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High-throughput sequencing studies during the last decade have uncovered that bacterial genomes
are very diverse and dynamic, resulting primarily from the frequent and promiscuous horizontal
gene exchange that characterizes the bacterial domain of life. However, a robust understanding of
the rates of genetic exchange for most bacterial species under natural conditions and the influence
of the ecological settings on the rates remain elusive, severely limiting our view of the microbial
world. Here, we analyzed the complete genomic sequences and expressed transcriptomes of several
Shewanella baltica isolates recovered from different depths in the Baltic Sea and found that isolates
from more similar depths had exchanged a larger fraction of their core and auxiliary genome, up to
20% of the total, compared with isolates from more different depths. The exchanged genes seem to
be ecologically important and contribute to the successful adaptation of the isolates to the unique
physicochemical conditions of the depth. Importantly, the latter genes were exchanged in very
recent past, presumably as an effect of isolate’s seasonal migration across the water column, and
reflected sexual speciation within the same depth. Therefore, our findings reveal that genetic
exchange in response to environmental settings may be surprisingly rapid, which has important
broader impacts for understanding bacterial speciation and evolution and for modeling bacterial
responses to human-induced environmental impacts.
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Introduction

High-throughput sequencing during the last decade
has revealed that bacterial genomes are much more
diverse and dynamic than anticipated earlier (Lawrence
and Ochman, 2002; Welch et al., 2002; Konstantinidis
and Tiedje, 2005). For instance, gene content
variation among strains of the same bacterial species
may comprise 30–35% of the genes in the genome
(Konstantinidis and Tiedje, 2005; Tettelin et al.,
2005). This gene diversity and genome fluidity
frequently underlies the emergence of new patho-
gens and the natural attenuation of important
environmental pollutants, and hence, has important

health and economical consequences (Handelsman
et al., 2007). Horizontal gene transfer (HGT) accounts
for a substantial fraction, if not the majority, of the
bacterial genomic fluidity and diversity (Beiko et al.,
2005; Zhaxybayeva et al., 2006; Lang and Beatty,
2007). However, a robust understanding of the rates
of genetic exchange for most bacterial species under
natural conditions and the influence of the ecolo-
gical settings on the rates remain elusive (Gevers
et al., 2005; Konstantinidis et al., 2006a; Handels-
man et al., 2007). An improved understanding of
these issues has important broader impacts such as
for reliable diagnosis of infectious disease agents,
bioremediation efforts and for robust modeling of
bacterial evolution and speciation.

Stratified aquatic systems are characterized by
sharp physical, chemical and nutrient gradients and
thus, offer unique opportunities for studying the
role of the environment in shaping population (and
genome) structure and dynamics. One such system,
which is among the most stable systems on the
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planet (for example, water retention time in the
order of 20–30 years (Neumann, 2006)) and has been
characterized extensively because of its long history
of pollutant contamination, is the Baltic Sea (Backer
et al., 2010). Shewanella baltica dominates the pool
of heterotrophic nitrate-reducing bacteria isolated
from the oxic–anoxic interface of the Baltic Sea
(Brettar et al., 2001). For instance, S. baltica
organisms (strains) accounted for 32–80% of total
cultivable denitrifying bacteria under different
growth conditions during our isolation efforts in
1986 (Ziemke et al., 1997). These findings further
corroborate the important role of Shewanella
bacteria in cycling of organic and inorganic materi-
als at redox interfaces (Myers and Nealson, 1988;
Fredrickson et al., 2008).

To identify the genetic elements that enable
S. baltica to adapt to redox gradients and provide
novel insights into the mechanisms and rates of
genomic adaptation, we performed whole-genome
sequence and DNA–DNA microarray comparative
analyses of a large collection of isolates from the
Baltic Sea (n¼ 116, Supplementary Figure S1). Our
analyses revealed that S. baltica genomic adaptation
to environmental settings, mediated by HGT, may be
much more rapid and extensive compared with
what was seen previously in other marine bacteria.

Materials and methods

Organisms used in this study
The S. baltica strains used in this study were
isolated on denitrifying media (NHNO3, THNO3) or
anaerobic ZoBell agar. More details on sampling,
isolation conditions and genome fingerprinting
patterns of each strain are provided in Ziemke
et al. (1997). The complete genome sequences of
the four S. baltica strains used in the study were
obtained from GeneBank (Benson et al., 2009). The
strains and their GeneBank accession numbers were
OS195 (NC_009997, NC_009998, NC_009999,
NC_010000), OS185 (NC_009665, NC_009661),
OS155 (NC_009052, NC_009035, NC_009036,
NC_009037, NC_009038) and OS223 (NC_011663,
NC_011664, NC_011665, NC_011668).

Identification of orthologs
Orthologs among the four S. baltica genomes were
identified using a reciprocal best-match blastn
approach, essentially as described earlier (Konstan-
tinidis et al., 2009). In brief, the sequences of the
predicted genes in the genome of strain OS195 were
searched, using the blastn algorithm (Altschul et al.,
1997), against the genomic sequence of each of the
remaining three strains. The best match for each
query gene, when better than at least 70% overall
nucleotide identity (recalculated to an identity
along the entire sequence) and an alignable region
covering 470% of the length of the query gene

sequence, was extracted using a custom PERL script
and searched against the complete gene complement
of OS195 to identify reciprocal best matches. Such
reciprocal best matches conserved genes were
denoted as orthologs. Orthologs conserved in all
four genome were denoted as core orthologous
genes. Genes that found no match better than the
earlier standards against any of the remaining three
genomes were denoted as OS195 specific (strain
specific). Genes conserved in some but not all of the
strains were denoted as variable (Supplementary
Table S1, which includes all OS195 genes).

Recombination analysis
Recombination fragments were detected using a
custom-made approach, essentially as described
earlier (Konstantinidis and DeLong, 2008; Caro-
Quintero et al., 2009). Briefly, the genomic sequence
of OS195 was cut in silico in 500 bp-long consecu-
tive sequence fragments. The fragments were sub-
sequently searched against the other S. baltica
genomes for best matches, using blastn as described
above for orthologs. A fragment was flagged as
(potentially) recombined in another strain when its
best blastn match in the latter strain showed
499.5% nucleotide identity, whereas its identity
in the remaining strains was o98%, which
corresponded to the average sequence divergence
between the S. baltica strains (that is B96.7%).
Such fragments and their adjacent fragments were
subsequently visually inspected to determine the
presence of recent homologous recombination as
shown graphically in Figure 2b. The recombined
fragments identified this way were further validated
by the genetic algorithm for recombination detection
(GARD) (Kosakovsky Pond et al., 2006a). Briefly, all
core genes in all genomes were concatenated to
provide a whole-genome core gene alignment. The
alignment was scanned in 1 or 2Kbp-long windows
by GARD (longer windows are too computationally
demanding for GARD) in a pairwise manner (that is
two genomes at a time) and the sequence windows
that provided d AIC values higher than B10 were
flagged as containing recombined segments, as
suggested earlier (Kosakovsky Pond et al., 2006a).
The recombined fragments identified by GARD were
contrasted with those identified by visual inspec-
tion of the nucleotide identity patterns (blastn
approach). Sequence fragments or genes that
showed high nucleotide identity (498%) between
all four genomes encoded typically for highly
conserved housekeeping genes such as the rRNA
operon genes. Such fragments were excluded from
the recombination analysis because it could not be
established whether the identity patterns observed
were due to recombination or high sequence con-
servation. Fewer than 100 fragments were excluded
from the analysis for the latter reason (from 43000,
in total; see Supplementary Table S1). The number
of synonymous substitutions per synonymous site
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(Ks) for every gene was calculated based on the
nucleotide codon-based alignment using the codeml
module of the PAML package (Yang, 2007).

DNA microarray construction and analysis
A detailed description of the DNA–DNA and gene
expression microarray experiments is provided in
the Supplementary Material.

Results

Unprecedented levels of genetic exchange among
spatially co-occurring S. baltica strains
To unravel the genetic diversity within our S. baltica
strain collection, four strains that represented the
most abundant lineages recovered among the 116
isolates comprising our collection (Supplementary
Figure S1) were fully sequenced. These strains were
OS155, OS185, OS223 and OS195 and were recov-
ered from three different depths of the Baltic Sea, 90,
120, 120 and 140m, respectively. These depths were
characterized by different redox potentials and
nutrient availability at the time of isolation. In
particular, the 140-m depth represented an anoxic
environment, with absence of oxygen, very low
nitrate concentrations (below 0.5 mmol l�1) and high
abundance of alternative electron acceptors such as
sulfur compounds (for example, S1, thiosulfate) and
metal oxides. The 120 and 90m depths were highly
comparable in terms of low oxygen and high nitrate
concentrations; at 120m reduced sulfur compounds

were also (occasionally) present, originating pre-
sumably from deeper anoxic waters (Figure 1a).

The four S. baltica genomes showed very similar
evolutionary relatedness among each other, for
example, they had identical 16S rRNA gene
sequences. To provide for a higher resolution, the
genome-aggregate average nucleotide identity (ANI)
(Konstantinidis and Tiedje, 2005) of all core genes
(n¼ 2500) with no detectable signal of recombina-
tion according to PhiTest analysis (Bruen et al.,
2006) was used. ANI analysis revealed that these
four genomes were not only very closely related but
also show comparable evolutionary relatedness
among each other, with their ANI values being
B96.7% for each pair of genomes compared
(Figure 1b). These values are higher than the 95%
ANI that corresponds to the 70% DNA–DNA
hybridization standard frequently used for species
demarcation (Goris et al., 2007); hence, these
genomes belong justifiably to the same species,
S. baltica.

Despite the comparable evolutionary relatedness
among all strains, strains from more similar depths
shared, in general, substantially more genes com-
pared with strains from more different depths. For
instance, OS195 shared 580 (non-core) genes with
OS185 and 350 with OS223, but none of these three
strains shared 4150 genes with OS155 (Supple-
mentary Figure S2). Remarkably, most (that is B350)
of the 580 genes shared exclusively between OS195
and OS185 and an additional B10% of their core
genes showed 99.5–100% nucleotide identity be-
tween OS185 and OS195, contrasting sharply with
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Figure 1 The S. baltica genomes. (a) The water chemistry profile at the site of isolation of the four genomes. Note that the appearance of
H2S at around 140m depth is, at least in part, because of the reduction of sulfur compounds, including sulfur disproportionation. The
whole-genome phylogeny of the genomes based on maximum likelihood analysis of the concatenated sequences of all core genes
(n¼B2500) that showed no evidence of recombination, performed as described earlier (Konstantinidis et al., 2006b), is shown in (b).
ANI values among the genomes based on the non-recombined core genes are also provided. (a) Adapted from Brettar et al. (2001).
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B97% identity for the rest of the genes in the
genome ando3% of high identity core genes (that is
99.5–100%) among the remaining pairs of genomes,
respectively (Supplementary Table S1). This pattern
became more obvious when the frequency of genes
was plotted against their nucleotide identity for
each pair of genomes compared (nucleotide identity
histograms, see Figure 2a). Notably, a similar
analysis of all pairs of genomes available in
GenBank with similar ANI (96.5–97.5%) and gen-
ome size (3500–4500 genes) to the S. baltica genome
pairs revealed that the gene nucleotide identity
distribution in the OS185 vs OS195 case was
unparalleled and significantly different from any
other distribution based on the z-test (P-value
o0.001). For instance, among the 125 pair-
wise comparisons of all available Escherichia coli
genomes, only E. coli strains E24377A and SMS-3-5
had about 150 genes with higher than 99.5%
nucleotide identity (still, four times fewer genes
compared with the OS185 and OS195 case; see
Figure 2a). We also observed about 200 genes with
499.5% nucleotide identity between OS195 and
OS223, while comparing OS155 against OS195,
OS185 or OS223 did not reveal more high identity
genes than the average of all genome pairs from
Genbank (that is no100).

As all S. baltica genomes show comparable
evolutionary divergence among each other
(Figure 1b), the high identity genes shared between
OS185 and OS195 cannot be attributed simply to
higher evolutionary relatedness between these two
genomes. These findings cannot be explained by
preferential deletion of the corresponding genes in
OS155 or OS223 either, because the pool of high
identity genes included several core genes that
showed nucleotide identities in the 95–98% range
against their OS155 or OS223 orthologs (see also

below). Instead, these findings are, most likely,
attributed to recent extensive horizontal exchange
between OS195 and OS185 or their immediate
ancestors.

Unconstrained homologous recombination mediates
the genetic exchange events
To further validate the earlier findings and provide
insights into the mechanisms mediating the genetic
exchange among the S. baltica strains, we examined
the functional role of all 100% nucleotide identity
genes shared between OS195 and OS185. The genes
were assigned to one of the following four cate-
gories: (1) genes related to metabolism and regula-
tion, (2) mobile elements (integrases, transposases
and genes contained within prophages, integrons
and plasmids), (3) hypothetical and (4) house-
keeping genes (genes related to central cell functions
such as replication and translation), which tend to
be more conserved than the genome average at the
sequence level (Konstantinidis and DeLong, 2008).
The analysis showed that most of the genes were
neither housekeeping nor mobile; instead, most of
them encoded for metabolic, transport and regula-
tory functions related mainly to secondary meta-
bolism. This functional gene distribution contrasted
strikingly with that of the OS195 vs OS155 pair or
the E. coli genome pairs, which were enriched in
housekeeping and hypothetical genes (Figure 2a,
inset). Thus, the majority of the exchanged genes do
not seem to be the product of a single, specialized
vector of HGT such as a bacteriophage or a plasmid.

Further examination of the nucleotide identity
patterns of the recently exchanged core genes
showed that these genes have been brought into
the genome through a homologous recombination
mechanism. For instance, the nucleotide identity
of the exchanged core genes between OS195 and

Figure 2 Nucleotide identity distribution of orthologous genes in the S. baltica genomes. (a) All genes in the OS195 genome were
compared with their orthologs in strain OS185, OS223 and OS155. For each pairwise comparison (see figure key), the number of orthologs
is plotted against their nucleotide identity. The solid line represents the average of 125 comparison of between E. coli genomes with similar
ANI (B97%) and number of orthologs genes (B3500) with the S. baltica genomes. Error bars represent 1 s.d. from the mean and the ‘X’
represents the value of the most outlier E. coli genome pair (discussed in the text). The inset in (a) shows the functional annotation of the
100% nucleotide identity genes identified for each pairwise comparison (for details, see text). An graphical representation of the type of
recent genetic exchange events assessed by our analysis is provided in (b). Note that the sequences of OS155 and OS223 show consistently
lower, and close to the genome average, nucleotide identities to their recombined counterparts in OS195 and OS185.
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OS185 against their orthologs in OS155 or OS223
was consistently o100%, and typically in the
95–98% range (for a graphical representation, see
Figure 2b; all data are available in Supplementary
Table S1). In addition, the majority of the recom-
bined core segments between OS185 and OS195
were randomly distributed in the genome (Figure 3,
innermost circle), did not show any strong biases in
terms of the function of the genes they contained
when compared against the rest of the genome
(Supplementary Figure S3) and were 0.5 to B10Kbp
long (average B1.5Kbp; Figure 4). Genes identified
as recombined based on such simple sequence
comparisons were further validated by GARD, an
advanced algorithm for homologous recombination
detection (Kosakovsky Pond et al., 2006b). In
general, there was a high agreement between the

two methods (480%) in identifying recently re-
combined fragments (Supplementary Figure S4).
About 10-fold more recombined core genes were
observed between strains OS195 and OS185
(n¼ 308) than between OS195 and OS233 (n¼ 48)
or OS195 and OS155 (n¼ 28), which is consistent
with higher genetic flow between OS195 and OS185
compared with the other genome pairs. The majority
of the non-core genes shared between OS195 and
OS185 showed similar patterns to those described
above for core genes, suggesting that they were also
brought in the genome through a similar mechanism
as the core genes. These patterns are best explained
by invoking an unconstrained mechanism for genetic
exchange among the S. baltica genomes such as
transformation or conjugation and homologous
recombination as the process through which the

Figure 3 Preferential genome wide and extensive genetic exchange between the S. baltica genomes. Circles represent (inwards): the
genome of OS195 (1); the conservation of the OS195 genome in OS185 (2), OS155 (3) and OS223 (4), with red denoting segments of the
genome that have been inverted in the latter genomes relative to the OS195; the positions of transposase (blue) and integrase (red) genes
in the genome of the OS195 (5); the position of the rRNA operons (6); all genomic islands shared between OS195 and OS185, colored
either yellow if they corresponded to prophage genomes and prophage remands or green if they encoded probable ecologically important
genes (7); the position of the recombined segments between OS195 and OS185 that contained only core genes (8). Note that the latter
segments do not show any spatial bias in the genome, are not typically associated with the mobile genes in the genome and represent a
substantial fraction of the core genome. Genomic rearrangements are frequently associated with mobile and rRNA genes (note the spatial
correspondence of the boundaries of the rearrangements with the position of the latter genes).
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exchanged DNA was incorporated into the genome.
Although the exact mechanism for genetic exchange
remains to be elucidated, the genome of S. baltica
encodes several genes with strong amino acid
similarity to known conjugative DNA transfer genes
and a complete recA-dependent homologous recom-
bination protein complex (Supplementary Table S1).

Assessing historical, as opposed to recent
(Figure 2b), recombination among the S. baltica
genomes was severely impeded by the very high
nucleotide relatedness of the genomes, multiple
(old) recombination events on the same segment of
the genome, and the process of amelioration of the
newly introduced DNA sequence into the recipient
cell (Lawrence and Ochman, 1997). Accordingly, we
report here on easily detectable, recent recombina-
tion events only.

Clonal or sexual speciation?
Even though precise dating of the genetic exchange
events cannot be made because of lack of under-
standing of important population parameters such
as the in situ generation time (Fraser et al., 2007),
a relative dating was attempted based on the
predicted number of generations (g). We quantified
g by dividing the average Ks value (synonymous
substitutions per synonymous site) of all core genes
with no obvious signal of recent recombination by
the mutation rate of bacterial genomes (5.4� 10�10

substitution/site/generation; Drake et al., 1998), as
suggested earlier (Wilson et al., 2009; Jarvik et al.,
2010). (Synonymous substitutions are thought to be
neutral and thus, reflect the intrinsic mutational

rate). The distribution of the Ks values of the core
genes approximated the normal distribution and
was very similar among all pairs of S. baltica
genomes (six pairs in total; see Supplementary
Figure S5A for OS195 vs OS185, Supplementary
Figure S6 for all pairs). The average Ks was
B0.0898, providing for a divergence time since the
last common ancestor of all genomes that corre-
sponded to 1.66� 108 generations (±1.03� 107

generations), with 95% confidence. By the same
token, and using the average Ks of all recently
recombined core genes between OS195 and OS185
(Ks¼ 0.0015), that is, the substitutions accumulated
since the onset of recombination, we estimated that
the recent recombination events identified here took
place within the latest B2.77� 106 generations.
Thus, recombination between OS195 and OS185
occurred within the latest B2% of the total
divergence time since the last common ancestor of
the S. baltica strains (Supplementary Figure S5B).
We also used the codon usage bias of each gene,
essentially as described earlier (Retchless and
Lawrence, 2007), to normalize the Ks values (and
derived divergence time estimates) for the different
mutational rates of the genes because of the varied
selection pressures acting on each gene. The normal-
ized Ks values provided for similar results to those
obtained with non-normalized Ks values (data not
shown).

Using a simple strategy based on the Ks values, we
also attempted to quantify the relative importance
of recombination to mutation. For the time that
recombination had been taking place between
OS195 and OS185, we assumed that the synon-
ymous substitutions brought in the genome by
mutation equal the total length of all core genes
(3.5Mb) multiplied by the number of substitutions
observed during this time (that is the Ks of
recombined genes, which equaled 0.0015). During
the same time, recombination purged a total number
of synonymous substitutions that equaled the
average number of substitutions between two
genomes before the onset of recombination (that is,
Ks of non-recombined genes—Ks of recombined
genes; or 0.0898–0.0015¼ 0.0883) multiplied by the
total length of the recombined core genes (0.20Mb
for OS195 vs OS185). Accordingly, the recombina-
tion (r) to mutation (y) ratio was B3.4:1 for OS195
and OS185, indicating sexual speciation (Fraser
et al., 2007). In contrast, and using the same
methods and standards, the recombination to muta-
tion ratio for the OS195 vs OS155 and OS195 vs
OS223 pairs was 1:5 and 3:5, suggesting clonal
divergence for these genome pairs.

Are the exchanged genes neutral or ecologically
important?
DNA–DNA microarray experiments using a S. baltica
pangenome oligoarray revealed that all OS195-
like (n¼ 10) and OS185-like (n¼ 3) strains in our

Figure 4 Length distribution of the recently recombined frag-
ments between OS185 and OS195. All genetic exchange events
between OS195 and OS185 similar to the two events shown in
Figure 2b were identified based on visual inspection of the whole-
genome alignments (as shown in Figure 2b and described in the
Materials and methods section). The graph shows the length
distribution of these recombined fragments.
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collection examined had consistently greater hybri-
dization signal for probes that corresponded
to recombined vs non-recombined core genes
(Supplementary Figure S7B). In addition, half of
these strains, including OS195 and OS185, were
isolated from the Gotland Deep sampling station in
1986 and the remaining half in 1987, whereas the S.
baltica population was estimated to be about 1000
cells per ml of seawater in both sampling years
based on most probable number estimates used with
several liquid media (Ziemke et al., 1997). There-
fore, the genetic exchange patterns revealed by the
sequenced genomes apply to a large collection of
strains and were persistent over a time (1986–1987)
in the natural S. baltica population.

Our data collectively reveal that the OS195 and
OS185 lineages have exchanged recently 420% of
their genome (core plus variable genes). The factors
that have fostered the recent and extensive genetic
exchange between OS195 and OS185 lineages
are not fully understood but several lines of
evidence seem to indicate that at least some of the
exchanged genes are ecologically important as
opposed to neutral. For instance, the strains of the
OS185 lineage and particularly those of the OS195
lineage were isolated from depths (Supplementary
Figure S7A) that were characterized by oxygen
depletion and presence of alternative electron
acceptors such as nitrate, manganese oxides and
sulfur compounds (Figure 1a). To take advantage of
the available electron acceptors, the strains pos-
sessed in their genomic islands several complete
operons that encoded for anaerobic respiratory
complexes and associated transport and cytochrome
proteins (Supplementary Figures S7C and S8;
Supplementary Table S2). In fact, the genes shared
only by OS195 and OS185 represented either
prophage related (that is ephemeral) or genes
related, almost exclusively, to anaerobic metabolism
and transport (Figure 3, 7th circle). It also appeared
that the isolated OS195 strain, which apparently
had migrated (sink?) in deeper waters after the
recombination event(s) between the OS195 and
OS185 lineages, had presumably adapted further to
the more anoxic environment of the deeper waters.
For instance, its genome encoded additional geno-
mic islands for anaerobic lifestyle, such as a
dimethyl sulfoxide reductase containing island
(Supplementary Figure S7C) and OS195-like strains
were more abundant and consistently recovered
from this depth in both sampling years (Supple-
mentary Figure S7A).

Although the substrates of the anaerobic genes
shared between OS185 and OS195 remain specula-
tive, laboratory microarray analysis revealed that
some of these genes were expressed in OS185 and
OS195 strains in response to anaerobic growth with
nitrate or thiosulfate, indicating that they may be
functional. The level of induction of the anaerobic
metabolism genes examined typically varied be-
tween OS185 and OS195. For instance, the nrf

operon, which was shared exclusively between
OS185 and OS195 (Supplementary Figure S8) and
encodes for genes putatively involved in the
dissimilatory nitrate reduction to ammonia (Hussain
et al., 1994), was significantly induced by thio-
sulfate in both strains but by nitrate only in OS195
(Supplementary Figure S9). These variations in the
level of induction may be due to the artificial batch
conditions used in the laboratory compared with the
in situ conditions, the experimental noise of the
microarray measurements, and/or the varied degrees
of ecological/genomic adaptations, which may have
altered metabolic and regulatory networks between
the two strains.

Consistent with their ecological role, bioinfor-
matics sequence (Supplementary Table S1) and
DNA–DNA microarray (Supplementary Figure S7C)
comparisons suggested that most of the anaerobic
metabolism genes shared between OS195 and
OS185 were absent from strains of the OS155
lineage, which originated from (more) oxic waters
(90–120 vs 120–140m for strains of the OS195
lineage). In addition, competition growth experi-
ments suggested that OS155 was outcompeted by
OS195 under anaerobic conditions; for example,
OS195 growth rate and final optical density in
anaerobic medium (ZoBell agar or with thiosulfate
as electron acceptor) were twice as high as those for
OS155. Some of the potentially ecologically impor-
tant genes shared between OS195 and OS185 (but
not OS155), but not all (for example, thiosulfate/
nitrate respiration; see Supplementary Figure S7C),
were also present in OS223 (isolated from 120m
depth), whereas the number of genetic exchange
events between OS195 and OS223 was higher
compared with OS195 and OS155 (48 vs 28,
respectively) but not as high as between OS195
and OS185 (308 events). These findings might
indicate that although OS223 was isolated from
the same depth as OS185, it might had occupied a
slightly different ecological niche in the water
column relative to OS185 or OS195, for example,
being associated with sinking particles as opposed
to being planktonic (or vice versa) or being
transient or allochthonous at the 120–140m depth
(see also Discussion below). In agreement with the
latter hypothesis, only one other OS223-like
strain was recovered in our 1986 or 1987 isolation
efforts.

Regardless of what the exact ecological niche of
the strains or the environmental stimuli that the
genes respond to may be, our findings collectively
indicate that more anaerobic metabolism genes had
been exchanged between strains from more similar
(deeper) waters and these genes were apparently
important for the successful adaptation of the strains
in the deeper, more anoxic, waters. They also reveal
that genomic adaptation of the S. batlica strains
to their immediate environmental conditions,
mediated by HGT, may be very fast and lead to
sexual divergence (speciation).

Unprecedented levels of HGT among spatially co-occurring Shewanella bacteria
A Caro-Quintero et al

137

The ISME Journal



Discussion

To the best of our knowledge, such rapid, extensive
and genome-wide adaptation in immediate response
to environmental settings, mediated by directed
(as opposed to promiscuous) genetic exchange,
as the one seen in the OS195 and OS185 or
OS223 genomes, has never been observed earlier
(Figure 2a). Thus, our findings advance understand-
ing of the speed and mode of bacterial adaptation
and underscore the important relationships between
ecological setting, biotic interactions and genetic
mechanisms that together shape and sustain micro-
bial population structure. Extensive genetic
exchange between co-occurring strains has been
previously implied by metagenomic studies of
natural populations (Tyson et al., 2004; Konstanti-
nidis and DeLong, 2008), but the fragmented nature
of these data sets did not allow robust estimations of
the magnitude of the genetic exchange at the whole-
genome level or assessment of its ecological
consequences (Eppley et al., 2007; Konstantinidis
and DeLong, 2008). Recent studies of isolated strains
have also reported elevated levels of genetic
exchange between pathogenic bacteria such as
between distinct Campylobacter species (Sheppard
et al., 2008) or within Vibrio cholerae (Chun et al.,
2009). However, the genes exchanged in these cases
are typically limited to a few environmentally
selected functions and show strong biases in terms
of spatial location in the genome (Caro-Quintero
et al., 2009). Accordingly and in contrast with
S. baltica, genetic exchange is unlikely to lead to
sexual speciation and population cohesion in such
cases.

The S. baltica genomes reveal that genetic
exchange, mediated by homologous recombination,
could constitute an important mechanism for popu-
lation cohesion among spatially co-occurring pro-
karyotes, similar to the role of sexual reproduction
in higher eukaryotes. Therefore, our results provide
the experimental evidence in support of recent
computer simulation studies that suggested that
recombination-driven sexual speciation is possible
in bacteria (Fraser et al., 2007). Despite the extensive
recombination observed, the S. baltica genomes
show no evidence in support of the recently
proposed fragmented speciation model for bacteria
(Retchless and Lawrence, 2007). For instance, the
predicted signature of this model, that is, ecological
genomic islands are surrounded by increased levels
of nucleotide divergence between ecologically dis-
tinct (for example, OS195 vs OS155) but not
between ecologically coherent (for example OS195
vs OS185) populations, was not observed (Supple-
mentary Figure S10). The signature was also not
observed in comparisons between selected S. baltica
strains and other closely related (that is, sharing
80–88% ANI to S. baltica) but ecologically distinct
sequenced Shewanella genomes of Shewanella sp.
MR-4 and MR-7 from the Black Sea, Shewanella sp.

ANA-3 and Shewanella oneidensis MR-1 from
freshwater ecosystems in the Unites States
(Konstantinidis et al., 2009). These results may be
due to the fact that the recombined fragments are too
small (Figure 4) for recombination to be affected
(reduced) by the presence of genomic islands (which
would act as barriers to recombination because the
sequence is not conserved) among ecologically
distinct organisms. Alternatively, the genetic
exchange between the incipient ecological distinct
species may not be maintained for long enough
evolutionary time as hypothesized earlier (Retchless
and Lawrence, 2007) for recombination to create the
signature of the model in the S. baltica case.

To what extent the patterns of genetic exchange
observed between OS195 and OS185 (Figure 2) and
their sister strains (Supplementary Figure S7) apply
to other natural sub-populations of S. baltica in the
Baltic Sea and what accounts for the reduced genetic
flow between OS185 and OS223 (same isolation
depth) compared with OS195 (different depth)
remain currently unknown. To address these issues,
in situ genomic studies (for example, metagenomics)
and sampling of the natural populations over time
will be required. However, the OS195 and OS185
example does raise the possibility that bacterial
adaptation through genetic exchange may be much
more rapid and extensive than previously antici-
pated and thus, it has broader implications for
understanding bacterial evolution and adaptation.
Our independent analyses have also ruled out the
possibility that the results reported here for OS195
and OS185 are attributable to manmade mixing of
the genomic DNA submitted to sequencing or the
derived sequences. For instance, if the results were
attributable to DNA mixing, we would not have
observed a significantly greater hybridization signal
with the recombined vs the non-recombined genes
during DNA–DNA microarray experiments (Supple-
mentary Figure S7). It also appeared that the
genomes of OS155 and OS223 had numerous and
extensive genomic rearrangements (transposition
and inversions) compared with those of OS195 and
OS185, whereas OS185 and OS195 genomes were
syntenic in almost their entire length (Figure 3,
outer cycles). Whether or not these rearrangements,
which could act as barriers to recombination
because the sequence is not syntenic, are respon-
sible for the reduced genetic flow between OS223 or
OS155 and OS195 relative to OS185 and OS195 is
not clear, but does represent an intriguing hypothesis
that warrants further investigations.

In summary, it seems as if the genome of S. baltica
adapts through continuous internal genome-wide
genetic exchange and rearrangement events
(Figure 3), in a highly dynamic (electron donors as
well as electron acceptors), nutrient-rich pelagic
environment. This differs fundamentally from what
was observed previously in other important marine
bacteria such as the Pelagibacter ubique (Giovannoni
et al., 2005) and Prochlorococcus marinus (Coleman
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et al., 2006), which have streamlined genomes,
developed over eons in rather constant, nutrient-
poor environments. The latter organisms represent
the ultimate marine k-strategist, whereas S. baltica
is very close to the ultimate r-strategist. The patterns
observed in S. baltica may be broadly applicable to
other bacteria that experience frequent environmen-
tal fluctuations in the marine environment and
elsewhere. Therefore, our findings expand under-
standing of the rate and mode of bacterial adaptation
and underscore the important relationships between
ecological setting, biotic interactions and genetic
mechanisms that together shape and sustain micro-
bial population structure.
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