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Summary

Studying how bacterial strains diverge over space
and time and how divergence leads to ecotype forma-
tion is important for understanding structure and
dynamics of environmental communities. Here we
assess the ecological speciation and temporal
dynamics of a collection of Shewanella baltica strains
from the redox transition zone of the central Baltic
Sea, sampled at three time points over a course of 12
years, with a subcollection containing 46 strains sub-
jected to detailed genetic and physiological charac-
terization. Nine clades were consistently recovered
by three different genotyping approaches: gyrB gene
sequencing, multilocus sequence typing (MLST) and
whole genome clustering of data from comparative
genomic hybridization, and indicated specialization
according to nutrient availability, particle association
and temporal distribution. Genomic analysis sug-
gested higher intra- than inter-clade recombination
that might result from niche partitioning. Substantial
heterogeneity in carbon utilization and respiratory
capabilities suggested rapid diversification within
the same ‘named’ species and physical habitat and
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showed consistency with genetic relatedness. At
least two major ecotypes, represented by MLST
clades A and E, were proposed based on genetic,
ecological and physiological distinctiveness. This
study suggests that genetic analysis in conjunction
with phenotypic evaluation can provide better under-
standing of the ecological framework and evolution-
ary trajectories of microbial species.

Introduction

The genus Shewanella belongs to the Gammapro-
teobacteria and is well known for its diverse metabolic
capabilities (Nealson and Scott, 2006). Shewanella
species are often found in energy-rich, redox-fluctuating
environments, and are thought to play an important role in
coupling the turnover of organic matter with anaerobic
respiration of different electron acceptors (Venkateswaran
etal., 1999; Fredrickson et al., 2008). In this work, we
provide a systematic study of a collection of isolates from
one species, namely Shewanella baltica, sampled at
three time points over a course of 12 years, along a redox
gradient from the stratified basin of the Gotland Deep in
the central Baltic Sea. Previous studies have focused on
comparative genomics of the sequenced members of this
genus and inferred sexual evolutionary paths within a few
clades (Caro-Quintero etal, 2010; 2011). Our work
broadened the comparative analysis with comprehensive
genotypic and phenotypic analysis on a larger set of 46
strains, providing further implications on specialization of
S. baltica into diverse environmental niches and their evo-
lution over time.

The Baltic Sea is the world’s largest brackish water
environment and was impacted with pronounced
eutrophication because of phosphorus (P) and nitrogen
(N) overloads after World War Il and at an accelerated
pace since the 1960s (Elmgren, 1989). Baltic nutrient
input was estimated to be increased by at least fourfold
and eightfold for N and P, respectively, in surface waters
from the 1960s to the 1980s, and levelled off by the
beginning of the 21st century (EImgren, 2001). At the
Gotland Deep sampling station, eutrophication by N and P
(as indicated by the concentrations in the winter surface
water) had reached its maximum at the end of the 1970s,
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and were on a comparable level from 1980 to 1998,
meaning a comparable level of N and P eutrophication
background for our samplings in 1986, 1987 and 1998
(Struck et al., 2004).

The Gotland Deep is the largest basin in the Baltic Sea
and is considered representative of the central Baltic Sea
environment (Brettar and Rheinheimer, 1992; Ziemke
et al., 1997). Hydrological characteristics of the Gotland
Deep include a halocline at 60—80 m depth, which inhibits
vertical mixing of water, and stagnant deep anaerobic
water with hydrogen sulfide accumulated from the sedi-
ment. Oxygen, nitrate and hydrogen sulfide meet directly
near the oxic—anoxic interface, forming the energy rich
layer where important biogeologic processes, including
denitrification occur (Brettar and Rheinheimer, 1991).
Denitrification was considered as the major factor coun-
teracting eutrophication in the Baltic Sea (Rénner, 1985;
Roénner and Sérensson, 1985). For most times of the year,
denitrification in the water column of the central Baltic has
been shown to be an autotrophic process fuelled by
oxidation of reduced sulfur compounds (Brettar and
Rheinheimer, 1991). Heterotrophic nitrate reduction can
be expected in periods after enrichment of the deep water
with organic carbon because of sedimentation of plankton
blooms (Roénner and Soérensson, 1985; Brettar and
Rheinheimer, 1992).

In order to study the microbial flora relevant for
heterotrophic and autotrophic denitrification, techniques
targeting these nitrate reducers were used to isolate bac-
teria from the central Baltic, i.e. from different depths of
the Gotland Deep in 1986 and 1987, and from station T in
1986 (Brettar and Rheinheimer, 1991). As a result, a
group of 134 S. baltica strains were obtained. Based upon
dilution analysis of the isolates from 1986, S. baltica rep-
resented 77% of the total population of culturable nitrate
reducers of the Gotland Deep (Brettar et al., 2001; 2002).
Consistent results were observed among the 1987 iso-
lates (Ziemke et al., 1997). Shewanella baltica was spe-
cifically enriched in the low oxic and oxic—anoxic transition
zone from 80 m to 140 m. We selected 36 of these
S. baltica strains for this study for further characterization
based on their profiles from randomly amplified polymor-
phic DNA (RAPD) genotyping (Ziemke et al., 1997).

Stratification in the Gotland Deep was disrupted by a
major salt water inflow from the North Sea in 1993 that led
to deep water renewal (Matthdus and Lass, 1995;
Hakansson et al., 1993), after which the typical stratifica-
tion was re-established (Matthdus et al., 1996). In 1998,
10 additional S. baltica strains were recovered from the
same sampling site in the Gotland Deep (Ziemke et al.,
1998), although at the time of isolation, the S. balltica likely
represented a less abundant population compared with
the 1980s (Brettar et al., 2012). Together with those iso-
lated from the 1980s, these strains provide a valuable
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resource for investigating bacterial specialization to the
environmental gradients in the Baltic Sea, and tracking
dynamics of the S. baltica populations, especially after the
turnover event.

In this study, a series of comprehensive approaches
were used to characterize the genotypic and pheno-
typic differentiation among these S. baltica strains.
Phylogenetic relatedness was determined through the
multilocus sequence typing (MLST) with a novel strategy
in gene selection, which was compared with the tradition-
ally recommended genotyping for Shewanella using the
housekeeping gene, gyrB, encoding the B subunit of the
DNA gyrase (Venkateswaran et al., 1999). Phylogenetic
relatedness inferred from MLST was further confirmed by
the whole genome clustering of data from comparative
genomic hybridization (CGH). Phenotypic diversity was
also examined. We tested respiratory capabilities of these
S. baltica strains to use several organic and inorganic
compounds relevant to potential alternative electron
acceptors available in the environment. Utilization of 95
carbon compounds was also screened to examine their
differentiation in metabolic capabilities. Through compara-
tive genetic and metabolic profiling of these strains with
their temporal and spatial distribution, we sought to iden-
tify environmental signatures of the S. baltica species,
and to further understand the outcome of selection on the
intraspecific populations.

Results

Genotypic analysis of the S. baltica strains

Analysis of gyrB genes revealed 10 well supported line-
ages of S. baltica. gyrB sequences were analysed to pre-
liminarily determine the genetic relationships among the
46 S. baltica isolates, and were also used as a control for
validation of the MLST genotyping approach, which
employed a novel gene selection strategy. As a result,
using Shewanella oneidensis MR-1 as an outgroup, all
the S. baltica strains were clustered together (Supporting
Information Fig. S1), which further confirmed that the
1986, 1987 and 1998 strains belong to the same species.
The sequence analysis of the 1122 bp gyrB amplicon
revealed a phylogeny of 10 well-supported lineages (boot-
strap value > 90%).

MLST analysis revealed phylogenetic relationships among
strains similar to those observed with gyrB. Although the
gyrB and RAPD analysis (Ziemke et al.,, 1997) provided
initial insights into the phylogenetic relationships among
the strains, we sought a more refined characterization
of the evolutionary history among the strains using
more genome-wide information. Seven genes from the
Shewanella conserved gene core were chosen for further
phylogenetic characterization of these isolates (locus
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Table 1. Marker genes used for MLST analysis.

Length before

Locus tag Annotation concatenation/bp
SO_0578 Periplasmic metalloprotease 696
SO_0625 Periplasmic protein with Sel1-like 537
repeats
SO_1771 D-glycerate transporter, GlyT 594
SO_2183 Periplasmic ErfK/YbiS/YcfS/YnhG 321
family protein
SO_2615 Aminodeoxychorismate lyase, PabC 474
SO_2706 Succinylarginine dihydrolase, AstB 702
S0O_4702 Glutathione reductase, Gor 903

tags as in S. oneidensis MR-1: SO_0578, SO_0625,
SO_1771, SO_2183, SO_2615, SO_2706, SO_4702)
(Table 1). Twenty-six unique sequence types were
revealed from the concatenated sequences of these loci.
Eleven well-supported clades were identified, among
which nine were consistent with those observed in the
gyrB phylogram (Fig. 1). The SO_4702, SO_0578 and
SO_1771 genes account for more than half of all poly-
morphic sites, whereas others provide comparatively
less discriminatory power. Synonymous (Ks) and non-
synonymous (Ka) substitution rates were calculated
based on sequence information at each locus, followed by
Tajima’s test of neutrality (Table 2). All the Ks/Ka ratios
(except SO_2615 and SO_4702) are much larger than 1,
indicating the effect of purifying selection against amino
acid changes. Population recombination (p) and mutation
(6) rates were also estimated for each marker gene
(Table 2). In particular, as the major MLST clades (A, D, J,
E and H) included only identical or almost identical
sequences, the calculated recombination to mutation
ratios, ranging from 0.230 to 0.804, reflect low levels of
inter-clade recombination. Because of low intra-clade het-
erogeneity, we found estimation of gene flow within clades
not be feasible at this time.

Hierarchical clustering analysis on CGH profiles revealed
clades that were identical to those identified through
MLST. In order to obtain a more holistic picture of the
genomic content of the S. baltica species, we used CGH
to study the gene content in this collection of strains
(Caro-Quintero et al., 2010). Hierarchical clustering was
performed based upon the presence/absence profiles of
5635 genes generated from the CGH datasets (Support-
ing Information Fig. S2), representing the phylogenetic
relationship among these strains on the level of whole
genome composition. Ten clades were revealed from this
method and were all identical to those identified from the
MLST phylogeny, indicating that strains from the same
clades share more gene contents than those from differ-
ent clades. In addition, pairwise mean squared error
between distance matrices from the gyrB, MLST and the
CGH datasets showed higher similarity between the

MLST and CGH datasets (Table 3), suggesting the advan-
tage of the MLST analysis over the single gene-based
genotyping method.

Habitat association of the S. baltica strains. We adopted
AdaptML to investigate ecological differentiation by
resource partitioning among the S. baltica strains (Hunt
et al.,, 2008). AdaptML detects ecological associations of
groups of strains if measured characteristics in one or
more sampling dimensions are differentially apportioned
among samples, and hypothesizes such distinct distribu-
tions as ‘projected habitats’. Here we used both isolation
procedures and sizes of inocula as the input for the
AdaptML analysis. Clearly, the isolation procedures
reflected both favoured redox state and nutrient sources
while sizes of inocula related to the in situ state in the
water column, i.e. small inocula (0.001-0.01 ml), may
indicate higher concentration of free-living cells, whereas
larger inocula (up to 10 ml) more likely suggest preferen-
tial particle attachment. Although depth of isolation could
also be ecologically relevant, it was not considered here
because of the possibility of minor horizontal and vertical
circulation (Stigebrandt, 1987; Neretin et al., 2003). As a
result, five projected habitats defined by distinct distribu-
tions of strains obtained from different isolation media and
inoculum sizes were hypothesized, each associated with
one to three MLST clades (Fig. 1). Interestingly, MLST
clades A, B and D were projected to the same habitat HO,
characterized by recovery most frequently from high-
carbon (a, b, c) or thiosulfate-supplemented medium (e)
using moderate size of inocula (0.1-1 ml), indicating
some level of niche overlap that might have contributed to
the convergence of MLST-A and D (Caro-Quintero et al.,
2010). Both MLST clades E and F were associated with
H1, characterized by isolation almost exclusively using
high-carbon medium (a, b, c) and small inocula, suggest-
ing a different lifestyle of these two clades. All strains
isolated in 1998 as well as OS183 and OS225, both
obtained from 1986 yet clustered with the 1998 strains,
were associated with H2 with most strains obtained using
medium-sized inocula from no-carbon and low-carbon
medium (d, f, g). Habitats H3 and H4 covered relatively
fewer strains. H3 included MLST-G and H strains that
were obtained from several isolation procedures. H4
involved only three strains from MLST-C, two of which
were obtained using large (10 ml) inocula. Impact of iso-
lation medium on selection of ecologically distinct strains
has also been reported in a previous study, which found
putative ecotypes within the Bacillus subtilis—Bacillus
licheniformis clade had significant differences in their ten-
dencies to be recovered from various media (Kim et al.,
2012). Yet resource partitioning by microbial communities
most likely occurs at finer scales, and there must be more
ecological diversity within the S. baltica that was not

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 16, 1854—1866
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Fig. 1. Phylogeny and habitat association of the S. baltica populations. The tree was constructed with the Neighbor Joining algorithm using
concatenated sequences from seven MLST genes. Strains starting with ‘OS’ were isolated from 1986 or 1987, whereas strains starting with
‘BA” were from 1998. The two colour panels following each strain indicate the isolation procedure and the size of inoculum, respectively. The
strain S. oneidensis MR-1 was used as outgroup but is not shown. Bootstrap values above 50% are shown on branches based on 1000
bootstrap replicates. The AdaptML modelled habitat association by identifying different trends in distributions of isolation procedures and sizes
of inoculum, represented by ‘projected habitats’ as indicated in coloured circles. Characteristic distribution of isolation procedures and sizes of
inoculum for each habitat is illustrated in the bottom-left panel. The isolation procedures are as follows: (a) Nutrient Broth medium
supplemented with nitrate under anaerobic condition, (b) ZoBell agar plate under aerobic condition, (c) ZoBell agar plate under anaerobic
condition, (d) 1:10 diluted Nutrient Broth medium supplemented with nitrate under anaerobic condition, (e) liquid nitrate plus thiosulfate
medium under anaerobic condition without added organic carbon source, (f) ZoBell (1/5 dilute) agar plate under aerobic condition, (g) nitrate
plus thiosulfate agar medium under anaerobic condition without added organic carbon source. In addition, ‘S’ indicates small inoculum of less
than 0.1 ml; ‘M’ indicates moderate inoculum size between 0.1 ml and 1 ml; ‘L’ indicates inoculum of 10 ml.

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 16, 1854—1866
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Table 2. Neutrality test and estimation of recombination (p) and mutation rates ().

SO_0578 SO_0625 SO_1771 SO_2183 SO_2615 SO_2706 SO_4702
Polymorphic sites 97 46 71 23 43 57 131
Ka 0.00667 0.00261 0.00188 0.00129 0.00529 0.00276 0.00528
Ks 0.13958 0.12357 0.08492 0.08012 0.05083 0.08665 0.13912
Ks/Ka 20.9 47.3 45.2 62.1 9.6 314 26.3
Watterson 6 22.1 10.5 16.2 5.2 9.8 13.0 29.8
Estimated p 35.5 10.5 24 4.5 45 7.5 21.5
0 per site 0.0317 0.0195 0.0272 0.0163 0.0206 0.0185 0.0330
p per site 0.0510 0.0196 0.0404 0.0140 0.0095 0.0107 0.0238
Recombination to mutation ratio 0.804 0.502 0.743 0.430 0.230 0.289 0.361

detected by the habitat association analysis. For instance,
the strong signals from isolation medium may be due to
specialization with regard to both nutrient sources and the
redox gradient of the Baltic Sea; the effects from both
isolation medium and inoculum size may also associate
with macro-ecological conditions such as seasonal algal
blooms. In addition, the populations might have adapted
to environments not sampled in this study, such as colo-
nization in animal intestines or phage predation. Despite
these uncertainties, the observed partitioning according to
isolation medium and inoculum size may have important
implications for population biology of the S. baltica
species.

Evaluation of intra- vs. inter-clade recombination using
whole genome sequences. Acquisition of adaptive traits
into distinct niches may lead to arising of new ecotypes,
within which selective sweeps play important roles in
maintaining the intra-population genetic homogeneity
(Cohan, 2002a). Although it remains unknown what are
the gene flow barriers among sympatric populations,
reduced gene flow has been observed shortly after eco-
logical divergence (Shapiro et al., 2012). Therefore, an
important question in evaluating the effects of ecological
differentiation on population structure is whether gene
flow is depressed among genotypes that arose because
of ecological distinctiveness. Because our MLST data lack
the resolution to reveal intra-clade heterogeneity, we
evaluated the available S. baltica genome sequences to
assess the levels of intra- vs. inter-clade gene flow. Con-
catenation of 2894 core genes were used to construct the
genome phylogeny of the S. baltica genomes, from which
intra- and inter-clade recombination rates were estimated
(Supporting Information Fig. S3). A total of 3083 genes
that were commonly shared between at least two clades
were examined for inter-clade recombination, out of which
0-1.14% [0—-35 genes with P < 0.05 by embedded quartet
decomposition analysis (EQDA) (Luo et al., 2011)] were
suggested to have recombined (Supporting Information
Fig. S4). Owing to the limited number of genomes within
any clade for testing intra-clade recombination, we esti-
mated the recombination rate using three strains OS195,

0S678 and 0S625 from clades A and B to approximate
the level of intra-clade recombination. Although clades A
and B were confidently separated in the MLST phylogeny,
they were relatively closer compared with other clades,
and were indistinguishable in the RAPD dendrogram.
Recombination rates among these three strains were esti-
mated by measuring concordance between gene phylog-
eny and genome phylogeny. Out of the 991 genes that
qualified for the analysis, 3.13% (31 genes) showed sig-
nificant signal of recombination (P < 0.05), which was
over 2.7 times higher than the above inter-clade recom-
bination rates (Dixon’s Q test, P=0.003). It should be
noted that, because of higher similarity among genomes
of 0S195, 0S678 and OS625, a smaller fraction of genes
showed enough phylogenetic signal over background
noise to be appropriate for assessing recombination.
Hence, this rate (3.13%) most likely represents an under-
estimate of intra-clade recombination rate. However, high
inter-clade recombination has also been observed
between OS195 and OS185 (clades A and D), based on
which clades A and D were hypothesized to have been
undergoing convergent evolution (Caro-Quintero et al.,
2010). This indicates that when environmental conditions
favour, high inter-clade recombination can also occur. In
summary, based on the only possible approximation of
intra-clade recombination using the three relatively close
genomes 0OS195, OS678 and 0S625, we observed
depressed inter-clade recombination, supporting genetic
barriers among S. baltica genotypes that might have con-
tributed to stability of the current population structure.

Phenotypic diversity among the S. baltica strains

Biolog profiling of carbon utilizing capabilities. Use of 95
different carbon sources by the S. baltica strains was

Table 3. Correlation among three distance matrices for phylogenetic
inferences.

MLST gyrB CGH
MLST - - -
gyrB 0.669 - -
CGH 0.757 0.647 -

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 16, 1854—1866
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screened with the Biolog-GN system. Metabolic activities
were measured and assays were scored as either
growth or no growth (Fig. 2). The S. baltica strains were
able to use an average of 36 compounds under aerobic
conditions. Among the carbon sources tested, 19 were
not used by any S. baltica strain, while the following 11
substrates were used by all strains: cis-aconitic acid,
sucrose, D-gluconic acid, L-glutamic acid, dextrin,
maltose, a-D-glucose, L-serine, N-acetyl-D-glucosamine,
lactic acid, and inosine. Of the compounds tested, these
carbon sources comprise part of the metabolic core
of the S. baltica species. Interestingly, compared with
S. oneidensis MR-1, whose carbon source utilization
capability is limited primarily to three carbon compounds
(Serres and Riley, 2006), these S. baltica strains were
capable of using five or six carbon compounds, suggest-
ing distinct carbon metabolism pathways present in the
S. baltica strains. In order to mitigate the influence from
phylogenetic relatedness in evaluating the relationship
between Biolog profiles and environmental variables, the

Shewanella baltica populations in the Baltic Sea 1859

Fig. 2. Respiratory capabilities and carbon
source utilization patterns among the 46

S. baltica strains. The first column on the left
indicates the isolation depth of each strain.
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phylogenetic independent residuals from the Biolog data
(Felsenstein, 1985) were taken and used to further
examine the effects from the time of isolation, the cultur-
ing methods, as well as water chemistry measurements
including the concentrations of NO5~, O, and H,S. Signifi-
cant correlation was observed only between these re-
siduals with the time of isolation (analysis of variance
P <0.01), whereas effects of other environmental vari-
ables are either not significant on the phenotypic diversity,
or are through influencing the phylogenetic relatedness
among these isolates.

In order to discern relationships between the genetic
content and phenotypic capability, we compared the
phylogenetic independent residuals from the Biolog
dataset and genetic distances from CGH, and found a
strong and positive correlation (P < 0.001) (Supporting
Information Fig. S5). This correlation can also be visual-
ized through comparison of the hierarchical clustering
structures of the CGH and the Biolog profiles (Support-
ing Information Fig. S6), where six clades were at least

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 16, 1854—1866
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partially shared between the two dendrograms. For
instance, strains in MLST clade E were also grouped
together in the Biolog dendrogram and consistently used
fewer carbon sources compared with other clades. In
particular, four carbon acids including succinate acid,
aspartic acid, and o-ketobutyric acid failed to promote
growth of any strains in this clade, implying the lack
of relevant catalytic enzymes in their pathways. In
summary, our results suggest that closely related strains
share relatively similar carbon utilizing capabilities, and
particularly, individual clades may have characteristic
metabolic profiles.

Diversity of respiratory capabilities among the S. baltica
strains. Although these S. baltica strains were initially
identified as denitrifiers in the Baltic Sea (Brettar et al.,
2001; 2002) by N.O production (Brettar and Hofle,
1993), they are not respiratory denitrifiers because we
detected no N, gas from any of these strains. But,
because all strains were able to grow with nitrate as the
sole electron acceptor and decrease the concentration of
nitrate, we expect that they were respiring via dissimila-
tory reduction of nitrate to ammonia. Shewanella
oneidensis MR-1 has been shown to respire nitrate via
this pathway (Cruz-Garcia et al.,, 2006) and genes for
this process are encoded in the S. baltica genomes
(Caro-Quintero et al., 2010) whereas genes for deni-
trification were not found. The N.O production shown for
all 134 strains isolated in 1986 and 1987 may be attrib-
uted to the process of nitrate ammonification rather
than denitrification (Bleakley and Tiedje, 1982; Brettar
and Hofle, 1993; Baggs, 2008). Out of the 46 strains
tested, 13 (all from 1986 and 1987) were able to grow
with dimethyl sulfoxide (DMSO) as the only electron
acceptor (Supporting Information Table S1). Thiosulfate
and trimethylamine-N-oxide (TMAQ) can be used as
electron acceptors by most of these isolates, except for
the strains in clade E, implying the possibilities of muta-
tion or gene loss in their recent common ancestor.

Discussion
Identification of distinct intraspecific S. baltica ecotypes

This collection of S. baltica strains exemplified an assem-
blage of coexisting populations that inhabit different
niches in the redox transition zone of the Baltic Sea.
Distinct clusters of strains were consistently recovered
from three different phylotyping approaches, and were
also congruent with phenotypic profiles regarding both
carbon source utilization and respiratory capabilities, sug-
gesting genetic and phenotypic homogeneity within these
clades. In particular, the MLST clades, especially regard-
ing the large clades, are comparable with the former

RAPD clades (Ziemke et al., 1997) based on the entire
collection of 134 strains. For instance, the MLST clades E
and D are congruent with the RAPD clades F and C
respectively; the MLST clades A and B that share recent
common ancestor also correspond well to the RAPD
clade A. Therefore, what we found with regard to the
selected 36 strains may exemplify the patterns underlying
the larger strain collection. On the other hand, although
the 1998 strains were not profiled using RAPD, the MLST
cladistics suggested genetic continuity of these strains
with those obtained in 1986 and 1987. Two clades,
MLST-J and K, contain strains from both 1998 and 1986.
Particularly, 0S225 and BA173A from MLST-K, as well as
0S183 and strains from 1998 in MLST-J, share high
sequence similarities (98.7% and 100% respectively),
suggesting that the later strains are likely descendants of
those from 1986. In summary, consistency between the
MLST and RAPD analyses suggests stability of several
major S. baltica clades, and further supports the genetic
homogeneity within them.

In addition, we provided evidence that the MLST
clades were associated with distinct ecological niches,
especially regarding the large clades MLST-A and E.
Strains in each of MLST-A and E share nearly identical
MLST and gyrB sequences, as well as great proportions
of their genes based on CGH. Strains in MLST-E fol-
lowed a characteristic probability distribution of isolation
procedures and inocula sizes as indicated by AdaptML
analysis, and were mostly recovered from high-carbon
medium at the highest dilution steps, suggesting that
they favour high-nutrient conditions and free-living life-
style. Accordingly, MLST-E strains metabolized signifi-
cantly fewer carbon sources compared with other clades,
and were exclusively incapable of using four carbon
compounds including succinate acid, aspartic acid and
a-ketobutyric acid. In addition, strains in this clade were
never recovered from thiosulfate-containing medium that
was favoured by MLST-A, and exclusively lacked the
capabilities of respiring thiosulfate, DMSO and TMAO.
Therefore, we propose MLST-E to represent an indi-
vidual ecotype that is physiologically less versatile and
less adapted to anoxic water conditions. On the con-
trary, the MLST-A strains were frequently obtained from
thiosulfate-containing medium using almost exclusively
medium sizes of inocula, suggesting a different lifestyle,
possibly more particle attached compared with MLST-E.
They were capable to respire all three tested electron
acceptors, and used more carbon sources, especially
regarding those isolated in 1987. In addition, the
RAPD-A clade that corresponds to MLST-A, although
was only obtained near the oxic—anoxic transition zone
(110-140 m) in 1986, was recovered from all depths (10—
235m) in 1987 and covered a much larger number
of strains (31 strains in 1987 vs. 18 strains in 1986)
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(Ziemke etal, 1997). This genotype was apparently
rapidly adapting and expanding the size of its habitat,
and therefore, is proposed to represent a physiologically
versatile ecotype.

Although comparative analyses on sequenced geno-
mes captured a snhapshot of convergent evolution of
MLST clades A and D, we suggest not merging them into
one ecotype as there is significant heterogeneity between
the two clades both genetically and phenotypically. The
RAPD-C that correspond to MLST-D, although less
frequently recovered compared with RAPD-A, was most
often obtained from the suboxic zone near the deni-
trification layer, and was considered of potential impor-
tance in N cycling of the Baltic Sea (Ziemke et al., 1997).
Therefore, MLST-D may represent a different ecotype, yet
its ecological roles are awaiting further exploration.
Among other MLST clades that contained only a few
strains, we are less confident about whether each of them
justifiably represents an individual ecotype, or if they
contain multiple ecotypes. With data currently available, it
is difficult to infer their characteristic physiology or eco-
logical roles. Altogether, the above proposed ecotypes
represented by MLST-A, E and D, as well as other clades
that were also distinct yet statistically less compelling,
together contribute to the intraspecific diversity of the
S. baltica species.

Past studies on closely related bacteria strains repeat-
edly revealed distinct sequence clusters that often relate
to ecologically heterogeneous populations. For example,
Chisholm’s group have identified distinct Prochlorococcus
clades based on internal transcribed spacer (ITS) regions
and several other gene markers and revealed niche
partitioning among clades by light intensity, temperature
and nutrient conditions (Rocap etal.,, 2002; Johnson
et al., 2006); Polz and collaborators have found Vibrio
splendidus populations from a single site north of Boston
apportioned themselves according to seasons and parti-
cle sizes (Thompson et al., 2005; Hunt et al., 2008); work
of Ward and colleagues on Synechococcus populations in
hot spring mats in Yellowstone suggested clades identi-
fied by 16S rRNA and ITS sequences were specialized
with regard to temperature and depth in the mat (Ward
et al., 2006; 2007); Cohan’s group studied populations of
Bacillus simplex and B. subtilis—B. licheniformis clade
from ‘Evolution Canyons’ of Israel and near Death Valley,
and showed that specific sequence clusters were special-
ized to locations with varied levels of solar insolation
(Koeppel et al., 2008; Connor et al., 2010). The ecotype
concept has been proposed for such clusters, within
which strains are genetically homogeneous and ecologi-
cally occupy the same habitat(s) (Cohan, 2001; 2002b).
Therefore, it has been argued that ecotypes, rather than
the species generally recognized in bacterial systematics,
should represent the fundamental unit of bacterial diver-
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sity (Gevers et al., 2005; Cohan and Perry, 2007; Cohan
and Koeppel, 2008). The S. baltica ecotypes recognized
in this study, especially regarding the MLST clades A and
E, clearly represent genetically and ecologically homoge-
neous populations despite their sympatric distribution.
From the evolutionary perspective, identifying ecotypes
and studying ecotype differentiation can reveal ecological
adaptations that occurred over short time periods, while in
the long run, providing further understanding of the
mechanisms that develop and maintain the vast bacterial
biodiversity.

Temporal dynamics of metabolic patterns among the
S. baltica populations

The Biolog analysis characterized substantial metabolic
differences among the S. baltica strains. In particular,
temporal distribution was suggested to have a significant
impact on their metabolic patterns. Strains isolated from
1998 grew on 44 carbon compounds on average, signifi-
cantly more versatile than those from the 1980s which
grew on only 34 compounds on average. Specifically,
capability of wusing certain compounds including
D-fructose, bromo-succinic acid, o-ketobutyric acid,
glucose-1-phosphate, acetic acid, o-hydroxybutyric acid,
glucose-6-phospate and L-alanine was found in a signifi-
cantly larger percentage of strains isolated in 1998 com-
pared with those isolated in the 1980s (P < 0.001),
possibly corresponding to a shift in selective pressure in
the Baltic Sea environment. We further looked into the
metabolic patterns of OS183 and 0S225, both isolated
from 1986 but grouped with strains from 1998 (clades J
and K). Although both strains share high MLST sequence
similarities (100%, > 98%, respectively) with their closely
related 1998 neighbours, they grew on fewer carbon
sources compared with their 1998 phylogenetic neigh-
bours and their Biolog patterns are more similar to strains
from the 1980s (Supporting Information Fig. S6). In both
clades, utilization of glucose-6-phosphate, alaninamide,
glucose-1-phosphate, D-fructose and a-hydroxybutyric
acid was only present in the 1998 strains, likely suggest-
ing similar selective pressures on these 1998 strains.
Fast metabolic changes were also observed among
strains over the shorter time stretch from 1986 to 1987.
Especially in MLST clade A, within which all members
share nearly identical sequences, strains isolated from
1986 and 1987 were mapped to two distinct Biolog
clades, A1’ and A2’. Biolog-A1’ contains strains only from
1986 and used relatively fewer carbon sources. All Biolog-
A2’ strains were from 1987 and differ from the Biolog-
A1’ strains mainly at using an additional eight carbon
sources (D-psicose, mono-methyl succinate, alaninamide,
o-ketovaleric acid, glucose-1-phosphate, D-fructose,
bromo-succinic acid and propionic acid), and shared
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metabolic patterns more similar to those of the 1998
strains. Altogether, our findings revealed substantial phe-
notypic heterogeneity within the named species S. baltica
and at the same sampling station. Fast phenotypic diver-
sification within short evolutionary stretches has been
observed in studies regarding both natural and experi-
mental microcosms (Travisano and Lenski, 1996; Riley
et al., 2001; Coleman and Chisholm, 2007; Walk et al.,
2007; Koeppel etal, 2013), and may arise from pro-
cesses including mutation, deletion, horizontal acquisition
of genes, genome shuffling, etc. Adaptive changes can be
rapidly fixed through selective pressure; non-adaptive
changes may also spread by hitchhiking with beneficial
mutations. Koeppel and colleagues (2013) further pro-
posed that new ecotypes can arise as frequently as adap-
tive changes within ecotypes, suggesting that speciation
may occur faster than expected. Taken together, our
results indicate that phenotypic changes can occur faster
than phylogeny can reflect, and further highlights the
necessity of thorough phenotypic characterization while
studying specialization of micro-organisms.

DMSO reduction may be related to specialization to
anoxic deep water environment

Because the water chemistry profile exhibited a gradient
of H,S along the water column, we speculated that, other
than nitrate, respiration of certain sulfur compounds might
as well be involved in specialization of these S. baltica
strains. Therefore, utilization of sulfur compounds as elec-
tron acceptors including DMSO and thiosulfate was
tested. DMSO is naturally formed from the degradation of
phytoplankton in marine environments and can be used
as an alternative electron acceptor for many bacterial
species where oxygen is deficient. Capabilities of reduc-
ing DMSO by S. baltica strains were consistent with gene
presence/absence profiles from microarray experiments,
with the exception of the strain OS645, which, though not
capable of reducing DMSO, possesses all genes in the
type | DMSO reductase operon (dmsEFABGH). The
reason for loss in expression in OS645 is not clear. Fur-
thermore, the expression level of this operon in strain
0S195 is upregulated under anaerobic conditions of both
nitrate and thiosulfate respiration (unpublished data).
Hence, we predict that the ability of reducing DMSO may
be related to levels of available electron acceptors in the
water environment and is therefore potentially important
for adaption to the anaerobic water environment.

Capability to reduce thiosulfate and TMAO was
exclusively lacked in clade E

As a major product of anoxic sulfide oxidation, thiosulfate
is a key intermediate in the dissimilatory sulfur cycle of

aquatic environments (Sievert etal., 2007). Because
H,S, often produced during the reduction of thiosulfate, is
only detectable at and below the oxic—anoxic interface,
we postulate that the ability to reduce thiosulfate to H.S
may be one of the factors causing specialization of
S. baltica strains. TMAO is also an important alternative
electron acceptor in marine waters, and is the precursor
to a variety of reduced nitrogenous biogases that
mediate the marine N cycle. Reduction of TMAO results
in the production of trimethylamine, which has been
implicated as a major contributor to spoilage of seafood
and fish (Barrett, 1985; Ward et al., 2006). The lack of
capability to reduce both thiosulfate and TMAO exclu-
sively in MLST-E may indicate selection on this clade
against growth in anoxic water. Indeed, other than the
nitrate supplemented nutrient broth medium, the RAPD-F
clade that corresponds to MLST-E was only recovered
from aerobic incubated ZoBell agar plates.

In addition, inability to reduce TMAO by OS155
appeared to result from a single nucleotide deletion at the
1243th position of torA (Sbal_3213), the gene encoding a
periplasmic protein connected to the quinone pool via the
cytochrome TorC, based on comparison of genomic
sequences. No matter whether or not the incapability of
reducing TMAO by the other strains in MLST-E is attrib-
uted to a similar mechanism, we note that a simple
change in structural integrity can result in non-activity of
the entire operon. Moreover, transcriptomic analysis
showed that the TMAO reductase operon (Shew185_
3211-Shew185_3214) was upregulated in OS195 under
both anaerobic nitrate and thiosulfate respiring conditions,
further indicating its potential role in advancing adaptation
into anoxic niche conditions (unpublished data).

Conclusion

Through genotyping analyses using MLST, gyrB and
CGH, we delineated the S. baltica strains into clades,
some of which likely represent ecological units. We
showed that the phylogenetic diversity observed for these
S. baltica strains coexisting in the redox gradient is due,
in part, to nutrient and particle associated conditions. For
some of the clades, including the major clades MLST-A
and E, some inferences can be made about the nature of
their ecological niches, based on which we propose them
as distinct ecotypes. In other cases, especially regarding
the clades with fewer strains, there are not yet obvious
ecological or physiological patterns to infer what niches
they may occupy. This study will allow more informed
selection of strains for further experimental characteriza-
tion, as representatives from the MLST clades may also
exemplify the larger RAPD genotypes. Furthermore,
genetic differences revealed from this study can be used
to design specific markers to probe the in situ abundance
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and distribution of S. baltica populations over the redox
gradient. The presence of multiple S. baltica ecotypes at
a given site should allow for survival over a broader range
of conditions and may contribute to their ecological
success in the Baltic Sea environment, including the dis-
ruptive water turnover of 1993. Last but not the least,
ecotypes revealed from this study, as well as those from
many others, though not yet named into distinct species,
hopefully will be granted some taxonomic status in
the future that will recognize their genetic and ecologic
distinctiveness.

Experimental procedures
Bacterial strains and growth conditions

Isolation procedures of S. baltica strains were previously
described (Ziemke et al., 1997). For small inocula, small tips
with narrow entrances were used, hence reducing the possi-
bility to inoculate particles from the water samples. For larger
inocula, bigger tips were used, which increases the likeliness
to transfer particles into the medium. For 10 ml inocula, large
glasses or plastic pipettes with wide entrances were used.

Luria-Bertani medium (Acumedia, Lansing, Ml, USA) and
modified M1 medium (Cruz-Garcia et al., 2006) were used for
bacterial growth. Anaerobic M1 medium was made under
O.-free argon gas. Denitrification was tested in anaerobic M1
medium with 2 mM sodium nitrate as the sole electron accep-
tor. Durham tubes were inserted into the serum tubes for gas
collection. Nitrate levels were tested after 3 days of incuba-
tion at 22°C using nitrate test strips (Merckoquant, limit of
detection 160 uM, VWR International, Radnor, PA, USA).
Thiosulfate reduction was tested in Triple Sugar Iron agar
(TSI agar, Acumedia, Lansing, MI, USA). Strains were inocu-
lated into the bottom of test tubes containing TSI agar and
incubated at 22°C. Strains were classified as incapable of
reducing thiosulfate into hydrogen sulfide (H.S) if the agar did
not turn black within a week. DMSO and TMAO reduction was
tested in anaerobic M1 medium supplemented with 10 mM of
each compound as electron acceptors, respectively, after
which ODgo Was monitored for 3 days. Strains were charac-
terized as not capable of reducing DMSO or TMAO if the
ODgoo did not exceed 0.02 at the end of incubation;
S. oneidensis MR-1 was used as the positive control. Testing
of denitrification, thiosulfate, DMSO and TMAO reduction was
repeated three times for all strains.

gyrB and MLST analysis

Seven genes from the conserved gene core of nine
Shewanella genomes were selected based on their calculated
reliability for reflecting genome phylogeny (Konstantinidis
et al., 2006). Primers for polymerase chain reactions (PCR)
were designed for these genes based on genomic sequences
of four sequenced S. baltica strains (0S155, 0S185, 0S195
and 0S223). GenBank accession numbers for deposited
MLST sequences are KC785129-KC785450. gyrB genes and
MLST genes were amplified by PCR (Supporting Information
Table S1), their products were purified using ExoSap-IT
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(Affymetrix, Cleveland, OH, USA) and sequenced by the
Michigan State University Research Technology Support
Facility. Sequences were aligned with MUSCLE (Edgar,
2004). The Neighbor Joining tree was built using concat-
enated sequences of the seven genes by MEGA version 4
(MEGA, Tempe, AZ, USA) (Tamura et al., 2007).

The software DnaSP v5.10 (Librado and Rozas, 2009) was
used to calculate the ratios of synonymous and non-
synonymous substitution rates (Ks and Ka, respectively) and
to perform Tajima’s D test for neutrality. Population mutation
and recombination rates were estimated using a likelihood
based method implemented in the LDhat version 2.1
(McVean et al., 2002) using similar parameters as described
in Konstantinidis and DeLong (2008). Distance matrices from
gyrB and MLST analysis were generated using maximum
composite likelihood model in MEGA 4.0.

CGH clustering and comparison with gyrB and
MLST phylogeny

Microarray construction and analysis was performed as
described in (Caro-Quintero et al., 2010). A Jaccard index
was used for constructing distance matrix based on the gene
presence/absence information (Levandowsky and Winter,
1971). The dendrogram was obtained using the average
linkage agglomeration method in R version 2.9.2 (R core
team, Vienna, Austria) (Team, 2005). Distance matrices of the
gyrB gene and concatenated sequences from MLST analysis
were generated by maximum composite likelihood model in
Mega 4.0. All matrices were standardized before calculation
of the mean squared error.

Habitat assignment

Habitat association was determined through AdaptML (Hunt
etal., 2008), with the following parameter setting: Initial
habitat number of 10, collapse threshold at 0.10, converge
threshold at 0.00001, number of randomized topologies of
1000 and method for inferring mu or average habitat transi-
tion with ‘avg’. Habitat association was mapped to the MLST
phylogeny with the interactive tree of life (iTOL) programme
(Letunic and Bork, 2011).

Estimation of whole-genome recombination rates

The construction of the genome phylogeny was carried out by
Mr. Bayes (Altekar et al., 2004) based on 2894 concatenated
core genes as defined by reciprocal best matches as detailed
in (Luo et al., 2011). Five clades were observed (Fig. 1) from
which intra- and inter-clade horizontal gene transfer rates
were calculated. Specifically, we followed EQDA as intro-
duced in Zhaxybayeva and colleagues (2006) and imple-
mented in Luo and colleagues (2011). OS185 and O0S223
were discarded from EQDA because they did not meet the
minimal requirement (at least two genomes present in a
clade). The cut-offs for synonymous mutation rate (Ks) and
sites were set to be 0.02 and 50, respectively, to robustly
capture recent recombination events (Luo et al., 2011).

Biolog analysis

Metabolic profiles of S. baltica strains were determined with
BIOLOG-GN plates (BIOLOG Inc., Hayward, CA, USA),
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essentially as described by Hoéfle and colleagues (2000).
Distance matrices were calculated for the CGH profile and
the Biolog dataset based on Jaccard index (Levandowsky
and Winter, 1971). MLST distance matrix was exported
based on the MLST phylogeny constructed as described
above. After regression of the Biolog distances against MLST
distances, the phylogenetic independent residuals were
taken and used to estimate the correlation with genomic
distances based on CGH, and the effects from environmental
factors.
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Additional Supporting Information may be found in the online
version of this article at the publisher’'s web-site:

Fig. S1. Neighbour Joining tree of 46 S. baltica strains pro-
duced from gyrB sequences. The strain S. oneidensis MR-1
was used as out-group but is not shown. Bootstrap values
above 90% are shown on branches based on 1000 bootstrap
replicates.

Fig. S2. Hierarchical clustering of the CGH profile. Gene
presence and absence information extracted from the CGH
profile was used for constructing the distance matrix of
strains using the Jaccard index. Hierarchical clustering was
performed using the average linkage agglomeration method
in R software version 2.9.2.

Fig. 83. Phylogeny based on 3079 commonly shared core
genes among the nine S. baltica strains. Genome names are
colour-coded for the clade they belong to.

Fig. S4. Recombination network on recently diverged com-
monly shared genes between at least two clades (core
genome; with Ks < 0.02 and synonymous sites > 50 cut-off).
The corresponding MLST clades were labelled next to the
strain or the branch. We could not examine clades with only
one member due to the limit of embedded quartet decompo-
sition analysis (e.g. 0S223 and OS185). The number of core
genes exchanged between genomes range 0~35.

Fig. S5. Regression of Biolog dissimilarity and genomic
distance. Pairwise genomic distances were estimated
based on gene presence/absence matrix from the CGH
data using the Jaccard index. Biolog dissimilarities were
phylogenetic independent contrasts from Jaccard-based
Biolog distances controlled by phylogenetic relatedness
based on MLST.

Fig. S6. Hierarchical clustering of the Biolog profile. Pairwise
Biolog dissimilarities were calculated using the Jaccard index.
Hierarchical clustering was performed using the average
linkage agglomeration method. Coloured letters identify the
clades consistent with those from the MLST phylogeny.
Table S1. Primers used for MLST analysis.
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