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Abstract: Cyanobacterial community composition was studied along a salinity gradient from the saline Spring
Fuliya towards the water column of Lake Kinneret. The samples included a gradient of salinities ranging from
4270 mg CI1 L (Saline Spring) to 239 mg C1 L~! (Lake Kinneret). Denaturing gradient gel electrophoresis (DGGE)
and cloning of the 16 S rRNA gene, as well as cloning and sequencing of the pshA4 gene, were used to characterize
cyanobacterial community composition. Despite the differences in salinity, similar cyanobacterial communities
were observed in the lake and the saline spring, the only exception being the highest salinity sample (4270 mg Cl
L-Y). Both, DGGE patterns and results of the clone libraries revealed the dominance of cyanobacteria with colonial
Gloeocapsa and unicellular Synechococcus as the closest known cultured relatives, independently of the salinity.
These results suggest that cyanobacterial populations inhabiting this freshwater lake and its saline sources can adapt

to a wide range of salinities.
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Introduction

Lake Kinneret is a monomictic.subtropical freshwater
lake located in the northern part of Israel. Besides its im-
portance as a freshwater resource for Israel, Lake Kin-
neret is a unique case of limnological and geochemical
evolution. It originated from an inland water body with
high salinity formed by a seawater arm that covered the
subsiding rift valley during the Miocene (Hazan et al.
2005). As is typical of rift lakes, fast and large hydro-

Authors’ addresses:

logical fluctuations in Lake Kinneret were accompa-
nied by drastic variations of water salinity, involving
a rapid transition from saline to freshwater (Hurwitz
et al. 2000). At present, Lake Kinneret still possesses
a relatively high salinity (~250 mg CI- L), resulting
from different saline springs (Rimmer & Gal 2003) that
contribute less than 10 % of the lake-water, but provide
almost 90 % of'its salts (Klein-Bendavid et al. 2005).
Cyanobacteria are an essential component of phy-
toplankton communities in different aquatic environ-
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ments, and in the case of marine picocyanobacteria,
they play a role in biogeochemical cycling at a global
scale (Partensky et al. 1999, Scanlan & West 2002).
In a previous study (Junier et al. 2007), we charac-
terized the cyanobacterial communities in the water
column of Lake Kinneret. Using sequence analysis of
the 16 S rRNA gene, the gene coding for protein D1
of the photosystem II reaction centre (psbA), and the
nitrogen regulator ntcA4, we found similarities between
cyanobacterial populations in Lake Kinneret and those
described from marine environments (especially in the
case of picocyanobacteria). This raised the question
about the origin and dispersal of these populations, and
in particular their connection with the variable levels
of salinity that can be encountered in Lake Kinneret.

There has been always a long debate on the fac-
tors that determine the dispersion of bacterial com-
munities. For example, the distribution of non-marine
picocyanobacterial strains belonging to the branch of
the picophytoplankton clade sensu Urbach et al. (Ur-
bach et al. 1998) has resulted in two different theories
explaining the global distribution of unicellular cy-
anobacteria. One theory (Ernst et al. 2003) suggests
that picocyanobacteria have undergone ecosystem-
dependent adaptive radiations within several brackish,
freshwater and saline lake environments. This conclu-
sion is an apparent contradiction of the second theory,
commonly referred to as the “everything is every-
where” hypothesis (Crosbie et al. 2003), which pos-
tulates that free-living microbial species have a global
distribution because their dispersal is rarely restricted
by geographical boundaries.

Different studies support one or the other theory.
For example, a study on thermophilic cyanobacte-
ria in several hot springs at three different locations
around the world suggested that their distribution pat-
terns reflect geographical isolation, at both global and
local scales (Papke et al. 2003). Since no correlation
was observed between the biological patterns and 20
habitat-determining chemical characters, geographical
isolation was considered as the determining factor for
the speciation of microbial communities. Also, when
freshwater and marine environments are considered
simultaneously, the “everything is everywhere” hy-
pothesis challenges the effect of salinity as a selective
barrier. It has been shown that microbial communi-
ties in equivalent marine and freshwater habitats were
generally very different (Glockner et al. 1999), even
though they could perform similar ecological func-
tions (Hobbie 1988).

In the present study we analyzed the cyanobacte-
rial communities in the water column of Lake Kin-

neret and one of the main saline springs (Fuliya) that
drain into the lake, in order to establish whether the
differences in salinity have an effect on the compo-
sition of the cyanobacterial communities. Denaturing
gradient gel electrophoresis (DGGE) of the 16 S rRNA
gene and sequence analyses of the16 S IRNA gene and
psbA were carried out at different depths of the water
column of Lake Kinneret, and along a salinity gradi-
ent at the saline spring Fuliya (salinity ranging from
1247 to 4270 mg CI L™!). DGGE and cloning and se-
quencing were selected as complementary approaches
to study the structure of cyanobacterial communities.
The DGGE results showed that community composi-
tion was remarkably stable in spite of the marked dif-
ferences in salinity. The main bands observed in the
DGGE patterns could be related to dominant clones
observed in the clone libraries. The sequence analy-
sis confirmed the overlap between the communities of
the water column of the lake and along the spring. In
addition it provided information on the existence of a
cluster of sequences specific to Lake Kinneret.

Material and methods

Sites and sampling

Samples from three different depths (1, 15 and 20 m) were col-
lected at station F (Longitude E 35.553 and Latitude N 32.849)
with a maximum depth of 22 m representing the pelagic area
of Lake Kinneret. These samples were obtained in April 2005,
when the water column was not stratified. Samples were also
collected from surface water at four sites of the saline spring
Fuliya (Longitude E 35.518 and Latitude N 32.826) with salini-
ties of 1247, 1510, 1650 and 4270 mg C1 L', From each sample,
water was filtered through 0.2 um pore size filters (Supor-200,
PALL Life Sciences) until the filter was clogged (between 300
and 400 ml of water). Filters were stored at —18 °C until DNA
extraction.

DNA extraction and PCR amplification

DNA extraction was carried out with the UltraClean Soil DNA
Kit (MoBio), following the manufacturer’s guidelines. DNA
concentrations and quality were checked by electrophoresis on
0.8 % agarose gels stained with ethidium bromide. For PCR be-
tween 1 and 2 pg/ul of DNA were used. For specific amplifica-
tion of the cyanobacterial 16 S rRNA gene, PCR was carried out
with the primers Cyal06 F/Cya781 R (Niibel et al. 1997). For
DGGE a nested PCR with the primers P3 (GC-clamped) and P2
(Muyzer et al. 1993) was performed using the cyanobacterial
16 S IRNA gene amplicons as template. Templates were puri-
fied using a multiscreen plate (Millipore) and diluted 50 times
in water prior to the second amplification. A touchdown temper-
ature program was used for nested PCR (Muyzer et al. 1993).
For amplification of psb4, the primers psbA86 F/psbA980 R
were used as described previously (Junier et al. 2007).



Denaturing gradient gel electrophoresis (DGGE)

A DCode System (BioRad) was used for DGGE of the 16S
rRNA PCR products. Separation was carried out in 7.5 % poly-
acrylamide gels with a gradient of 30 to 60 % of denaturants
(100 % denaturants contained 420 g L' urea and 400 mL L~
deionized formamide in 0.5x TAE) during 6h at 200V and
60°C. Gels were silver stained (Sanguinetti et al. 1994) and
scanned using a HP scanjet 5470c.

Cloning, sequencing and sequence analysis

For cloning the proof-reading Pfi DNA polymerase (Promega)
was used. PCR products were cloned with the Zero Blunt PCR
Cloning Kit (Invitrogen) according to the manufacturer’s guide-
lines.16 S rRNA gene and psbA clone libraries were prepared
with the samples from 15 and 20 m depth of Lake Kinneret,
and from Fuliya with 1510 mg C1 L™". From each of these sam-
ples, 48 clones were picked randomly and checked for inserts
of the expected size by PCR with the plasmid-specific primers
MI3F/MI3R and agarose electrophoresis. For screening of
these clones, one-shot sequencing with the M13 F primer was
performed with the BigDye Terminator v3.1 Cycle Sequencing
Kit. Sequences were analyzed with an ABI 3100 Genetic Ana-
lyzer (Applied Biosystems) according to the manufacturer’s
recommendations. The resulting nucleotide sequences were
checked with BLAST (Altschul et al. 1997). Clones with identi-
cal sequences were grouped, and one clone per group was used
for complete sequencing of both strands. In the case of psbA the
nucleotide sequences were translated into protein for the phy-

logenetic analysis. Phylogenetic analyses were carried out us-
ing the sofiware ARB (htip://www.arb-home.de), as described
previously (Junier et al. 2007). Sequences reported in this study
have been deposited in GenBank under the accession numbers
GU131229-GU131266.

Results and discussion

Composition of cyanobacterial populations
analyzed using the 16 S rRNA gene

DGGE patterns of cyanobacterial 16 S rRNA gene
products indicated that cyanobacteria community
composition was very similar in the samples from
the saline spring and from various depths of the lake
(Fig. 1). With the only exception of the sample with
the highest salinity (4270mg Cl L"), banding pat-
terns were similar in all samples. The most complex
band pattern was obtained in the sample from 20 m
depth of the water column, which contained 10 clearly
differentiated bands. A very similar band pattern was
observed at 15 m depth, while at 1 m depth two bands
located in the medium part of the gradient were not
observed. In the four samples from Fuliya DGGE
band patterns were less complex. The samples Fuliya
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Fig. 1. DGGE analysis of 16 S rRNA gene PCR products amplified with cyanobacteria-specific primers from samples with different
salinity in the spring Fuliya and at various depths of Lake Kinneret. Clones from the libraries prepared from the samples Fuliya
1650, Lake Kinneret 15 and 20 m were used as standards (line indicated as Clones). Strains from Prochlorococcus and marine

Synechococcus were also included as standards (line 1).



1510, 1650 and 1247 contained four dominant bands
(two each at high and low denaturant concentration)
that were also observed in the sample from the water
column of the lake. The most divergent pattern was
observed in the Fuliya sample with 4270mg CI L.
Here, only three of the four common bands were ob-
served (the band at the lowest denaturant concentra-
tion could not be observed), and one additional band
that was not observed in any other sample appeared at
a very high denaturant concentration. Considering the
similarities in the DGGE profiles, the samples Fuliya
1510 and Lake Kinneret 15 and 20 m depth, which
differ markedly in their salinity, were chosen for clon-
ing and sequencing.

The short length of the PCR product used for the
DGGE (less than 200 bp) makes this fragment unsuit-
able for phylogenetic studies. However, a comparison
between the band patterns generated from the samples
and the position of fragments produced by amplifica-
tion on the identified clones in the clone libraries can
contribute to the indirect identification of some of the
bands in the DGGE gel. For this, a selection of clones
(indicated as line “Clones” in Fig. 1) that were repre-
sentative for the diversity of sequences in the librar-
ies was used to identify the most relevant bands in the
DGGE patterns. However, only three out of 11 bands
in the samples corresponded to clones obtained in the
libraries (Fig. 1). The band located at lower denatur-
ant concentration, and observed in all the samples
except from Fuliya 4270, corresponded to the clone
Fuliya-30-16 S, for which the closest identified rela-
tive corresponded to Cyanothece spp. Another band,
observed in all the samples, corresponded to the
clone Fuliya-25-16 S, for which the closest identified
relative corresponded to Gloeocapsa spp. One of the
bands that migrated into the region with higher dena-
turant concentration corresponds to the band obtained
for the clone LK15m-4-16 S, which is part of a series
of clones belonging to the picophytoplankton clade.
This band was observed in all the samples, indepen-
dently of the salinity or depth.

Five of the bands in the pattern were located at
even higher denaturant concentration. However none
of the clones from the libraries had a similar mobil-
ity in the denaturing gradient. A series of identified
marine picocyanobacterial cultures available at the

laboratory were included in the analysis (lane 1 Fig. 1)
and for those also a band at a higher denaturant con-
centration was observed. In particular one of the bands
observed in all the samples, independently of the sa-
linity or depth, had a similar mobility as one band of
Synechococcus WHT838.

The bands obtained with the clones LK20m-
30A-16 S (picophytoplankton clade), Fuliya-27-16 S
(Microcystis-like), and Fuliya-19-16S (picophyto-
plankton clade) did not appear in the patterns from
the samples, and probably represent cyanobacteria in
abundances below the detection limit of the DGGE.

In the phylogenetic analysis of the 16 S rRNA,
the sequences from the clone libraries grouped with
different groups of marine and freshwater cyanobac-
teria, picoeukaryotes and uncultured bacteria (Fig. 2).
Although the fragment used here for phylogenetic
inference corresponds only to a fraction of the 16 S
rRNA gene, since the application of these group-spe-
cific product for cyanobacteria (Niibel et al. 1997),
molecular approaches have contribute greatly to our
understanding of the diversity and distribution of this
group in nature and has lead to a revision of a tradi-
tional classification mainly based in morphological
traits (Palinksa et al. 2006).

With the exception of the clusters Oscillatoria,
Planktothrix and Aphanizomenon, all the groups of
cyanobacteria that were detected during stable ther-
mal stratification (Junier et al. 2007) were observed
in the clone libraries from the present study. Five
sequences from Lake Kinneret 15m (LK15m-15-
16 S -with another identical clone- and LK15m-39-
16S) and Lake Kinneret 20m (LK20m-27A-16S
and LK20m-62A-16S) grouped together with se-
quences from Microcystis and a clone from the pre-
vious study (Junier et al. 2007). One sequence from
Fuliya (Fuliya-37-16S) was distantly related to
this group. One sequence from Lake Kinneret 20m
(LK20m-30A-16S) was related to sequences from
Synechocystis spp., while two sequences from Fuliya
(Fuliya-24-16 S) were related to sequences from Os-
cillatoria/Leptolyngbya.

Clone libraries of 16 S rRNA gene support the
DGGE results by suggesting that cyanobacterial com-
munity composition in the lake and the saline spring
Fuliya overlaps considerably, as shown by the ex-

Fig. 2. Phylogenetic relationships of 16 S rRNA gene nucleotide sequences from cyanobacteria in Lake Kinneret 15 and 20 m and
Fuliya saline spring. The tree represents the consensus between the trees obtained by neighbour-joining and maximum-likelihood.
The number of identical clones that each complete sequence represents is shown in brackets. Sequences from the first clone library
are shown in blue, while sequences from Fuliya, and Lake Kinneret 15 and 20 m are shown in green, red and orange, respectively

(correct color code see online version).
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istence of related sequences in overlapping clades.
This is the case of several sequences from Fuliya
(Fuliya-24-16 S, 2, and 3), as well as sequences from
Lake Kinneret 15m (LK15m-12A-16S) and 20m
(LK20m-5A-16 S, and 16), which together with se-
quences from the previous study (represented by
the clone LK1m-23-16S) (Junier et al. 2007), were
grouped in a cluster shown as Gloeocapsa cluster in
Fig.2. This group of sequences, which might repre-
sent a new, yet uncultured group of cyanobacteria, was
previously found to be the most common group in the
stratified water column of Lake Kinneret (Junier et al.
2007). Interestingly, the analysis of the Kinneret sam-
ples from April and the saline spring Fuliya indicates
that representatives from this group can tolerate dif-
ferent salinity conditions, and that it may occur year-
round in the water column of Lake Kinneret. These
results complement the regular microscopic obser-
vations made in samples from the lake during stable
summer stratification indicating the dominance of
Chroococcales in the epilimnion (Zohary 2004), but it
also suggests that this group persists over the mixing
period in the whole water column.

As previously mentioned, the closest known cul-
tured relatives to this group of sequences belong to the
genus Gloeocapsa and therefore additional ecological

_information could be obtained from the knowledge
" of this genus. However, littlé information is available
on the ecological role of Gloeocapsa. This genus has
been found in the Markham Ice Shelf (Vincent et al.
2004), in hypersaline microbial mats (Fourcans et al.
2004), and is listed as a common cyanobacterial genus
associated to endo or epilithic habitats (Pentecost &
Whitton 2012). In the last habitat types, important en-
vironmental adaptations (i.e. water stress, various light
intensities, pH, temperature, among others) have been
reported suggesting an important phenotypic plasticity
that is revealed for example in the pigment composi-
tion of this group (Pentecost & Whitton 2012). The
results from the present study suggest that in addition
to the previously known adaptations, relatives to this
genus might be adapted to a wide range of salinities.
However, in order to better understand the physiologi-
cal implications of salinity, cultured representatives
from the clades identified here need to be obtained,
which was unfortunately beyond the scope of the pre-
sent study.

In the group corresponding to the picophytoplank-
ton clade, the clones Fuliya-19-16 S and Fuliya-36-16 S
(together with another identical clone), as well as four
clones from Lake Kinneret 15m (LK15m-25A-16S,
2, 47 and 13), were grouped together with sequences

from Synechococcus sp. isolated from Lake Kinneret
(Israel) and Lake Biwa (Japan) (Kane et al. 1997),
forming the cluster designated “Strains LK”. Two
clones from Fuliya (Fuliya-4-16 S and 46), four clones
from Lake Kinneret 15m (LK15m-4A-16S, 10,
30, and 42) and one clone from Lake Kinneret 20 m
(LK20 m-60 A-16 S), grouped with clones previously
detected in the stratified water column (Junier et al.
2007). These three clusters containing exclusively
sequences from Lake Kinneret were designated LK
clusters I, II and III. The presence of different groups
of picocyanobacteria in the samples from April cor-
responded with previous reports based on microscopic
observations (Malinsky-Rushansky et al. 2002, Ma-
linsky-Rushansky et al. 1995), suggesting that these
groups appear during the whole year at different depths
of the water column. The best-known representatives
of the picophytoplankton clade, marine Synechococ-
cus and Prochlorococcus dominate primary produc-
tion in vast areas of the ocean (Partensky et al. 1999,
Scanlan & West 2002), and are so far restricted to ma-
rine habitats, which may suggest a clear differentia-
tion between freshwater and marine clades. However,
the results from Lake Kinneret and the saline spring
Fuliya suggest the existence of groups within the pi-
cophytoplankton clade, which are not necessarily re-
stricted to marine or freshwater habitats, but rather can
tolerate a wide range of salinities.

If the geological origin of the Lake Kinneret is
taken into consideration, it is surprising that none of
the sequences from the present study clustered with
the typically marine cyanobacterial clusters. However
this has also been observed for strains of Synecho-
coccus (Haverkamp et al., 2009) and Pseudoanabaena
(Acinas et al. 2009) isolated from the brackish Baltic
Sea. In these two studies, as well as the present study,
sequences from the isolates or the clones tend to group
together into environment-specific clusters suggest-
ing common speciation within similar environments
as postulated previously for Lake Kinneret (Junier et
al. 2007).

Composition of cyanobacterial populations
analyzed using psbA

The gene coding for protein D1 of the photosystem 11
reaction centre (psbA) has been used to study picophy-
toplankton diversity in marine environments (Zeidner
et al. 2003). Ini the present study, the psb4 gene was
used to analyze freshwater cyanobacterial communi-
ties. In agreement with the results obtained with the
16 S rRNA gene, the clone libraries of psbA also in-
dicate overlap in the picocyanobacteria communities



in Lake Kinneret and those in the saline spring Fuliya.
Two clone libraries from the samples of Lake Kin-
neret 15m and Fuliya 1510 revealed the dominance
of one of the groups of Synechococcus-like sequences
(Fig. 3) that were not represented in the previous study
carried out during stable thermal stratification (Junier
et al. 2007). The detection of this new cluster of psb4
sequences coincided with the detection of several
new Synechococcus-like 16 S rRNA sequences be-
longing to the picophytoplankton clade. Additionally,
some clonal sequences from the lake and Fuliya were
grouped with the cluster of sequences from 1 m, which
have been detected previously (Junier et al. 2007).
Surprisingly, ‘although psb4 sequences related to
different freshwater cyanobacteria were found dur-
ing stable thermal stratification (Junier et al. 2007),
sequences related to these groups were not found in
samples from April, which contained only picocy-
anobacteria-like psb4. However, it is important to
consider that although this appears to be in contradic-

tion with the results obtained for the 16 S rRNA gene,
which suggested the clear dominance of freshwater
cyanobacteria, in the case of psbA4, an overwhelming
majority of studies dealing with picocyanobacteria
have been restricted to marine habitats, therefore bias-
ing the reference dataset towards marine sequences.
In addition, the importance of having culture repre-
sentatives for dominant freshwater clades, such as for
example the Gloeocapsa clade is once more evident,
since the data gathered so far does not allow the evalu-
ation of amplification biases in the case of psb4 for
freshwater groups.

During thermal stratification (Junier et al. 2007)
a differential distribution according to depth was ob-
served for the clonal sequences of psbA from Lake
Kinneret. This suggested a separation of ecotypes sim-
ilar to the distribution observed for Prochlorococcus
in stratified water bodies (Moore et al. 1998, Rocap et
al. 2003). The results from the sampling during mixis
did not show a clear separation of the clones at 15m
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Fig. 3. Phylogenetic relationships of PsbA proteins. Evolutionary distances were determined using the neighbour-joining algorithm
in ARB. Clories from this study are shown in color according to Fig. 2. The number of identical clones that each complete sequence
represents is shown in brackets.



from those at surface water, and might suggest that
changes in the water column triggered by stratification
might be responsible for the segregation of different
populations of picocyanobacteria in Lake Kinneret.

Everything is everywhere: cyanobacterial
communities in a saline gradient in Lake
Kinneret

While certain studies have indicated ecosystem-spe-
cific adaptive radiation (Ernst et al. 2003) and niche
speciation among ecotypes (Johnson et al. 2006,
Rocap et al. 2003), others indicate a global distribu-
tion of unicellular cyanobacteria (Crosbie et al. 2003).
In Lake Kinneret we have found specific populations
of cyanobacteria that seem to be able to adapt to a
wide range of environmental conditions, specifically
salinity, supporting the fact that these populations can
easily migrate and colonize new habitats, which is
an essential requirement for the everything is every-
where theory. Furthermore, the characterization of
the cyanobacterial communities in Lake Kinneret and
Fuliya suggest that the distinction between freshwater
and marine cyanobacteria can be less clear than pre-
viously thought, particularly in the case of the new
Gloeocapsa-like and the picocyanobacteria popula-
tions. However, it is important to mention that recent

studies characterizing the microdiversity of popula-.

tions of isolates of Synechococcus (Haverkamp et al.
2009) and Pseudoanabaena (Acinas et al. 2012) from
the brackish Baltic Sea have shown than a multilocus
approach is needed to reveal genetic diversification
within cyanobacteria. Therefore, specifically adapted
genotypes for various salinities can be hidden under-
neath the single-gene analysis carried out for the 16 S
rRNA and psbA genes used here.
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