
RESEARCH AR T I C L E

Ecophysiological analysis reveals distinct environmental
preferences in closely related Baltic Sea picocyanobacteria

Anabella Aguilera1 | Javier Alegria Zufia1 | Laura Bas Conn1 |
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Abstract
Cluster 5 picocyanobacteria significantly contribute to primary productivity in
aquatic ecosystems. Estuarine populations are highly diverse and consist of
many co-occurring strains, but their physiology remains largely understu-
died. In this study, we characterized 17 novel estuarine picocyanobacterial
strains. Phylogenetic analysis of the 16S rRNA and pigment genes (cpcB
and cpeBA) uncovered multiple estuarine and freshwater-related clusters
and pigment types. Assays with five representative strains (three phycocya-
nin rich and two phycoerythrin rich) under temperature (10–30�C), light
(10–190 μmol photons m�2 s�1), and salinity (2–14 PSU) gradients
revealed distinct growth optima and tolerance, indicating that genetic vari-
ability was accompanied by physiological diversity. Adaptability to environ-
mental conditions was associated with differential pigment content and
photosynthetic performance. Amplicon sequence variants at a coastal and
an offshore station linked population dynamics with phylogenetic clusters,
supporting that strains isolated in this study represent key ecotypes within
the Baltic Sea picocyanobacterial community. The functional diversity found
within strains with the same pigment type suggests that understanding estu-
arine picocyanobacterial ecology requires analysis beyond the phycocyanin
and phycoerythrin divide. This new knowledge of the environmental prefer-
ences in estuarine picocyanobacteria is important for understanding and
evaluating productivity in current and future ecosystems.

INTRODUCTION

The picocyanobacterium Synechococcus is a signifi-
cant primary producer with a cosmopolitan distribution
in marine, estuarine, and freshwater ecosystems
(Callieri et al., 2013; Partensky et al., 1999; Visintini
et al., 2021). Organisms classified as Synechococcus
are polyphyletic (Honda et al., 1999; Salazar
et al., 2020), but the majority of the representatives
have been taxonomically placed into a cyanobacterial
lineage termed cluster 5 (Castenholz, 2001). Cluster

5 encompasses a separate branch comprising the
genus Prochlorococcus and three major lineages,
called sub-clusters 5.1, 5.2, and 5.3 (Ahlgren &
Rocap, 2012). Sub-cluster 5.1 is mainly composed of
pelagic marine strains and it is the most widespread lin-
eage in the open ocean environment (Farrant
et al., 2016). Extensive work combining global field
observations, metagenomics, and physiological work
with isolates has revealed a high genetic and functional
diversity within this sub-cluster and multiple genetic lin-
eages (clades) have been identified (Doré et al., 2020;
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Farrant et al., 2016; Ferrieux et al., 2022; Mackey
et al., 2017; Pittera et al., 2014; Six et al., 2021; Sohm
et al., 2016). These lineages are physiologically spe-
cialized in different niches, revealing the existence of
ecotypes defined by environmental factors such as
temperature and light. Sub-cluster 5.3 includes both
open ocean strains and a cosmopolitan group of fresh-
water strains (Cabello-Yeves et al., 2017, 2018;
Scanlan et al., 2009). Finally, the genetically diverse
sub-cluster 5.2 spans a wide range of salinity adapta-
tions containing freshwater, brackish, and halotolerant
strains (Cabello-Yeves et al., 2018; Cabello-Yeves,
Callieri, et al., 2022; Cabello-Yeves, Scanlan,
et al., 2022; Callieri et al., 2021, 2022; Di Cesare
et al., 2018; S�anchez-Baracaldo et al., 2019) and con-
tains a mix of strains assigned to Cyanobium spp. and
Synechococcus spp. Compared to the marine pelagic
water counterpart, knowledge about the ecological role
of Synechococcus in dynamic coastal and estuarine
ecosystems is limited and the physiological characteris-
tics and relationships among lineages and clades within
sub-cluster 5.2 remain largely indeterminate (Callieri
et al., 2013, 2022). Comparative genomics has brought
novel insights into the genetic diversity of Synechococ-
cus, and as a consequence, the taxonomy of the genus
is under revision and deep transformation. While
recently updated comparative genomic studies that
used average nucleotide/amino acid identity (AAI/ANI)
values proposed to split Synechococcus into three dis-
tinct taxa: Ca. Marinosynechococcus (sub-cluster 5.2),
Cyanobium (all strains assigned to sub-cluster 5.2),
and Ca. Juxtasynechococcus (sub-cluster 5.3) (Doré
et al., 2020), other studies based on genome-level ana-
lyses proposed to split Synechococcus into 15 sepa-
rated genera (Salazar et al., 2020).

The contribution of Synechococcus to primary pro-
duction and phytoplankton biomass in estuaries is sig-
nificant (Alegria Zufia et al., 2021; Bertos-Fortis
et al., 2016; Paerl et al., 2020; Xia et al., 2015). Estua-
rine systems sustain Synechococcus populations con-
sisting of diverse co-occurring strains, which are not yet
phylogenetically well defined (Celepli et al., 2017; Chen
et al., 2006; Haverkamp et al., 2009; Xu et al., 2015).
Moreover, few estuarine strains have been physiologi-
cally characterized or genome sequenced (Cabello-
Yeves, Callieri, et al., 2022; Cabello-Yeves, Scanlan,
et al., 2022; Fucich et al., 2021; Marsan et al., 2014;
Śliwi�nska-Wilczewska et al., 2018; Xu et al., 2015). The
lack of representative estuarine strains and physiologi-
cal studies limits the assessment of Synechococcus
ecotypes and their role in these ecosystems
(Callieri, 2017; Callieri et al., 2022).

Synechococcus display a unique diversity of photo-
synthetic pigments, which extends the light niches that
this picocyanobacterium can occupy. Thereby, pigment
composition is considered an important determinant of
Synechococcus distribution. Besides chlorophyll a (Chl

a), mainly associated with photosystem I, Synechococ-
cus contain phycobilisomes (PBS), which funnel light
energy to photosystem II (Scanlan et al., 2009; Six
et al., 2007). PBSs are composed of a core of allophy-
cocyanin and rods of variable phycobiliprotein composi-
tion (Six et al., 2007). Based on the composition of the
phycobiliproteins, Synechococcus strains are divided
into three main pigment types: pigment Type I contain-
ing only phycocyanin (PC, encoded by the cpcBA
operon), pigment Type II containing PC and one form
of phycoerythrin (PE-I, encoded by cpeBA), and pig-
ment Type III containing PC and two forms of PE (PE-I
and PE-II, encoded by cpeBA and mpeBA, respec-
tively). While pigment Type I strains (PC-rich) are green
and pigment type II (PE-rich) red, pigment Type III pre-
sents a wide range of pigmentation, and some display
chromatic adaptation (Scanlan et al., 2009; Six
et al., 2007). While pigment Type III dominates in open
marine environments where blue light prevails, pigment
Types I and II are mostly found in coastal waters, estu-
aries, and freshwater systems (Cabello-Yeves
et al., 2017; Grébert et al., 2018; Larsson et al., 2014;
Stomp et al., 2007). A metagenomic study identified a
novel pigment cluster, Type IIB, as being dominant in
the brackish waters of the Baltic Sea (Larsson
et al., 2014). Type IIB was also recently identified in
whole-genome sequenced picocyanobacterial strains
isolated from freshwater lakes (e.g. Cyanobium usita-
tum Tous, Synechococcus sp. 8F6, Synechococcus
sp. 1G10, Vulcanococcus limneticus LL; Cabello-Yeves
et al., 2018; S�anchez-Baracaldo et al., 2019) but
appears to be absent in major oceanic basins (Grébert
et al., 2018). The eco-physiology of Type IIB strains
and the potential links to their distribution remains
unexplored.

Typically, PC-rich cells (pigment Type I) predomi-
nate in high turbid waters where red light prevails, such
as low salinity surface waters, estuaries, and eutrophic
lakes (Paerl et al., 2020; Wang et al., 2011). PE-rich
strains of pigment Type II are considered to be adapted
to blue and green light absorption and tend to be more
abundant in low-turbidity waters such as the transition
zones between brackish and marine environments, and
deep, clear lakes (Callieri & Stockner, 2002; Larsson
et al., 2014). In waters of intermediate turbidity like
coastal waters, estuaries, and freshwater lakes, the
physiological diversity of Synechococcus is high and
multiple pigment types co-occur (Haverkamp
et al., 2008, 2009; Larsson et al., 2014; Liu et al., 2014;
Stomp et al., 2007; Wang et al., 2011; Xia et al., 2017).
Thus, other factors apart from light may have a key role
in their niche differentiation. For example, environmen-
tal factors like nutrients, salinity, and temperature
directly affect the distribution and seasonality of co-
occurring strains in estuarine systems (Alegria Zufia
et al., 2021; Jiang et al., 2016; Paerl et al., 2020; Wang
et al., 2011). In addition, large differences in growth

2 AGUILERA ET AL.

 14622920, 0, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.16384 by U
m

ea U
niversity, W

iley O
nline L

ibrary on [23/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



have been observed in experiments with estuarine
Synechococcus strains using broad temperature, salin-
ity, and light gradients (Śliwi�nska-Wilczewska
et al., 2018, 2020). This suggests high physiological
plasticity in relation to changing environmental condi-
tions in estuarine Synechococcus, but the links
between physiological studies and environmental
dynamics are not yet well established.

In this study, we characterized 17 novel strains of
cluster 5 picocyanobacteria isolated from the Baltic
Sea. Picocyanobacteria are important contributors to
phytoplankton biomass in this large estuarine ecosys-
tem (up to �80% in summer), and high-throughput
sequencing has revealed a large diversity and sea-
sonal shifts of picocyanobacterial strains (Alegria Zufia
et al., 2021, 2022; Bertos-Fortis et al., 2016; Celepli
et al., 2017; Larsson et al., 2014). The strains were
identified using flow cytometry, microscopy, and ampli-
fication and sequencing of fragments of the 16S rRNA,
cpcB, cpeBA, and mpeBA genes. The amplicon
sequence variants (ASVs) of the 16S rRNA gene were
identified in amplicon sequence libraries from a coastal
and an offshore monitoring station to identify the contri-
bution to the picocyanobacterial community and the
seasonal in situ dynamics. In addition, based on the
phylogenetic affiliation and seasonality of ASVs, five
strains were chosen for further characterization of their
pigmentation and physiology. Our results bring insights
into the diversity and ecophysiology of unexplored estu-
arine picocyanobacteria and their environmental niche
preferences.

EXPERIMENTAL PROCEDURES

Environmental sampling and isolation of
strains

Water samples were collected during 2018–2020 in the
Baltic Sea Proper. Samples were collected weekly at
the K-station (56�39025.400 N, 16�21036.600 E, 1 m sam-
pling depth), a coastal station in the Kalmar Sound, by
the city of Kalmar, and every second week at the Lin-
naeus Microbial Observatory (LMO, 56�55051.2400 N,
17�3038.5200 E, 2 m sampling depth) situated 10 km off
the east coast of Öland, Sweden. Temperature and
salinity were measured using a conductivity/tempera-
ture/depth sensor CTD® Castaway at the K-station and
a CTD probe (Alec Electronics, Japan) at LMO. To
remove large particles, samples were filtered through a
200 μm mesh. For collecting environmental DNA sam-
ples, 200–400 mL seawater was filtered through a
47 mm 0.2 μm Supor®-200 filter (Pall Corporation,
USA) using vacuum filtration. The filters were placed in
cryotubes and stored at �80�C until extraction. Dis-
solved inorganic nutrients (NO2

� + NO3
�, PO4

3� and
SiO4

4�) were measured as described in the study by

Alegria Zufia et al. (2022). Water aliquots for strain iso-
lation were pre-filtered through a 3.0 μm polycarbonate
filter, amended with NO3 (580 μM) and PO4 (56.6 μM),
and incubated for 24 h at 18, 16, or 20�C and
15 μmol m�2 s�1 with a light: dark cycle of 12:12 h.
After the incubation, picocyanobacteria were isolated
by serial dilution in 24-well plates using L1 media
(Guillard and Hargraves, 1993) prepared with Baltic
Sea water with salinity �7 PSU. Once the colour was
visible in the well, cells were transferred to 40 mL plas-
tic culture flasks and grown in L1 media prepared with
artificial seawater (7 PSU), complemented with cyclo-
heximide (final concentration of 20 mg L�1) to prevent
eukaryote growth. The isolated strains are deposited,
viable, and maintained in the Kalmar Algal Collection
(KAC) at Linnaeus University, Sweden, and they are
available upon request.

Morphology and flow cytometry
identification

The purity, defined as only one visual autotrophic mor-
photype, cell size, and morphology of the strains was
examined using an epifluorescence microscope
(Olympus BX50, country) equipped with filters for phy-
coerythrin (PE; 49010 ET Olympus BX2; 546 nm exci-
tation 585 nm emission) and phycocyanin (PC; 49015
ET Olympus BX2; 605 nm excitation and 670 nm emis-
sion) at �1000 magnification. The pigment content was
examined using a CyFlow® Cube 8 flow cytometer
(Partec®, Jettingen-Scheppach, Germany) as
described in the study by Alegria Zufia et al. (2021).
Briefly, forward scatter (FSC) was used as a proxy for
cell diameter, FL2 (590/50 nm, blue laser dependent)
as a proxy for PE content, FL3 (675/50 nm, blue laser
dependent) as aproxy for Chl a, and FL4 (675/50 nm,
red laser dependent) as a proxy for PC content.

Molecular identification of strains

Samples for DNA were collected by harvesting 4 mL of
each culture and centrifuging for 8 min at 8000 � g to
form a cell pellet which was stored at �80�C until
extraction. DNA was extracted using the FastDNA™
SPIN Kit for Soil (MP Biomedicals) with Matrix E col-
umns following manufacturer instructions with the addi-
tion of incubation with proteinase-K (1% final
concentration) at 55�C for 1 h directly after the homoge-
nization. DNA concentration was measured using an
Invitrogen Qubit 2.0 fluorometer (Thermo Fisher Scien-
tific Inc.) and purity was assessed using a Thermo
Scientific™ NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific Inc.).

Strains were phylogenetically identified by amplify-
ing and sequencing a fragment of the 16S rRNA gene
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using universal primers 27F and 1492R (Lane, 1991).
Given that Synechococcus is polyphyletic (Honda
et al., 1999) and because sequences with equal per-
centage identities and query coverage can often be
assigned to several genera (e.g. Synechoccocus
sp. and Cyanobium sp.), 16S rRNA gene sequences
were used to assign taxonomy at the family level and to
explore the phylogenetic placement of isolated strains
within cluster 5 picocyanobacteria. The PC operon
(subunit gene cpcB), and subunit genes cpeBA and
mpeBA encoding PE-I and PE-II, respectively
(Table S1) were used to assign pigment types. To
design primers targeting cpcB and mpeBA genes,
sequences of the beta (cpcB, mpeB) and alpha (mpeA)
chains were obtained from whole genomes of Synecho-
coccus strains available in the Cyanorak v2.1 database
(http://www.sb-roscoff.fr/cyanorak). Sequences were
aligned in MEGAX v.10.1.7 using the ClustalW algo-
rithm (Stecher et al., 2020) and highly conserved
regions were selected for primer design. The amplifica-
tion reactions were carried out in 25 μL final volume
reactions containing 10 ng of template DNA, 0.5 μM of
each primer, and commercial PCR mix (Phusion High-
Fidelity PCR Master Mix, Thermo Scientific) on a
T100™ Thermal Cycler (Bio-Rad Laboratories, USA).
The cycling conditions were initial denaturation at 98�C
for 5 min, followed by 30 cycles at 98�C for 40 s,
annealing temperature specific for each assay for 40 s,
extension at 72�C for 1 min; and a final extension step
at 72�C for 10 min (Table S1). PCR products were
sequenced using Sanger sequencing (Macrogen
Europe, Amsterdam, The Netherlands).

The 16S rRNA and pigment gene sequences were
aligned with corresponding sequences obtained from
cluster 5 picocyanobacterial genomes (Table S2) or
selected phylogenetic studies (Schallenberg
et al., 2022). Selected picocyanobacterial genomes
were annotated using Prokka v. 1.14.6
(Seemann, 2014) using default settings plus
‘--compliant –rfam’, and all small subunit RNA
sequences were extracted. For the pigment genes,
amplicons obtained with the primers targeting cpcB and
cpeBA genes were used as query sequences for
BLASTn searches in the selected genomes using
default parameters (Altschul et al., 1997). From the list
of obtained hits, the ones with the best score in each
genome were kept. Selected sequences were aligned
with MAFFT v. 7.5 using the G-INS-I algorithm (with
default parameters) (Katoh et al., 2019) and used to
generate maximum-likelihood phylogenetic trees using
1000 bootstraps in IQ-TREE v. 1.6.12 with default
parameters (Hoang et al., 2018; Minh et al., 2020).
ModelFinder was used to determine the best-fit model
for each gene (Kalyaanamoorthy et al., 2017): GTR
+ F + I + I + R3 for the16S rRNA, TIM3 + F + I + G4
for the cpcB, and TIM2e + I + G4 for the cpeBA gene
sequences. Sequences generated in this study are

available in GenBank under the accession numbers
OP441767-OP441783 for the 16S rRNA gene,
OP484896 to OP484910 for cpeB, and OP484911 to
OP484921 for mpeBA sequences.

ASV libraries from environmental samples

Amplicon libraries were generated using the primers
Cya-771F and Cya-1294R targeting the V5–V7 hyper-
variable region (Huber et al., 2019) as described in the
study by Alegria Zufia et al. (2022) and sequenced at
SciLife using paired-end MiSeq 2 � 300 bp. The result-
ing reads were demultiplexed, denoised, and screened
for chimera using ampliseq (v1.1) which runs on
QIIME2 (2019.10) and DADA2 (1.10.0). For relative
abundances, only sequences affiliating with Synecho-
coccales were included and are referred to as SYN
below (see Alegria Zufia et al., 2022 for details).
BLASTN searches were used to identify the ASVs with
100% nucleotide identity to the corresponding 16S
rRNA gene fragment from the strains in this study. The
sequence data is available in the NCBI Sequence Read
Archive, BioProject PRJNA810944.

Growth and pigment characterization of
key strains under different temperature,
light, and salinity conditions

Five strains (KAC 102, KAC 105, KAC 106, KAC
108, KAC 114), representing different phylogenetic
clusters and pigment types (Figures 1 and 2) were cho-
sen for further physiological characterization under a
different light (10, 100, 190 μmol photons m�2 s�1 in
16:8 h, light:dark cycles), temperature (10, 15, 20, 25,
30�C) and salinity (2, 6, 10, 14 PSU) conditions. The
light intensity of photosynthetic active radiation (PAR)
was measured using an LI-COR spherical quantum
meter (LI-189; LI-COR Inc., USA).

The in vivo pigment absorption spectra (400–
750 nm) of the strains growing under 25�C,
10 μmol m�2 s�1, and 6 PSU salinity were analysed
with an Olis-modernized Cary 14 UV/Vis/NIR with Inte-
grating Sphere upgrade spectrophotometer (On-Line
Instrument Systems, Inc., Bogart, GA, USA) according
to the method described by Blake and Griff (2012) with
modifications. Briefly, first, a baseline with culture
media was measured, and then 1 mL was replaced
with cell suspension and measured.

Prior to the experiments, the strains were kept for
2 days in the experimental conditions for acclimatiza-
tion (Śliwi�nska-Wilczewska et al., 2018). To start the
experiments, cultures at the exponential phase were
adjusted to a similar cell density (105 cells mL�1), and
grown for 7 days in triplicates. Cell concentration was
estimated from optical density (OD750 nm) using a
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F I GURE 1 Phylogenetic tree derived from partial 16S rRNA gene sequences using topology given by Maximum Likelihood (1000
bootstraps). Support values are indicated by the size of internal nodes. Strains isolated in this study are indicated in bold. Strains selected for
further characterization are indicated with *. The pigment phenotype is indicated by colours red (PE-rich) and green (PC-rich). § designate strains
assigned to sub-cluster 5.3 based on multigene phylogenies (Cabello-Yeves, Callieri, et al., 2022; Cabello-Yeves, Scanlan, et al., 2022;
S�anchez-Baracaldo et al., 2019).
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Multiskan GO UV–VIS spectrophotometer (Thermo Sci-
entific, Massachusetts, USA). OD750 nm showed a lin-
ear correlation with cell concentration determined by
flow cytometry (BD Accuri C6 Plus; BD Biosci-
ences, USA).

Chl a and carotenoids (Car) content was measured
following Śliwi�nska-Wilczewska et al. (2018). Briefly,
5 mL of culture was filtered onto 0.45 μm filters
(Macherey-Nagel MN GF-5, Macherey-Nagel GmbH &
Co. KG, Düren, Germany), and Chl a and Car were
extracted from cells with 90% acetone and incubated in
the dark for 2 h at �20�C. The pigment extract was
centrifuged at 17,700 � g for 2 min to remove filter par-
ticles (Sigma 2-16P, Osterode am Harz, Germany).
Absorbance measurements were carried out in a 1 cm
glass cuvette using a Multiskan GO UV–VIS spectro-
photometer, at wavelengths (nm): 480, 665, and 750.

Chl a and Car concentration were calculated following
Jeffrey and Humphrey (1975) and Strickland and Par-
sons (1968).

Phycobiliprotein content (PE, PC, and total Phycobi-
lins) was measured following Śliwi�nska-Wilczewska
et al. (2020). Briefly, 10 mL of culture was filtered
through a 0.45 μm filter (Macherey-Nagel MN GF-5,
Macherey-Nagel GmbH & Co. KG, Düren, Germany)
and stored at �20�C. The reagent for phycobiliprotein
extraction contained 0.25 M Trizma Base, 10 mM
binary EDTA, and 2 mg mL�1 lysozyme, pH of 5.5. Fil-
ters were homogenized in 5 mL of reagent and incu-
bated first in the dark at 37�C for 2 h, then at 1.5�C for
20 h. Pigment extracts were centrifuged for 2 min, at
17,700 � g (Sigma 2-16P, Osterode am Harz,
Germany). Absorption measurements were done on a
Multiskan GO UV–VIS spectrophotometer, at

F I GURE 2 Phylogenetic trees derived from cpcB (A) and cpeBA (B) gene sequences using topology given by maximum likelihood (1000
bootstraps). Support values for the branches are indicated by the size of internal nodes. Strains isolated in this study are indicated in bold.
Strains selected for further characterization are indicated with*. The trees include strains with characterized pigment types (Cabello-Yeves
et al., 2018; Cabello-Yeves, Callieri, et al., 2022; Cabello-Yeves, Scanlan, et al., 2022; Grébert et al., 2018; S�anchez-Baracaldo et al., 2019; Six
et al., 2007) and environmental sequences from the Baltic Sea (prefixed with GS, Larsson et al., 2014, EF Haverkamp et al., 2008, BACL
30, Hugerth et al., 2015).
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wavelengths (nm): 565, 620, 650, and 750. Phycobili-
protein content was calculated according to Bennett
and Bogorad (1973) and Bryant et al. (1979).

Chl a fluorescence was measured with a pulse
amplitude modulation (PAM) fluorometer (FMS1; Han-
satech, King’s Lynn, UK) following Śliwi�nska-
Wilczewska et al. (2018). Samples were filtered
through 13 mm diameter glass fibre filters (Whatman
grade GF/C, GE Life Sciences, Mississauga, ON,
Canada). Before measurement, filtered samples were
kept in the dark for 5 min. The maximum quantum effi-
ciency of photosystem II (PSII) was calculated as Fv/
Fm, where Fv is the difference between maximum and
minimum fluorescence and Fm is the maximum fluores-
cence (Campbell et al., 1998).

Photosynthesis irradiance curves

Primary production was measured using the 14C
method during the early exponential phase using a
Photosynthetron (CHPT Manufacturing Inc.), with
24 incubation chambers, with PAR ranging from �1–
2000 μmol m�2 s�1. Prior to experiments, the strains
were grown at 7 PSU in L1 media at 15 or 20�C at a
light intensity of 100 μmol m�2 s�1 with a light:dark
cycle set to 12:12 for 7 days. The light gradient of each
incubation chamber was measured with a quantum
scalar irradiance meter (Biospherical Instruments Inc.,
QSL-100). For each chamber, glass vials with 0.5 mL
of culture were amended with 6 μL 14C-bicarbonate
(1 μCi/μL) and incubated. Two formalin-killed controls
were included (3.3% final concentration). After 2 h, for-
malin was added to each of the remaining glass vials.
Samples were filtered through 25 mm diameter
0.22 μm black polycarbonate filters and the filters were
incubated overnight in an acid fume chamber in the
dark. A scintillation cocktail was added and the filters
were incubated in the dark overnight and analysed
using a liquid scintillation analyser (TriCarb 2100TR,
Packard). The 14C incorporation was calculated using
the equation:

Photosynthesis mgCm�3h�1
� �

¼ DPMsample
� ��1:05�DIC

DPMtot � t

where DPMsample is the amount of 14C in the sample,
DPMtot is the total amount of 14C that has been added
to the sample. T is the incubation time (h), 1.05 is the
preferred uptake of 12C over 14C and DIC is the amount
of dissolved inorganic carbon (Johnson &
Sheldon, 2007). DIC was calculated using the
equation:

mmolDIC=L¼ 0:43þ0:156�salinityð Þ �0:99ð Þ�F

where the salinity is the salinity of the culture media
and F is a factor determined by pH, temperature, and

salinity conditions (Gargas, 1975). Photosynthesis–
irradiance (P-I) curves for strain and temperature and
the corresponding photosynthetic parameters were
obtained after fitting the experimental data to the expo-
nential model of Platt et al. (1980). Curve fitting was
done in SPSS statistics v27.

Statistical analyses

The relationship between the relative contribution of
each of the identified ASVs to the total SYN community
and environmental factors including dissolved inorganic
nutrients, salinity, and temperature was analysed using
Spearman’s rank correlation test (n = 101 after omitting
NAs). Correlations were considered significant when
ρ > 0.25 and p after Bonferroni correction was p < 0.05.
Multiple linear regression models were built in R 4.2.1,
using the function lm (R Core Team, 2022) to determine
the influence of variables (light, temperature, and salin-
ity) on the growth rates of selected isolates (KAC
102, KAC 105, KAC 106, KAC 108, KAC 114). Three-
way ANOVAs were used to test the effect of light, tem-
perature, and salinity on cell abundance and pigment
content using Statistica® 13.1. Data are presented as
the mean ± standard deviation of three replicates.

RESULTS

Characteristics of isolated strains

The colour of the 17 picocyanobacterial strains varied
from blue-green to red-pink and brownish, indicating
diversity in terms of pigment composition (Table 1).
Flow cytometer analysis classified the strains according
to their main pigment; PC-rich (six) and PE-rich strains
(11). Under the microscope, several strains were
observed to aggregate in microcolonies with a variable
number of cells, from four to more than 10. Cell mor-
phology ranged from nearly spherical to rod shape, and
cell dimensions varied between strains (0.88–2.20 μm
cell diameter, Table 1).

Molecular identification of strains

The phylogeny based on the 16S rRNA gene (amplicon
average 1385 bp) placed the new Baltic strains within
the cluster 5 picocyanobacterial lineage, in sub-cluster
5.2 together with freshwater, estuarine and halotolerant
strains, and separated from marine strains assigned to
sub-clusters 5.1 and 5.3 (Figure 1). Based on this
genetic marker, the strains were assigned to order
Synechococcales and family Synechoccaceae.
Sequences had high identity (�100%) with those from
strains taxonomically assigned to either Synechococ-
cus spp. or Cyanobium spp. The Baltic strains fell into
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four main clusters, two composed of estuarine strains
with local or fairly restricted distribution, and two with
freshwater and brackish widespread strains: (i) PC-rich
KAC 114 formed a well-supported cluster (100% boot-
strap) with strain CB 0101, a representative strain of
estuarine Synechococcus, isolated from the Chesa-
peake Bay (USA) (Fucich et al., 2019); (ii) nine out of
11 PE-rich strains fell in a widely distributed cluster
composed of freshwater strains with diverse origin
(e.g. Spain, Russia, New Zealand) and the widespread
Cyanobium usitatum Tous among them (Cabello-Yeves
et al., 2018; Cabello-Yeves, Callieri, et al., 2022;
Cabello-Yeves, Scanlan, et al., 2022). Within this
branch, the Baltic strains formed a well-supported sep-
arate cluster (95% bootstrap) with BACL30, a Baltic
Sea metagenome-assembled genome (MAG) assigned
to Synechococcus (Hugerth et al., 2015); (iii) PC-rich
KAC 101 and KAC 102 formed another well-supported
estuarine cluster (99% bootstrap) with cold-adapted
Synechococcus sp. CBW1006 and CBW1002, isolated
from the Chesapeake Bay (Xu et al., 2015); (iv) PC-rich
(KAC 100, KAC 106, KAC 110) and PE-rich (KAC
105, KAC 116) were placed in another widespread
cluster containing freshwater and estuarine strains
such as the cold-adapted Synechococcus
sp. CBW1107 isolated from Chesapeake Bay (Xu
et al., 2015); euryhaline Synechococcus sp. WH5701
isolated from Long Island (USA) (Dufresne
et al., 2008); marine/brackish strains from the Black
Sea (BSF8S, BSA11S; Di Cesare et al., 2020) and
Lake Ellesmere (EJ12, EJ6; Schallenberg et al., 2022),
and freshwater strains from Lake Nahuel Huapi, North
Patagonia (1G10; S�anchez-Baracaldo et al., 2019) and
Lake Cruz (e.g. Cruz-7E5, Cruz 79B; Cabello-Yeves,
Callieri, et al., 2022; Cabello-Yeves, Scanlan,
et al., 2022). As expected, sub-cluster 5.3 marine
strains Synechococcus RCC 307 and Synechococcus
Minos 11 formed a well-supported clade separately
from 5.2. Interestingly, recent whole sequenced fresh-
water strains assigned to sub-cluster 5.3 based on
concatenated proteins (S. lacustris C3-12m-Tous;
S. lacustris Tous, and S. lacustris Maggiore St4 Slac)
(Cabello-Yeves, Callieri, et al., 2022; Cabello-Yeves,
Scanlan, et al., 2022; S�anchez-Baracaldo et al., 2019)
fell within sub-cluster 5.2 in our 16S rRNA gene phylog-
eny. This exemplifies the low resolution of the 16S
rRNA as a marker when comparing even distantly
related microbes such as S. lacustris and any of the
strains from sub-cluster 5.32 that show ANI values
of ca. 70%.

Primers targeting gene cpcB genes yielded the
expected results for both PC- and PE-rich strains
(Figure 2A). No amplification of cpeBA genes was
observed for PC-rich strains (Type I). PE-rich strains
contained cpeBA genes encoding PE-I, but no results
were obtained when using primers targeting mpeBA
genes encoding PE-II. However, when used with Type

III reference strains (WH 8102, CC 9311, and WH
7803), primers targeting mpeBA genes amplified
expected products (data not shown). The phylogeny
based on the cpcB gene placed the new Baltic strains
separately from marine Type III strains (Figure 2A). PC-
rich strains KAC 101, KAC 102, and KAC 114 fell in a
relatively low supported cluster (57% bootstrap sup-
port) together with pigment Type I reference strains
such as Cyanobium sp PCC 7001, Cyanobium
sp. NS01 and Cyanobium gracile PCC 6307. Unex-
pectedly, this branch also contained type IIB strain
V. limmneticus LL. The rest of the PC-rich strains (KAC
106, KAC 110, and KAC 100) fell in a well-supported
cluster (99% bootstrap support) together with pigment
Type I reference strain Synechococcus sp. WH 5701.
PE-rich strains (except for KAC 105 and KAC 116 which
were excluded from the analysis because the
sequence was shorter than 400 bp) formed a well-
supported cluster (100% bootstrap support) with strains
and environmental sequences assigned to pigment
Type IIB such as Synechococcus 8F6 and C. usitatum
Tous, BACL30 MAG, and sequences from the Baltic
Sea (prefixed with GS in Figure 2A). Phylogeny based
on cpeBA sequences also separated strains isolated in
this study from marine ones assigned to pigment Type
III (Figure 2B). Nine out of 11 PE-rich strains were
placed in a well-supported sub-cluster (100% bootstrap
support) with freshwater strains assigned to pigment
Type IIB (Synechococcus sp. 8F6 and C. usitatum
Tous), one metagenome (BACL30) and environmental
sequences from the Baltic Sea assigned to the same
pigment type. KAC 105 and KAC 115 fell in another
well-supported cluster (100% bootstrap support) with
pigment Type IIB Synechococcus 1G10 and environ-
mental sequences from the Baltic Sea assigned to the
PE operon of uncultured cyanobacteria (prefixed with
EF in Figure 2B).

Environmental conditions and dynamics
of ASVs

The 3-year time series (2018–2020) at the two Baltic
Sea stations exhibited seasonal dynamics in both abi-
otic and biotic factors, being more pronounced at the
coastal station (K-station; Figure 3). At the K-station,
the temperature ranged from 0�C in winter to a peak of
24.4�C in the summer of 2018, while at the offshore sta-
tion (LMO) the temperature ranged from 2.4�C in winter
to a peak of 21.9�C in 2018 (Figure 3A). The mean
salinity at both stations was 7 PSU, increasing season-
ally from 6.4 in spring to 7.5 PSU in autumn at K-sta-
tion, and ranging from 6.4 to 8 PSU at LMO with less
clear seasonality (Figure 3B). In the gene amplicon
libraries, four ASVs had 100% identity with the V7–V9
region of the 16S rRNA gene sequences of the strains
(Group 1–4; Table 1). The four ASVs displayed
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different seasonality, contribution to the total picocya-
nobacterial community, and correlations with environ-
mental factors (Figure 3C–F; Table S3). The four ASVs
were found in libraries from both stations, but in gen-
eral, their relative contribution was higher at the K-sta-
tion. Group 1 (KAC 106 and KAC 110) increased by the
end of autumn, peaked in winter (up to 20% and 40%
relative SYN abundance in winter 2019 and 2020,
respectively), decreased towards spring, and was
almost absent during summer (Figure 3C). Accordingly,
the contribution of Group 1 correlated negatively with
temperature (ρ = �0.61; p < 0.001). The relative contri-
bution of Group 2 (KAC 103, KAC 104, KAC 107, KAC

108, KAC 109, and KAC 115) was high throughout the
sampling (up to 45% relative SYN abundance) but dis-
played lower relative contribution during the summer
(3%–10% relative SYN abundance; Figure 3D). Com-
pared to the others, this group was particularly impor-
tant at LMO, where the contribution to the total
picocyanobacterial population reached average 30%
relative SYN abundance in autumn. The relative contri-
bution of Group 2 correlated negatively with tempera-
ture (ρ = �0.42; p < 0.001). Group 3 (KAC 105 and
KAC 116) was present mainly at the K-station. The
average relative abundance was the highest during
winter (�4% with a peak of 12% relative SYN

(A) (B)

(C) (D)

(E) (F)

F I GURE 3 Temperature (A), salinity (B), and relative abundance of ASVs at K-Station and LMO (C–F). The relative contribution of ASVs
with 100% identity to the V5–V7 hypervariable region of the 16S rRNA gene sequence of the isolated strains.
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abundance in winter 2019; Figure 3E). The relative con-
tribution of Group 3 correlated negatively with salinity
(ρ = �0.36; p < 0.001). Group 4 (KAC 102 and KAC
100) had no clear seasonality and the relative abun-
dance was <1% at LMO and <2% at K-station, except
for the second half of the year 2019 when the contribu-
tion peaked at 4% relative SYN abundance (Figure 3F).
The contribution of Group 4 correlated with neither tem-
perature nor salinity but negatively with nitrate and pos-
itively with silicate (Table S3). An ASV identical to KAC
111, KAC 112, and KAC 113 was found at LMO and K-
Station only during the second half of 2020 (data not
shown). ASVs 100% identical to KAC 101 or 114 were
not found in the environmental data from any of the
stations.

Growth and pigment characterization of
selected strains under different conditions

Five strains were selected for further physiological
characterization representing unique phylogenies and
seasonality of ASVs (Figures 1 and 3, Table 1). In vivo
light absorption peaked at �565 nm due to PE in the

red strains (KAC 105 and KAC108). In the green strains
(KAC 102, KAC 106, and KAC 114), absorption spectra
peaked at �620 nm due to PC. Chl a peaks were visi-
ble in the absorption spectra of both pigment pheno-
types at 440 and 680 nm (Figure 4).

The five selected strains were able to grow in a wide
range of temperature, light, and salinity conditions
(Figure 5). The three factors had significant effects on
cell numbers in the five strains (three-way ANOVA,
Table S4) but influenced growth rates differently
(Table 2, Table S5). Each strain exhibited a particular
range of optimum conditions for best growth. None of
the strains were able to grow at 10�C, the lowest tested
temperature, during the 7-day incubations, but consid-
ering that some of the strains were isolated from sam-
ples with temperatures <10�C (Table 1), it can be
assumed that these picocyanobacteria can live at tem-
peratures as low as that. For PC-rich KAC 102, the
temperature was the strongest variable influencing
growth (Table 2), and the strain displayed a
temperature-dependent growth with an optimum of
25�C under the lowest light intensity (10 μmol m�2 s�1)
and > 25�C under higher light intensities. Growth rates
were minimum under the lowest light intensity and

F I GURE 4 Pigmentation and morphological diversity of selected strains isolated from the Baltic Sea Proper. (A) Pigmentation;
(B) epifluorescence microscope micrograph; (C) pigment absorption spectra for PC-rich strains KAC 102 KAC 106, and KAC 114; PE-rich strains
KAC 105 and KAC 108.
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KAC 102

2 PSU 6 PSU 10 PSU 14 PSU

KAC 106

KAC 114

KAC 105

KAC 108

Temperature (°C)

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K) (L)

(M) (N) (O) (P)

(Q) (R) (S) (T)

F I GURE 5 Apparent net growth rates for selected strains isolated from the Baltic Sea Proper after 7 days of growth under different light,
temperature, and salinity conditions. (A–D), KAC 102; (E–H), KAC 106; (I–L), KAC 114; (M–P), KAC 105; (Q–T), KAC 108. Error bars are
standard deviations from the mean based on three replicates.
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similar under medium and high light intensity (100 and
190 μmol m�2 s�1, respectively) while similar apparent
growth rates were registered under all salinities
(Figure 5A–D). PC-rich KAC 106, displayed the same
trends seen in KAC 102 in terms of temperature and
salinity. The temperature was the strongest variable
influencing its growth, followed by light (Table 2). The
growth of KAC 106 was severely affected by low light
(no growth) while the lowest limit for temperature toler-
ance was 15�C (Figure 5E–H). Growth in PC-rich KAC
114 was most influenced by light followed by salinity
(Table 2). Apparent growth rates were similar under all
tested temperatures but displayed a light-dependent
growth, with the optimum under the highest light condi-
tion (Figure 5I–L). Maximum growth rates were
observed under the highest salinities (PSU 6–14). This
strain reached the highest growth rates among all the
strains (0.55 ± 0.01 day�1 in PSU 10 and 25�C;
Figure 5I–L. Salinity strongly influenced growth in PE-
rich KAC 105 (Table 2). Apparent net growth rates
increased slightly with temperature and were the high-
est at 30�C. This strain displayed a light-independent
growth, but growth rates declined reciprocally with
increasing salinity >10 PSU (Figure 5M–P). PE-rich
KAC 108 displayed a temperature-dependent growth
with an optimum at 25�C under all light and salinity con-
ditions. Growth of KAC 108 was affected by low light
(Table 2) as apparent net growth rates were the lowest
for the lowest light intensity (10 μmol m�2 s�1), but sim-
ilar under 100 and 190 μmol m�2 s�1. Similar apparent
growth rates were registered under all salinities
(Figure 5Q–T).

Temperature, light, and salinity significantly influ-
enced Chl a and Car content (three-way ANOVA,
Tables S6 and S7). In general, the lowest Chl a content
was registered under the highest light conditions, while
Car content and Car to Chl a ratio increased with
increasing light intensity (Figure 7, Figures S1 and S2).
Chl a and Car content varied among strains, in some
cases by one order of magnitude (Figures S2 and S3).
Strain KAC 108, had the lowest Chl a and Car content
(mean Chl a 0.24 ± 0.12 pg cell�1, mean Car 0.30
± 0.11 pg cell�1), while KAC 105 and KAC 106 accumu-
lated the highest Chl a and Car content (up to 3.00
± 1.23 pg Chl a cell�1 and 1.95 ± 0.97 pg Car cell�1 for
KAC 106). Growth conditions led to different Car to Chl
a ratios for different strains (Figure 6). In KAC 102, Car
to Chl a ratios increased in high light but did not reach
>1 and were relatively constant across temperatures
and salinities (Figure 6A–D). In KAC 106, the highest
light condition (190 μmol m�2 s�1) led to Car to Chl
a ratios >1 for all salinities and temperatures >20�C
(Figure 6E–H). In KAC 114, the highest light condition
led to ratios >1 for all salinities and temperatures
(Figure 6I–L). PC-rich strains differed in their patterns
of Car to Chl a ratios. In KAC 105, ratios >1 were
observed only under high light intensities (100 andT
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KAC 102
PSU 2 PSU 6 PSU 10 PSU 14

KAC 106

KAC 114

KAC 105

KAC 108

Temperature (°C)

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K) (L)

(M) (N) (O) (P)

(Q) (R) (S) (T)

F I GURE 6 Carotene: Chlorophyll-a content for the selected strains isolated from the Baltic Sea Proper after 7 days of growth under different
light, temperature, and salinity conditions. (A–D), KAC 102; (E–H), KAC 106; (I–L), KAC 114; (M–P), KAC 105; (Q–T), KAC 108. Error bars are
standard deviations from the mean based on three replicates.
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KAC 102
PSU 2 PSU 6 PSU 10 PSU 14

KAC 106

KAC 114

KAC 105

KAC 108

Temperature (°C)

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K) (L)

(M) (N) (O) (P)

(Q) (R) (S) (T)

F I GURE 7 Phycocyanin (A–P) and phycoerythrin (Q–T) content of selected strains isolated from the Baltic Sea Proper after 7 days of
growth under different light, temperature, and salinity conditions. (A–D), KAC 102; (E–H), KAC 106; (I–L), KAC 114; (M–P), KAC 105; (Q–T),
KAC 108. Error bars are standard deviations from the mean based on three replicates.
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190 μmol m�2 s�1) (Figure 6M–P). Almost all treat-
ments led to Car to Chl a ratios >1 in KAC 108, even in
the lowest light intensity (10 μmol m�2 s�1)
(Figure 6Q–T).

Temperature, light, and salinity significantly influ-
enced PC and PE contents, which varied between
strains (Tables S8 and S9). In general, the highest con-
tents were observed under the lowest light intensity
(10 μmol m�2 s�1) and increased reciprocally with
increasing temperature, peaking at 20 or 25�C
(Figure 7). Among PC-rich strains, KAC 102 had the
lowest average PC contents (min–max 0.57–9.40 pg.
cell�1, mean 2.60 ± 1.64 pg.cell�1). In this strain, PC
contents peaked under low-light intensity
(10 μmol m�2 s�1) and at 25�C in all salinities, while
under higher light intensities, contents slightly
increased with temperature (Figure 7A–D). KAC
106 had the highest PC contents (min–max 1.71–
31.57 pg.cell�1, mean 11, 84 ± 7.15 pg.cell�1) showing
peaks >20 pg.cell�1 under low light and low salinity
(2 and 6 PSU), while contents decreased with tempera-
ture increase under high light intensity (Figure 7E–H).
KAC 114 accumulated intermediate contents (min–max
0.31–15.35 pg.cell�1, mean 5.26 ± 3.47 pg.cell�1)
which peaked at 25�C under low light and at 20�C
under 100 and 190 μmol m�2 s�1 (Figure 7I–L). Among
PE-rich strains, KAC 105 had the highest PE contents
(min–max 0.07–11.71, mean 2.16 ± 2.31 pg.cell�1)
which peaked at 25�C under all tested salinity and light
conditions (Figure 7M–P). The average PE content in
KAC 108 was one order of magnitude lower (min–max
0.03–2.52; mean 0.82 ± 0.64 pg.cell�1) and peaked at
25�C under low light and at 20�C under 100 and
190 μmol m�2 s�1 (Figure 7Q–T).

P-I curves were analysed for PC-rich strains KAC
102, KAC 106, and KAC 114, and PE-rich KAC
108 growing in salinity 7 PSU at 15 and 20�C. P–I
curves showed a marked difference in the photosyn-
thetic characteristics of the strains under different tem-
peratures (Figure S4). The highest maximum
photosynthetic rates (Pmax) and initial slopes (α) were
observed at 20�C. Strains reached light saturation (Ek)

at different intensities and Ek showed no relation with
temperature. KAC 102 and KAC 108 showed higher Ek

when grown at 20�C and KAC 106 and KAC 114 when
grown at 15�C (Table 3). Photoinhibition, determined
by the parameter β, was strong for KAC 114 and
observed >1000 μmol m�2 s�1. The other strains were
much less sensitive to photoinhibition as they had lower
β lower values, but photoinhibition was observed
>1500 μmol m�2 s�1 (Table 3, Figure S3).

Changes in the maximum quantum yield of photo-
chemistry in PSII (determined as Fv/Fm) provided fur-
ther information on photoinhibition and acclimation.
Treatments lead to significant changes in Fv/Fm

(Table S10) but responses varied between strains
(Figure S4). KAC 102 showed the greatest resistance
to photoinhibition as it had the most constant Fv/Fm

values regardless of growth conditions (Figure S4A–D).
KAC 106, KAC 114, and KAC 115 were the most sensi-
tive to photoinhibition as Fv/Fm declined reciprocally
with increasing light intensity and temperature > 20�C.
The highest temperature (30�) and light conditions
(190 μmol m�2 s�1) led to the greatest reductions in Fv/
Fm. These patterns were relatively consistent across
salinities (Figure S4E–P). KAC 108 exhibited relatively
constant Fv/Fm values under all conditions (no trend
identified; Figure S4Q–T).

DISCUSSION

The present work combining molecular characterization
and field observations with physiological studies using
a wide range of conditions revealed the occurrence of
genetically distinct picocyanobacterial populations exhi-
biting different environmental preferences. The eco-
physiological studies evidenced distinct responses in
closely related strains, showing that phylogenetic
grouping based on 16S rRNA gene sequences con-
ceals considerable physiological diversity. Moreover,
the tracking of amplicon sequencing data over 3 years
showed temporal differences in population dynamics,
supporting that the strains studied here represent key

TAB LE 3 Photosynthetic parameters obtained from the P-I curves.

Strain
Temperature
of growth (�C) α β Pmax

Ek (μmol
photon m�2 s�1)

Adjusted R 2 for
exponential model

KAC 102 15 1.26E-10 3.04E-12 1.72E-08 136.1 0.841

KAC 102 20 2.14E-09 6.65E-11 3.72E-07 174.2 0.594

KAC 106 15 5.28E-11 2.75E-12 9.04E-09 171.2 0.53

KAC 106 20 2.16E-10 3.28E-12 2.88E-08 133.3 0.9

KAC 114 15 5.91E-12 4.17E-13 9.54E-10 161.2 0.72

KAC 114 20 1.39E-11 6.16E-13 1.46E-09 104.9 0.783

KAC 108 15 5.35E-11 1.31E-12 5.46E-09 102.0 0.774

KAC 108 20 5.71E-11 1.13E-12 9.10E-09 159.2 0.853
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ecotypes among the diverse Baltic Sea picocyanobac-
terial populations. These ecotypes would occupy dis-
tinct ecological niches likely defined by temperature,
light, and salinity (discussed below). In addition, the
present study highlights a previously overlooked func-
tional diversity among estuarine PE- and PC-rich pico-
cyanobacterial populations, suggesting that
understanding the ecology of estuarine picocyanobac-
teria requires analysis beyond the phycocyanin and
phycoerythrin divide. Altogether, these results expand
our knowledge of the diverse yet understudied sub-
cluster 5.2 (Cabello-Yeves, Callieri, et al., 2022;
Cabello-Yeves, Scanlan, et al., 2022; Callieri
et al., 2013, 2022) and substantially refine our knowl-
edge of the dynamics and diversity of co-occurring
picocyanobacterial lineages in estuarine systems. The
rearrangement of accessory genes provides cluster
5 picocyanobacteria with a selective advantage to
adapt to changing environments, contributing to its
plasticity and adaptability to different aquatic ecosys-
tems (Callieri, 2017). In particular, larger genomes with
a larger set of flexible genes would enable freshwater
cluster 5 picocyanobacteria to adapt and thrive in a
wide number of ecological niches (Cabello-Yeves,
Callieri, et al., 2022; Cabello-Yeves, Scanlan,
et al., 2022). In the future, genome sequencing of these
new Baltic strains will allow further characterization of
estuarine genomes (gene presence/absence, gene
synteny, and genomic island prediction) enabling the
exploration of niche colonization and links between the
ecology and evolution of estuarine picocyanobacteria.

Contrary to the marine counterparts, the phylogeny
of estuarine and freshwater cluster 5 picocyanobacteria
remains unclear. In the present study, the combined
use of four molecular marker genes (16S rRNA, cpcB,
cpeBA, and mpeBA) provided complementary insights
into the diversity and ecophysiology of estuarine pico-
cyanobacteria. The position of the Baltic strains in the
16S rRNA gene phylogeny confirmed the placement of
estuarine strains outside marine sub-cluster 5.1. It also
reinforces the placement of estuarine and freshwater
strains in sub-cluster 5.2, in line with recent 16S rRNA
gene phylogenies (Schallenberg et al., 2022) and phy-
logenomic trees using concatenated proteins (Cabello-
Yeves, Callieri, et al., 2022; Cabello-Yeves, Scanlan,
et al., 2022; S�anchez-Baracaldo et al., 2019) from cul-
tured cluster 5 picocyanobacteria. The position of the
strains isolated in this study in four different clusters
points to the coexistence of (i) local populations
adapted to estuarine conditions and (ii) populations in
the transition from the marine/brackish environment to
a freshwater environment, with a broader distribution.
For instance, the well-supported clade containing the
Baltic PC-rich strains together with freshwater Syne-
chococcus and Cyanobium strains, and Cyanobium
sp. BACL30 MAG (Hugerth et al., 2015) points to evolu-
tionary links between freshwater lineages and the Baltic

brackish microbiome (Alegria Zufia et al., 2022;
S�anchez-Baracaldo et al., 2008). Cyanobium BACL30
MAG is closely related to Cyanobium usitatum Tous
(93% ANI), a widely distributed freshwater picocyano-
bacterium and abundant in cold waterbodies and tem-
perate reservoirs (Cabello-Yeves et al., 2018). On the
other hand, the position of strains in strictly estuarine
clusters (e.g. KAC 114, KAC 102, and KAC 101)
together with representative estuarine strains isolated
from the Chesapeake Bay (e.g. CB0101, CBW1002,
CBW 1006) suggest local adaptations. It may also indi-
cate that the Baltic strains count with the eco-
physiological features seen in the above-mentioned
representative estuarine strains to thrive in highly
dynamic environments (Fucich et al., 2019, 2021). It is
noteworthy that some of the 16S rRNA gene
sequences obtained from the strains were not found in
3-year amplicon libraries. Likewise, the set of strains
isolated in this study did not fully cover the diversity
revealed by the picocyanobacterial ASVs. This points
out that complementary approaches are needed to
assess the diversity of picocyanobacteria. Finally, it is
worthy to underline that a more detailed genetic study
involving not only the 16S rRNA gene, but the
whole genome could potentially give a different
picture of the phylogenetic relationship of cluster
5 picocyanobacteria.

Previous analysis based on 16S rRNA gene
sequences recognize several clusters within or closely
related to sub-cluster 5.2, such as Subalpine cluster II,
Bornholm Sea cluster, clade B (Crosbie et al., 2003;
Ernst et al., 2003; Huber et al., 2019; Xu et al., 2015)
Each cluster exhibits specific morphological features.
For instance, variable cell length was registered in
Synechococcus strains falling within the Bornholm Sea
cluster (Ernst et al., 2003; Xu et al., 2015) while strains
assigned to Subalpine cluster II had nearly spherical to
short rod shapes (Xu et al., 2015). While the Baltic Sea
strains fell in different branches in our 16S rRNA gene
phylogeny, we found no consistent pattern between
phylogeny and cell morphology (i.e., cells with both rod
and spherical shapes were found in all lineages). This
could be due to that our studied strains encompassed a
broad variety of morphologies (and physiologies; see
below), although some degree of plasticity in morphol-
ogy could also play a part. It should also be noted that
morphology and morphotypes are not stable forms. For
example, single cells can aggregate (or remain
attached) and form microcolonies under the presence
of heterotrophic bacteria, grazing pressure, or exposure
to UV radiation (Callieri et al., 2011; Cruz &
Neuer, 2019; Ospina-Serna et al., 2020).

The analysis of pigment genes (cpcB, cpeBA, and
mpeBA) evidenced an assembly of pigment diversity in
the Baltic Sea Proper (Type I and Type IIB; Six
et al., 2007; Larsson et al., 2014) which is ecologically
relevant as strains with different pigmentation can grow
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under different underwater light conditions
(Callieri, 2017; Haverkamp et al., 2008, 2009; Stomp
et al., 2007; Xia et al., 2017). Phylogenies based on
pigment genes also supported the separation of the
Baltic strains from the pelagic-marine strains and
expanded our knowledge of pigment Type distribution.
The absence of mpeBA genes encoding PE-II in the
Baltic strains agrees with recent genomic studies of
freshwater and brackish picocyanobacteria (Cabello-
Yeves, Callieri, et al., 2022; Cabello-Yeves, Scanlan,
et al., 2022). Together with the global analysis of pig-
ment Type distribution (Grébert et al., 2018), our study
indicates that pigment Type III strains are rarely found
in estuarine systems. The identification of strains with
pigment Type IIB, which dominates the brackish areas
of the Baltic Sea throughout the summer (Larsson
et al., 2014), allows for the assessment of the ecophysi-
ology of this novel pigment Type (discussed below).
While considered absent in open oceans strains, the
presence of pigment Type IIB in freshwater picocyano-
bacterial strains (e.g. C. usitatum Tous; Synechococ-
cus sp. 8F6, Synechococcus sp. 1G10; Cabello-Yeves
et al., 2018; S�anchez-Baracaldo et al., 2019) suggests
a link between freshwater and estuarine strains. Finally,
the disposition of the PE-rich strains in two separate
and well-supported clusters containing different Type
IIB representative strains in each of them, suggests a
previously unnoticed diversity within pigment Type IIB
that requires further exploration.

Global ocean studies show an overall positive rela-
tionship between Synechococcus growth rates, abun-
dance, and temperature (Flombaum et al., 2020;
Hunter-Cevera et al., 2016; Visintini et al., 2021).
Recent models of niche partitioning along temperature
gradients predict increases in Synechococcus biomass
with temperatures between 20�C and 30�C (Flombaum
et al., 2020). In this study, temperature strongly
affected the growth but strains displayed different tem-
perature optima. KAC 108, KAC 102, and KAC 106 dis-
played the traditional temperature-dependent growth
curve as seen in other picophytoplankton including
Synechococcus and Prochlorococcus isolates (Kulk
et al., 2012; Pittera et al., 2014; Six et al., 2021;
Stawiarski et al., 2016). The optimum temperatures for
these strains (25–30�C) were similar to those reported
for marine Synechococcus isolated from high and mid-
latitudes (Pittera et al., 2014), and PC-rich and PE-rich
Synechococcus strains from the Baltic Sea (Śliwi�nska-
Wilczewska et al., 2018). In contrast, no clear optimum
temperature was observed for KAC 114, while growth
rates slightly increased towards 30�C in KAC 105 indi-
cating that the optimum temperature for these two
strains was above 25–30�C, as reported for more tropi-
cal Synechococcus strains (Pittera et al., 2014; Six
et al., 2021). Our results suggest a potential advantage
for some of the strains to increase their biomass contri-
bution as a consequence of their differences in

temperature optima and tolerance ranges. Thus, ongo-
ing climate warming (HELCOM, 2021) will largely influ-
ence the abundance and composition of the cluster
5 picocyanobacterial community.

Light preference in Synechococcus strains is inti-
mately linked to seasonality, distribution in the water
column, biogeography, and phylogeny (Ahlgren &
Rocap, 2006; Mackey et al., 2017). While light was an
important factor determining growth, strains isolated in
this study showed strong differences in light prefer-
ences and photoinhibition, which was associated with
pigment content and photosynthetic performances.
Observed responses, ranging from light intensity-
dependent growth (PC-rich KAC 102 and KAC
106, and PE-rich KAC 108), strong photoinhibition
under high light intensities (PE- rich KAC 114), to light
intensity-independent growth (PE-rich KAC 105), sug-
gest that distinct photo-physiological ecotypes co-occur
in the Baltic Sea. Pigment Type composition could
explain the distinct light preferences observed in PE-
rich KAC 108 and KAC 105. Even though they were
both assigned to pigment Type IIB, their position in the
phylogenetic trees (i., e in two separate clusters) sug-
gests further variability in this pigment Type, which
could be reflected in different tolerances to low light,
and supporting the coexistence of PE-rich populations
with different light adaptations. Accordingly, recent
studies revealed a continuum of light responses in
marine Synechococcus, ranging from low-light opti-
mized to high light-optimized strains, which was tightly
linked to phylogeny and pigmentation (Mackey
et al., 2017). Under climate change, more pronounced
stratification due to rising temperatures, enhanced
eutrophication, and brownification are expected to alter
underwater light regimes (Wollschläger et al., 2021). In
light of our results, responses to these effects can
emerge as alterations in the physiology, composition,
and biomass of co-occurring strains.

Pigment composition separates ecological niches
along spectral gradients (Stomp et al., 2004, 2007) and
may indicate the level of acclimatization of cyanobac-
teria to specific environmental conditions (Takaichi &
Mochimaru, 2007). The degree of plasticity under differ-
ent conditions impacts the distribution, coexistence,
and succession in marine Synechococcus (Mackey
et al., 2017; Pittera et al., 2014). In this study, strains
with similar phycobilin composition (i.e., PC-rich or PE-
rich) exhibited large differences in pigment content per
cell (PE, PC, Chl a, and carotenoids). These differ-
ences could be attributed to variations in cell biovo-
lumes among strains or differences in the thylakoid
membrane surfaces. Notably, strains isolated under the
lowest temperatures (KAC 108 and KAC 102) exhibited
the lowest pigment content, while strains isolated under
higher temperatures (e.g. KAC 106 and KAC 105)
showed the opposite trend. This points to a link
between pigment content and the temperature of the
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isolation site, as seen in marine Synechococcus iso-
lated from different latitudes (Pittera et al., 2014).

In this study, light-harvesting pigments content (PE,
PC, and Chl a) generally decreased under higher light.
This can be explained by cells requiring less photosyn-
thetic apparatus under higher light conditions and also
as a way to protect the photosynthetic machinery
against oxygen radical formation (Richardson
et al., 1983). Pigments with photoprotective functions
such as carotenoids tend to increase under high light
and can be used as a proxy for oxidative stress
(Goericke & Montoya, 1998; Masamoto &
Furukawa, 1997). Carotenoid content varied under
tested conditions, from increases in parallel with
increases in light (e.g. KAC 102, KAC 108) to similar
contents across gradients (e.g. in KAC 106). The
observed array of responses highlights that strains can
acclimate to changing environments by changing pig-
ment content, illustrating their high adaptability.

In the Baltic Sea, the picocyanobacterial composi-
tion is strongly correlated with salinity, and the distribu-
tion of populations, from brackish to marine ones,
correlates with the presence of genes involved in salt
acclimation (Celepli et al., 2017; Hu et al., 2016;
Larsson et al., 2014). Strains isolated in this study
exhibited contrasting responses to salinity gradients,
ranging from wide salinity tolerance (PE-rich 108, PC-
rich KAC 102, and KAC 106), to positive influence by
low (PE-rich KAC 105) or high salinity (PE-rich KAC
114). This was congruent with the environmental pref-
erences of the correspondent ASVs in the field. The
ability to grow successfully over the tested gradient (2–
14 PSU) is notable since salinity in the Baltic Sea
Proper where strains were isolated, ranges from 6 to
8 PSU (Larsson et al., 2014). PE-rich 108 (wide salinity
tolerance) showed high sequence identity to
C. usitatum Tous (93% ANI), a freshwater specialized
picocyanobacterium given its broad distribution in multi-
ple cold and temperate waters, and optimal growth in
salinities <3 PSU (Cabello-Yeves et al., 2018). Interest-
ingly, genomic searches of C. usitatum Tous revealed
the presence of several transporters
(e.g. electrochemical potential-driven channels, trans-
porters for polar amino acids and proline/betaine,
glutamate:Na + and glucose/mannose:H+ symporters)
that could help to explain their presence in low salinity
regions of the Baltic Sea (Cabello-Yeves et al., 2018).
Recent genomic studies in Synechococccus evidenced
that sets of compatible solute biosynthetic pathways
are not homogeneously distributed among 18 brackish
strains (Cabello-Yeves, Callieri, et al., 2022; Cabello-
Yeves, Scanlan, et al., 2022), pointing to different toler-
ances and adaptability to salinity gradients. Future phy-
logenomic analyses interrogating the evolutionary
trajectories of selected strains (e.g. whether phyloge-
netic clades correlate with osmolyte repertoires) will
provide novel insights into salinity range adaptations of
estuarine cluster 5 picocyanobacteria.

CONCLUSIONS

Climate change is expected to modify abiotic and biotic
drivers in aquatic environments. Consequences of cli-
mate change are already seen in the coastal waters of
the Baltic Sea (HELCOM, 2021) and global predictions
are that picocyanobacteria will increase in abundance
at higher latitudes (Flombaum et al., 2020). However,
our study highlights the interplay between temperature,
irradiance, and salinity in leading differential pigment
content, photosynthetic adjustments, and growth in
picocyanobacterial strains, therefore favouring specific
picocyanobacterial ecotypes.

In addition, the functional diversity found within
strains with the same dominant pigment type under-
scores that other intrinsic characteristics apart from the
pigment composition determine successful growth in
estuarine PC-rich and PE-rich picocyanobacteria. In
the future, genome sequencing of these novel strains
will allow further exploration of links between the ecol-
ogy and evolution of estuarine picocyanobacteria.
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