the clone libraries and additional sequences
obtained from GenBank (331 sequences in total)
showed that even at the 90% similarity level,
the global diversity of the Synechococcus cpcBA
operon was not saturated (data not shown). In total,
the available data of the cpcBA operon distin-
guished 8 operational taxonomic units (OTUs) in
the Baltic Sea, and 31 OTUs worldwide when using
a 90% similarity cutoff (Table 2).

Comparison of the 16S rRNA-ITS-1 and cpcBA
phylogenies
The high resolution of the cpcBA phylogeny makes
it interesting to compare the phylogenetic trees
derived from the 16S rRNA-ITS sequences (Figure 2)
and cpcBA sequences (Supplementary Figures SM4
and SM5). However, a direct comparison between
the two phylogenetic trees is difficult for the
following reasons. (1) The number of sequences in
the two phylogenetic trees is unequal. (2) Some
strains are present in only one of the two trees,
because their sequence data for the other operon are
lacking. (3) In order to construct the 16S rRNA-ITS-1
phylogenetic tree, large variable regions had to be
removed. Therefore, in addition to the sequence
data from our own isolated strains, we selected only
those strains from GenBank for which both the
cpcBA sequences and 16S rRNA-ITS-1 sequences
were available. This allowed for comparison of the
phylogenies of the 16S rRNA-ITS-1 and cpcBA
sequences of these strains and provided the possi-
bility of concatenation of these sequences.

Most of the strains that are closely related at the
16S rRNA-ITS level were also closely related for the
cpcBA region, however there were several excep-
tions (Figure 3). This is especially clear for strain
CCY0450, which belongs to the BSea group with
respect to the 16S rRNA-ITS-1 sequence, but
clusters with the Bornholm Sea group based on
cpcBA phylogeny. In the 16S rRNA-ITS phylogeny
the Bornholm Sea group is clearly separated from
BSea. Other strains that behave in a similar way are
CCY0416 (BSea), CCY0490 (Group I), CCY9201
(Bornholm Sea) and the marine Synechococcus
strains RS9917 and RCC307 (Figure 3) (Fuller
et al., 2003; Six et al., 2007; Haverkamp et al., 2008).

Interestingly, in the cpcBA phylogeny the BSea
group is split into two groups. Several of the PC-rich
strains of the BSea group (CCY0415, CCY0416,
CCY0441, CCY0443, CCY0469) and one PE-rich
strain (CCY0444) cluster within the cpcBA phylo-
geny with the PC-rich strains CCY0490, WH5701
and BO8805 (Figure 3). This contradicts the 16S
rRNA-ITS-1 phylogeny in which PE-rich strains
of the BSea group form a monophyletic clade with
PC-rich strains includingWH5701 and BO8805. Hence,
this visual comparison of the 16S rRNA-ITS and
cpcBA trees indicates a lack of congruency between
the two phylogenies. Despite our effort to equalize
the number of sequences between the two phylo-
genies, it was still difficult to compare the phyloge-
netic trees of 16S rRNA-ITS and cpcBA by visual
inspection only. Therefore, we performed a detailed
statistical analysis for those clades for which we can
compare the full length ITS sequences with each
other. These clades are the BSea group, WH5701,
BO8805 and the Group I strains. For these clades we
can test if the topologies of the two trees are different
using ML. For this purpose, the likelihoods of
the 16S rRNA-ITS and the cpcBA trees were
both estimated using the Jukes–Cantor model of

400 500 600 700
0.0

0.4

0.8

1.2

1.6

2.0
R

el
at

iv
e 

ab
so

rp
ti

o
n

Wavelength (nm)

CCY0417
CCY0443
CCY0448
CCY0468

Figure 1 Comparison of in vivo absorption spectra of two
phycoerythrin-rich and two phycocyanin-rich Baltic Sea isolates
grown under the same light conditions. For comparison, the
spectra were normalized at the red peak of chlorophyll a
(680nm). Despite striking differences in phycobilisome composi-
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phylogenetic clade according to their 16S rRNA-ITS-1 sequences.
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Figure 2 Neighbour-joining tree based on the 16S rRNA-ITS-1 sequences from 112 picocyanobacterial isolates. The partial sequences
contained the highly conserved regions of the 16S rRNA and the ITS-1 region (862 nucleotides). The tree was rooted with the sequence of
Synechococcus PCC6301. Construction of the neighbour-joining tree was based on maximum likelihood using the Jukes–Cantor model of
nucleotide substitution. Bootstrap values (1000 replicates) are shown for confidence levels higher than 50%. Picocyanobacterial isolates
from the Baltic Sea are identified using bold characters. For clustered taxa, the number of strains per cluster is indicated between
parentheses.
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nucleotide substitution. Subsequently, the congru-
ence of the two trees was evaluated by fitting the 16S
rRNA-ITS sequences to the ML tree of the cpcBA

operon, and vice versa, followed by re-sampling
(Swofford, 2003). Comparison of the resulting dis-
tributions of log-likelihoods showed that the 16S
rRNA-ITS sequences fitted significantly better to the
16S rRNA-ITS tree than to the cpcBA tree
(Po0.001). Conversely, the cpcBA sequences fitted
significantly better to the cpcBA tree than to the 16S
rRNA-ITS tree (Po0.001). This showed that the two
phylogenetic trees were indeed not congruent.

Finally, both data sets were used to create
concatenated sequences of the 16S rRNA-ITS-1
and the cpcBA operon. Most clades found in the
cpcBA phylogeny appeared also in the concatenated
data set (Figure 3). Yet, in the concatenated data set
CCY0490 and RS9917 cluster with strains with
which they share a closely related 16S-rRNA-ITS-1
sequence, but a different cpcBA sequence. Hence,
concatenated 16S-rRNA-ITS and cpcBA sequences
changes the picture only slightly when compared
with the cpcBA alone (Figure 3). This conclusion is
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Figure 3 Comparison of the phylogenetic trees of the 16S rRNA-internal transcribed spacer (ITS) region, the cpcBA operon and the
concatenated sequences. The symbols behind the strain numbers represent the pigmentation of the strains, including phycocyanin-rich
strains (J), phycoerythrin (PE)-rich strains with low phycourobilin (PUB)/phycoerythrobilin (PEB) ratios (m), and PE-rich strains with
high PUB/PEB ratios (’). For the 16S rRNA-ITS phylogeny an alignment of 862 positions including the 50 end of the 16S rRNA and the
conserved regions within the ITS were used. The cpcBA phylogeny was obtained using an alignment of the cpcBA operon without the
intergenic spacer (IGS) (498 nucleotides). The trees were constructed with a neighbour-joining algorithm, using the Jukes–Cantor model
of nucleotide substitution for the non-functional 16S rRNA-ITS sequences, and the Kimura two parameter model for the protein-coding
cpcBA operon and the concatenated sequences. The resulting trees were bootstrapped 1000 times for statistical support.

Table 2 Comparison of diversity of picocyanobacterial cpcBA
operon obtained from different data sets. Number of operational
taxonomic units (OTUs) is given at the similarity cutoff levels
100, 99, 97, 94 and 90%

Data set Sequences OTU at

100% 99% 97% 94% 90%

Baltic Sea isolates 46 20 9 6 4 4
Baltic Sea clone
librariesa

68 20 10 7 6 6

Isolates and clone
libraries

114 36 16 10 8 8

Picocyanobacterial
GenBank

331 143 83 58 42 31

aData from Haverkamp et al. (2008).
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supported by rarefaction analysis of the data sets,
where concatenation increased the diversity at the
100% similarity level to 22 OTUs compared with 20
OTUs for the cpcBA operon alone and 13 OTUs for
the 16S rRNA-ITS-1 alone, respectively (Figure 4).

Split network analysis
The cpcBA phylogeny is represented by well-
supported clades deep in the tree (Supplementary
Figures SM4 and SM5). However, the basal taxa of
the cpcBA phylogeny are shown with long branches
and the nodes have low bootstrap support (o50%)
(Supplementary Figure SM4). This could be an
indication for homoplasy (backward and/or parallel
mutations). Calculation of the homoplasy index HI
in MEGA4.0 revealed high levels of homoplasy in
the data set (HI¼ 0.74 for parsimony-informative
sites). This high value of the HI suggests that there is
a large amount of ambiguity within the data that
could have an effect on the phylogenetic tree. One
way to investigate this is by analyzing the cpcBA
data set using neighbour-net networks (Bryant and
Moulton, 2004). Neighbour-net networks can be
used to study aligned sequence data by creating a
network rather than a tree to show conflicting data
within the phylogeny by representing the data and
the evolutionary distances (Huson and Bryant,
2006). A neighbour-net network was created using
the cpcBA sequences (Figure 5; the same analysis
using the complete set of sequences can be found in
Supplementary Figure SM6). The occurrence of
block-shaped patterns instead of a tree-like branch-
ing pattern indicates a high uncertainty in the

phylogenetic signal that is probably caused by
homoplasy. This view is consistent with the finding
that the phylogenies of the 16S rRNA-ITS-1
sequences and the cpcBA operon sequences are
not entirely congruent. Nonetheless, by the long
branches the neighbour-net network shows that the
cpcBA sequences of the PE-rich BSea cluster
(represented by strain CCY0418) and the other
groups form distinct taxa within the cpcBA phylo-
geny of the picocyanobacteria (Figure 5 and Supple-
mentary Figure SM6). In addition, it shows a clear
separation between the cpcBA genes of PE-rich and
PC-rich picocyanobacteria (Figure 5).

Discussion

Isolation of 46 Synechococcus strains from the
Baltic Sea provided detailed information on the
microdiversity of these picocyanobacteria. The
strains were compared using morphological and
molecular approaches. At the morphological level
the most striking difference between isolates was
their color. The strains were rich in either PE or PC.
The PE-rich strains could not be differentiated from
the PC-rich strains on the basis of their 16S rRNA-
ITS sequences. However, this clearly visible pheno-
typic differentiation was genetically supported by
the cpcBA operon, which separated many of the
PE-rich strains from the PC-rich strains (Figure 3;
see also Six et al., 2007; Haverkamp et al., 2008).
Other phenotypic differences, in cell size and cell
volume, did not match the separation into different
phylogenetic clusters.
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Figure 4 Comparison of diversity at different loci among the Baltic Sea isolates. (a) 100% similarity rarefaction curves, and (b) similarity
plots of the 16S rRNA-ITS sequences (closed circles), cpcBA-operon (open triangles) and the concatenated 16S rRNA-ITS and cpcBA
operon sequences (closed squares).
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The colorful diversity of Baltic Sea Synechococcus
Our results confirm that coexistence of PE-rich and
PC-rich strains is widespread in the Baltic Sea
(Stomp et al., 2004, 2007a; Haverkamp et al., 2008).
In addition, the isolates presented in this study
show that PE-rich strains in the Baltic Sea contain
PEB as major chromophore, whereas PUB was either
absent or present at low cellular concentrations
only. The low PUB/PEB ratio is consistent with the
underwater light spectrum in the Baltic Sea. Near
the Gulf of Finland, where the strains were isolated,
the underwater light spectrum is dominated by
green light (Stomp et al., 2007a; Haverkamp et al.,
2008). Thus, our findings in the Baltic Sea add to
earlier observations that picocyanobacteria of coast-
al seas typically have low PUB/PEB ratios (Olson
et al., 1990; Lantoine and Neveux, 1997; Wood et al.,
1998; Scanlan, 2003).

The use of 16S rRNA-ITS and cpcBA sequences as
molecular markers for the phylogenetic relation-
ships among Synechococcus strains allowed us to
obtain further insight into the diversity of picocya-
nobacteria in the Baltic Sea. In a previous study,
these loci were used to investigate the diversity
within clone libraries constructed from environ-
mental DNA (Haverkamp et al., 2008). Several
groups of picocyanobacteria that appeared in the
clone libraries were not found among the cultured
isolates, and vice versa (Table 2; Supplementary
Figure SM5). This showed that neither approach
sampled the full existing diversity of picocyanobac-

teria. Hence, clone libraries and culture collection
complement each other (Kisand and Wikner, 2003;
Alonso et al., 2007). The combination of cpcBA
sequences from cultures and environmental clone
libraries increased the observed picocyanobacterial
diversity in the Baltic Sea considerably.

Analysis of the cpcBA operon largely separated
the PE- and PC-rich strains in the BSea group.
Hence, although PE- and PC-rich Synechococcus
strains possess similar 16S rRNA-ITS sequences,
they have quite different pigmentation (phycobilin)
genotypes. Genetic differentiation between PE- and
PC-rich strains by the cpcBA operon is ecologically
highly relevant, because Synechococcus strains with
different pigmentation are adapted to different
underwater light climates (Pick, 1991; Vörös et al.,
1998; Wood et al., 1998; Stomp et al., 2004; Six
et al., 2007; Stomp et al., 2007a; Haverkamp et al.,
2008).

Microdiversity, recombination and endemism
The results suggest that the diversity of picocyano-
bacteria in the Baltic Sea is substantially higher than
that whichwe detected from our clone libraries and
isolated strains. Rarefaction analysis using all
known picocyanobacterial cpcBA sequences shows
that the diversity within the picocyanobacterial
cpcBA operon is not levelling off, even not at the
lower similarity levels (Table 2). One possible
explanation for the high microdiversity of Synecho-
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Figure 5 A neighbour-network constructed using 42 representative cpcBA sequences (determined by rarefaction analysis with a cutoff
of 94%). Bootstrap support values for the nodes are omitted for clarity. The out-group is represented by the cpcBA sequence of
Synechococcus PCC6301 (’). The phycoerythrin (PE)-rich BSea1 cluster is represented by strain CCY0418. PE-rich strains are indicated
by closed circles (K), whereas PC-rich strains are indicated by open circles (J). For a complete analysis using all known cpcBA
sequences see Supplementary Figure SM5.
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coccus strains in the Baltic Sea is that the cpcBA
operon evolves rapidly, with the third codon
position showing many synonymous mutations
(Haverkamp et al., 2008). The high picocyanobacter-
ial diversity could also be caused by high
recombination rates in the form of horizontal gene
transfer. We considered the possibility of recombi-
nation within the genomes of isolated strains by
comparing the phylogenies of the 16S rRNA-ITS-1,
the cpcBA operon and a concatenate of both
sequences. ML analysis of the phylogenies suggests
that recombination has taken place between
the different strains thereby creating higher diver-
sity. In addition, we analyzed the cpcBA operon
using neighbour-net analysis, which showed
high ambiguity within the phylogenetic signal. This
indicates that evolutionary processes within
the cpcBA operon cannot be easily resolved by
phylogenetic analysis. This can be explained in
three ways, by extensive homoplasy (backward
and/or parallel mutations), horizontal gene transfer
of the cpcBA operon or by a lack of data. These
results are in line with recent genome analysis
of several marine Synechococcus strains, which
indicated that genes encoding PC and PE I and II
show different evolutionary relationships in com-
parison with genes of the core genome such as the
allo-PC gene or the ribosomal regions (Six et al.,
2007).

Finally, neighbour-net analysis of the cpcBA
phylogeny indicated that the PE-rich isolates of the
BSea group are only distantly related to other known
Synechococcus isolates (Figure 5). Hence, these
strains may be endemic for the Baltic Sea with its
unique environmental conditions. Studies on large
ecosystems, such as Lake Superior and the Baltic
Sea, indicate that locally adapted Synechococcus
spp. inhabit these environments (Ivanikova et al.,
2007; Haverkamp et al., 2008). This is consistent
with the conclusions of Pommier et al. (2007), who
found signals of endemism within the global
bacterioplankton community. Therefore, we con-
clude that the high phylogenetic resolution pro-
vided by the cpcBA operon is useful to assess the
microdiversity of Synechococcus strains in the
Baltic Sea and other semienclosed ecosystems.
Summarizing, our findings lend further support to
the hypothesis (Stomp et al., 2007a; Haverkamp
et al., 2008) that the underwater light spectra in
waters of intermediate turbidity, which can be found
in many mesotrophic lakes and coastal seas, such as
the Baltic Sea, offer suitable niches for the wide-
spread coexistence and extensive diversification of a
colorful mixture of PE-rich and PC-rich picocyano-
bacteria.

Acknowledgements

We thank three anonymous referees for their very helpful
and extensive comments and suggestions that improved

an earlier version of this manuscript considerably. We
thank M Laamanen for the opportunity to join cruise
CYANO-04, M Stomp and the crew of the research vessel
Aranda for help during sampling. We also thank T Mes for
constructive discussion and help with the ML compar-
isons. TH and LJS acknowledge support from the
European Commission through the project MIRACLE
(EVK3-CT-2002–00087). The research of JH was supported
by the Earth and Life Sciences Foundation (ALW), which
is subsidized by the Netherlands Organization for Scien-
tific Research (NWO). This is publication 4444 of NIOO-
KNAW.

References

Alonso C, Warnecke F, Amann R, Pernthaler J. (2007).
High local and global diversity of Flavobacteria in
marine plankton. Environ Microbiol 9: 1253–1266.

Altschul SF, Madden TL, Zhang J, Lipman DJ, Schäffer
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