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Niche partitioning and sequence evolution drive genomic and phenotypic divergence, which ultimately leads to bacterial diversiﬁcation. This study investigated the genomic composition of two Shewanella baltica clades previously identiﬁed through multilocus sequencing typing and recovered from the redox transition
zone in the central Baltic Sea. Comparative genomic analysis revealed signiﬁcantly
higher interclade than intraclade genomic dissimilarity and that a subset of genes
present in clade A were associated with potential adaptation to respiration of sulfur
compounds present in the redox transition zone. The transcriptomic divergence between two representative strains of clades A and D, OS185 and OS195, was also
characterized and revealed marked regulatory differences. We found that both the
transcriptional divergence of shared genes and expression of strain-speciﬁc genes
led to differences in regulatory patterns between strains that correlate with environmental redox niches. For instance, under anoxic conditions of respiratory nitrate ammoniﬁcation, OS185—the strain isolated from a nitrate-rich environment— upregulated nearly twice the number of shared genes upregulated by OS195—the strain
isolated from an H2S-containing anoxic environment. Conversely, OS195 showed
stronger induction of strain-speciﬁc genes, especially those associated with sulfur
compound respiration, under thiosulfate-reducing conditions. A positive association
between the level of transcriptional divergence and the level of sequence divergence for shared genes was also noted. Our results provide further support for the
hypothesis that genomic changes impacting transcriptional regulation play an important role in the diversiﬁcation of ecologically distinct populations.
ABSTRACT

IMPORTANCE This study examined potential mechanisms through which co-occurring

Shewanella baltica strains diversiﬁed to form ecologically distinct populations. At the
time of isolation, the strains studied composed the major fraction of culturable nitratereducing communities in the Baltica Sea. Analysis of genomic content of 13 S. baltica
strains from two clades representing different ecotypes demonstrated that one clade
speciﬁcally possesses a number of genes that could favor successful adaptation to respire sulfur compounds in the portion of the water column from which these strains
were isolated. In addition, transcriptional proﬁling of fully sequenced strains representative of these two clades, OS185 and OS195, under oxygen-, nitrate-, and thiosulfaterespiring conditions demonstrated that the strains exhibit relatively similar transcriptional
responses during aerobic growth but more-distinct transcriptional responses under
nitrate- and thiosulfate-respiring conditions. Results from this study provide insights into
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how genomic and gene regulatory diversiﬁcation together impacted the redox specialization of the S. baltica strains.
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haracterizing the potential mechanisms that bacterial strains have used to diverge
into distinct, functionally coherent populations has been greatly facilitated by
improved tools for comparative genomics, which can provide a more comprehensive
assessment of evolutionary history. Several important applications developed include
estimation of evolutionary relatedness using whole-genome sequences (e.g., average
nucleotide identity [ANI; 1]), proﬁling gene content differences among populations
favoring distinct environments (2), and assessing the extent of genetic material exchange (i.e., recombination frequencies) to infer dynamics of genome evolution (3, 4).
These tools have generated important insights into trajectories and mechanisms
regarding bacterial genome evolution (5–7). In the meantime, the relative importance
of transcriptional regulation in bacterial diversiﬁcation and adaptation has also been
reported. Insights are emerging on the breadth of intraclade-speciﬁc transcriptional
divergence that may develop among closely related strains (8–10). Increasing evidence
has shown that differences in gene expression patterns may contribute to niche
specialization (11–13). Nonetheless, further exploration of this ﬁeld is required, and
combined genomic, transcriptomic, and phenotypic data will provide a more holistic
understanding of the mechanisms underlying the bacterial speciation process.
The aim of this study was to investigate the contribution of gene content and gene
expression differences to diversiﬁcation of Shewanella baltica populations. The strains
used in this study were part of a strain collection obtained during 1986 to 1987 from
the Gotland Deep station in the Baltic Sea. The Gotland Deep is the largest basin in the
Baltic Sea. The presence of a steep halocline limits vertical mixing and promotes stable
stratiﬁcation of the water column where oxic and anoxic waters meet. The oxic/anoxic
transition zone is an energy-rich layer with changing concentrations of oxygen, nitrate,
and hydrogen sulﬁde. Periodic disruptions, such as the inﬂow of salt water from the
North Sea that occurred in 1993, can promote renewal of the deep water and temporary disruption of stratiﬁed zones in the water column, allowing bacterial populations
previously separated in stratiﬁed layers to mix and coexist until the water column
restratiﬁes. At the time that strains were collected in 1986, the water column had been
stably stratiﬁed for approximately 9 years (14).
All strains were assigned to the species named S. baltica based on conventional
genetic and phenotypic similarity standards. Nonetheless, further investigations based
on ﬁner-scale genotyping and metabolic proﬁling revealed substantial diversity at both
the genomic and phenotypic levels (4). Specialization of the S. baltica populations
corresponded to nutrient availability, redox conditions, particle association, and temporal distribution. Among the phylogenetic clades delineated through multilocus
sequence typing (MLST), two clades, MLST-A and MLST-D, were proposed to represent
two putative S. baltica ecotypes. MLST-A (corresponding to previously described clade
RAPD-A [15]) was the largest S. baltica clade obtained during 1986 and 1987. Clade A
strains were enriched in the oxic water-anoxic water transition zone where H2S was
present and were favorably obtained from anaerobic medium with supplementary
thiosulfate. This population is also metabolically versatile with regard to carbon source
utilization and respiratory capabilities, and its members were recovered at greater
frequencies as well as depths in the latter year. Compared to MLST-A, strains of MLST-D
(corresponding to the larger RAPD-C clade) share similar patterns with regard to
particle association and favored culturing conditions and yet were most frequently
obtained from the narrow zone where nitrate concentration and denitriﬁcation activity
peaked (14, 15). Therefore, this genotype is considered to be potentially important in
N cycling in the Baltic Sea. In a previous report, MLST-D and MLST-A strains were shown
to have extensively recombined in the recent past and to have exchanged over 20% of
aem.asm.org 2
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their genomes (16). Nonetheless, it is unclear what forces contributed to maintenance
of these strains as two genetically and phenotypically separated populations regardless
of the high frequency of recombination and their commonality in physiological characteristics or whether such forces were ecologically relevant.
Here, we used comparative genomic hybridization (CGH) to ﬁngerprint the genomic
contents of 10 MLST-A strains and three MLST-D strains and used comparative transcriptional hybridization (CTH) to assess the differences in gene expression of two
representative strains, OS195 and OS185, from MLST-A and MLST-D, respectively. The
strains were grown in medium with minimal nutrient input under oxic conditions or
were grown anoxically with supplementation of nitrate or thiosulfate as the sole
electron acceptor, mimicking simpliﬁed in situ conditions in the Baltic Sea. The results
yielded insights into how genomic and transcriptomic divergence contributes to
specialization of S. baltica populations and into whether there are trends associated
with ecological adaptation by these populations.
RESULTS
Comparative genomics revealed intraclade genomic homogeneity and ecologically relevant clade-speciﬁc genes. Hierarchical clustering grouped the targeted
strains into two clades, clade A and clade D (see Fig. S1 in the supplemental material),
consistent with the grouping by the MLST approach (4). The intraclade similarities for
strains of clades A and D were 99.06% and 99.40%, respectively, contrasting with the
average interclade similarity of 91.75% (Sorenson similarity based on gene presence/
absence proﬁles). Over 300 genes were unique to each clade; the majority encode
hypothetical proteins or were poorly characterized (Fig. S1). (Clade D unique genes
were deﬁned as those genes present in all three strains of clade D and not found
among the clade A unique genes; clade A unique genes were deﬁned as those genes
present in ⱖ9 of 10 clade A genomes and not found among the clade D unique genes.)
Nonetheless, a number of clade A-speciﬁc genes that are predicted to play a role in
respiration of sulfur compounds and that could be ecologically important for redox
adaptation were identiﬁed. Examples include the type I anaerobic dimethyl sulfoxide
(DMSO) reductase (S. baltica 195_2225-2230 [Sbal195_2225-2230]) and the sulﬁte
dehydrogenase (Sbal195_0006-0009) gene operons, both of which were unique to and
present in all clade A genomes. Transcriptomic analysis (see below) conﬁrmed expression of these genes under anoxic conditions. In summary, comparative genomic
analyses revealed intraclade homogeneity and that gene content differences were
potentially associated with redox specialization of clade A strains.
In order to assess whether the genes unique to clade A or D resulted from lateral
gene acquisition or gene loss, we mapped their presence/absence among a greater
number of S. baltica strains (4, 16). These include strains of clade B, which shares a
recent common ancestor with clade A; strains of clade C, which shares a recent
common ancestor with clade D; and 18 additional S. baltica strains. Figure S2 depicts
the phylogenetic relationship among these strains. (Table S1 provides gene-level
resolution of gene loss/acquisition analysis.) Brieﬂy, we consider genes/gene cassettes
to be laterally acquired when they appear in only one of these clades, whereas absence
of genes from a branch more likely associates with the process of gene loss. Here, most
clade A- or D-speciﬁc genes appeared to result from gene loss. Examples include loss
of sulﬁte dehydrogenases (Sbal195_0006-0009) in clade D and loss of a type III secretion
pathway-associated gene(s) (Sbal195_2246-2281) in clades C and D. Nevertheless, we
acknowledge that this method was based on simpliﬁed scenarios of the dynamics of
gene ﬂow. For instance, the DMSO reductase genes were categorized as representing
gene loss by the ancestor of clades C and D based on their presence not only in clade
A strains but also in four additional strains. However, the gene cassette was also
adjacent to a phage integrase (Sbal195_2224), implying a possibility of being laterally
acquired and spread through horizontal gene transfer. Accordingly, the frequency of
gene loss may be overestimated through this analysis.
February 2018 Volume 84 Issue 4 e02015-17
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On the other hand, gene acquisition was predicted for a number of genes and at
various stages. For instance, polysaccharide biosynthesis genes (Sbal195_3017-3035)
appeared to be acquired by the ancestor of clades A and B but were subsequently lost
by OS187 in clade B and preserved among clade A strains. Cytochromes corresponding
to Sbal195_0256-0258 might have been gained by the common ancestor of clades A,
B, C, and D and yet were lost in clade D. For the sulﬁte reductase sirABIGCDJKLM genes
(Shew185_3866-3877 or Sbal195_3991-4002), a part (Shew185_3866-3870 and Sbal195_
3991-3994) was shared among clades A, B, and D, with over 94% sequence identity
between OS185 and OS195. However, the other part of the operon, i.e., Shew185_38703877 in OS185, had lower similarity with its counterparts in OS195 (lower than 70% for
some genes) and yet shared over 93% sequence identity with CEQ32_13660-13695 in
Shewanella sp. strain FDAARGOS_354. Our results imply a possible scenario regarding
the evolutionary trajectory of this gene operon. The genes might have been initially
acquired by the common ancestor of clades A, B, C, and D and yet were subsequently
lost in clade C. Then, part of the gene cassette in OS185 underwent gene exchange,
possibly through homologous recombination with their counterparts in Shewanella sp.
strain FDAARGOS_354, therefore resulting in a “mosaic” pattern in the origin of genes
within the same gene cassette. Taken together, our analyses provide additional information on possible evolutionary trajectories of a subset of the clade A- and D-speciﬁc
genes. Nonetheless, more-accurate prediction of gene gain and loss will require wholegenome sequencing of a greater number of S. baltica strains.
Global transcriptional patterns of OS185 and OS195. Transcriptomic proﬁling
revealed a total of 1,209 genes in OS185 and OS195 that were differentially expressed
under oxic or anoxic nitrate- or thiosulfate-respiring growth conditions. These differentially expressed genes included those showing similar responses to different electron
acceptors between strains as well as those with divergent responses. Among the
approximately 300 genes that were unique to each strain, 49 (OS185) or 97 (OS195)
genes were differentially expressed under one of the conditions tested. We used
principal-component analysis (PCA) to visualize the global transcriptional patterns in
response to the availability of different electron acceptors based on genes shared by
both the OS185 and OS195 genomes (Fig. 1a) or on all differentially expressed genes
(including clade-speciﬁc genes) (Fig. 1b). In both cases, the differences between aerobic
and anaerobic respiration dominated and drove the ordination along PCA_1, which
alone accounted for 43.9% and 51.6% of the total variance, respectively. Considering
February 2018 Volume 84 Issue 4 e02015-17
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FIG 1 Principal-component analysis (PCA) of genes differentially expressed by OS185 and OS195 grown under oxygen (O), thiosulfate (T) and nitrate
(N)-respiring conditions. Analysis was done on (a) genes shared by OS185 and OS195 and (b) all differentially expressed genes.
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TABLE 1 Dissimilarity analysesa of OS185 versus OS195 on shared genes
Euclidean distance
Condition
N
O
T

Adonis P
0.097
0.206
0.090

Adonis R2b
0.645
0.294
0.468

aThe

dissimilarity test was performed with gene expression proﬁles of strains growing in the presence of the
indicated electron acceptors: N, nitrate; O, oxygen; T, thiosulfate.
bR2, partition of the sum of squares.

Downloaded from http://aem.asm.org/ on December 19, 2018 by guest

only genes shared by OS185 and OS195, the transcriptional responses to nitrate or
thiosulfate respiratory conditions were more similar between strains, with OS185 and
OS195 samples clustering together and being separated by anoxic electron acceptors
along PCA_2 (Fig. 1a). When clade-speciﬁc genes were also included in the PCA, the
separation by anoxic electron acceptors was lost and the samples clustered by strain
along PCA_2 (Fig. 1b). Therefore, despite much smaller numbers of strain-speciﬁc genes
that were differentially regulated when grown in the presence of different terminal
electron acceptors, expression of these genes signiﬁcantly contributed to overall
transcriptomic differences between strains OS185 and OS195, especially under anoxic
conditions. In addition, the differential results with respect to expression levels of
strains of shared genes were more signiﬁcant under nitrate and thiosulfate-respiratory
conditions than under oxygen-respiratory conditions (Table 1). Therefore, our results
suggest that growth conditions not only determine the overall expression patterns of
shared genes but also impact the extent of divergence in gene expression levels
between strains.
The extent of transcriptional divergence decreases with sequence identity. To
identify potential mechanisms underlying differences in the transcriptional responses of
genes shared between the two strains (OS185 and OS195) under different respiratory
conditions, we determined the fold change differences for each shared gene under each
respiratory condition and plotted the results in relation to the percentage of nucleotide
identity of that gene. This analysis revealed that fold change differences in gene expression
decreased with increasing sequence identity between OS185 and OS195 (P ⬍ 0.0001 in all
cases) (Fig. 2), suggesting a positive correlation between divergence in transcriptional
regulation and divergence in genomic sequences. This pattern was more pronounced
under nitrate-reducing conditions than under thiosulfate-reducing conditions.
A previous analysis (16) demonstrated that large sections of the genomes in OS185
and OS195 had undergone recent recombination and typically show greater than

FIG 2 Differences in transcriptional responses of genes shared between OS185 and OS195 under different respiratory conditions [Δ(N.O.), nitrate
versus oxygen; Δ(T.O.), thiosulfate versus oxygen; Δ(N.T.), nitrate versus thiosulfate] decrease with sequence identity. Differences between OS185
and OS195 in the magnitude of gene expression changes (Log2) under the indicated respiratory conditions were calculated for each gene (y axis)
and plotted relative to the percentage of nucleotide identity of that gene (x axis).
February 2018 Volume 84 Issue 4 e02015-17
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FIG 3 Recombined genes share lower dissimilarity in expression patterns between OS185 and OS195.
Dissimilarities reported represent Euclidean distances calculated from gene expression proﬁles.

99.7% nucleotide identity. We reasoned that these recently recombined genes, which
may be undergoing convergent evolution, would be more likely to share regulatory
regions and have similar transcriptional proﬁles. To test this, we separated differentially
expressed genes into populations of recently recombined genes and nonrecombined
genes and determined overall dissimilarity scores between the two strains grown in the
presence of different terminal electron acceptors. Our results show that recombined
genes shared more similar overall expression patterns than nonrecombined genes (Fig.
3), which further conﬁrmed that genes that share greater sequence identity between
strains have lower divergence in gene expression patterns.
Characteristic gene expression under oxygen, nitrate, and thiosulfate respiratory conditions. In the presence of oxygen as the terminal electron acceptor, there
was increased expression of genes related to fast cell growth in both strains (Table
S3 and Fig. S3), e.g., upregulation of genes involved in membrane synthesis,
nucleotide metabolism, and translation processes. Aerobic growth also induced the
nitrogen starvation response, evidenced by upregulation of carbon cycling and
amino acid metabolism genes coupled with those encoding P-II and NtrC/NtrB
regulatory proteins. Upregulation of speciﬁc energy metabolism-related genes,
including those encoding a number of c-type cytochromes (Fig. S4), and of many
others that have been previously conﬁrmed to be involved in aerobic respiration by
Shewanella oneidensis MR-1 (17–19) was also observed.
Under nitrate- and thiosulfate-respiring conditions, expression of genes required for
anaerobic respiration increased (Table S4 and Fig. S5). Growth in the presence of nitrate
caused highly induced expression of both nitrate reductase subsystems in both strains, i.e.,
napBAD of subsystem I (Shew185_0823-0825) and napBC of subsystem II (napEDABC;
Shew185_1934-1938), as well as the nrfA gene encoding nitrite reductase (Shew185_3711)
(Fig. S6). However, the other nitrite reductase subsystem, nrfDCBA (Shew185_4151-4154),
was induced only under nitrate-reducing conditions in OS195 but was induced under
thiosulfate-reducing conditions in both strains. In particular, this operon was highly (6.65fold) upregulated in OS195 under conditions of thiosulfate growth, suggesting that it may
have functions different from those indicated by bioinformatic annotation. Indeed, one of
the genes in this operon (Shew185_4151) has been alternatively assigned functions as a
polysulﬁde reductase (Pfam) or a nitrate reductase (KEGG Orthology), indicating the need
for further resolution based upon functional characterization.
Growth in the presence of thiosulfate increased the expression in both strains of
genes involved in inorganic ion transport and metabolism (Fig. S3; category T).
Characteristic induction included a number of those genes related to sulfur respiFebruary 2018 Volume 84 Issue 4 e02015-17
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FIG 4 (a) Percentages of total genes from different gene pools (genes recently recombined between
OS185 and OS195, genes shared between OS185 and OS195, or genes unique to OS185 or OS195)
contributing to overall transcriptomic differences. (b) Clusters of orthologous genes (COG) category
distribution of genes shared between OS185 and OS195 that exhibit dissimilar responses to oxygen (O),
nitrate (N), or thiosulfate (T) respiratory conditions between strains. See Table S2 for code description for
COG categories.

ration (Fig. S5), e.g., the genes encoding sulfur reductase (phsABC Shew185_05310533), sulﬁte/thiosulfate reductase (sirABIGCDJKLM Sbal195_3991-4002 in OS195,
Shew185_3866-3877 in OS185) (20), and a sulfate transporter-associated periplasmic monoheme cytochrome c (Shew185_0460) (21). Most of the genes mentioned
above were also induced under nitrate respiratory conditions, suggesting that
similar transcriptional regulators were activated during anaerobic respiration of
nitrate and thiosulfate.
Regulatory differences in shared genes. Among the shared genes that were
differentially expressed under at least one set of conditions (1,063 genes), fewer than
34% had consistent expression patterns under all conditions (i.e., were induced under
the same condition[s]) in both strains and 39% and 23% (309 and 241 genes) were
differentially expressed exclusively in OS185 and OS195, respectively. Differential expression of shared genes contributed to over 60% of the variation between OS195 and
OS185 (Fig. 4a). Under all three growth conditions, the greatest fractions of regulatory
differences in shared genes were attributed to genes with unknown function, followed
by those associated with energy production and conservation, amino acid metabolism,
and membrane synthesis. Genes involved in cell cycle control, nucleotide metabolism,
gene replication, and translation showed more similarity in expression patterns between strains (Fig. 4b). Genes associated with coenzyme transport, metabolism, and cell
motility contributed relatively greater fractions of transcriptional differences between
OS185 and OS195 under oxic conditions. Under nitrate-reducing conditions, genes
related to energy production and conversion, as well as those involved in replication,
recombination, and repair, showed relatively higher contributions to regulatory differences. Thiosulfate-reducing conditions led to higher regulatory divergence of genes
related to carbohydrate and lipid transport and metabolism.
February 2018 Volume 84 Issue 4 e02015-17
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In particular, our results revealed that the number of shared genes speciﬁcally
upregulated in OS185 markedly outnumbered the number speciﬁcally upregulated in
OS195 under nitrate-reducing conditions (Fig. 5). Speciﬁcally, 28 of these genes encode
transcriptional regulators, signal transduction components, and membrane sensors
(COG K and T categories), among which eight genes were upregulated by over 3-fold.
The predicted transcriptional regulators include those belonging to the TtrR, TetR, LysR,
GntR, HlyU, and HexR families, as well as other transmembrane and winged helix
transcriptional regulators. In contrast, only seven genes associated with the categories
listed above were found among the shared genes speciﬁcally upregulated by OS195,
none of which were highly induced. These observations potentially imply distinct
regulatory mechanisms exhibited by OS185 under nitrate-reducing conditions.
The pattern indicating that OS185 upregulated more shared genes in the presence
of nitrate as an electron acceptor also applies to highly induced genes (Table S5 and
Fig. S6 and S7), especially with regard to redox-related genes. For instance, the induction
of nitrate reductase subsystem I (napBAD; Shew185_0823-0825) relative to its expression level under aerobic conditions was 3.5-fold higher in OS185 than in OS195.
Similarly, the induction of the mtrABC operon was 3-fold higher in OS185 than in OS195,
that of frdBAC (Shew185_0614-0616) was 2.4-fold higher, and those of nitrite reductase
nrfA (Shew185_3711), formate dehydrogenase (Shew185_4100-4112), and the NiFe
hydrogenase (Shew185_1904-1915) were 1.3-fold higher. As a result, the level of
induction of shared genes was signiﬁcantly higher in OS185 under nitrate-reducing
conditions (Fig. 6). Our results imply that these unique regulatory patterns of OS185
may potentially be related to adaptation of clade D strains under nitrate-rich, oxygenlimiting conditions.

FIG 6 Mean levels of induction (fold change) in shared and unique genes. Asterisks (*) indicate signiﬁcant
differences in the levels of induction.
February 2018 Volume 84 Issue 4 e02015-17
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FIG 5 (a and b) The numbers of (a) upregulated and shared and (b) unique genes corresponding to strain OS185 (Induced-8) or strain OS195 (Induced-9) or
both strains (Induced-B) under oxygen (O)-, nitrate (N)-, or thiosulfate (T)-respiring conditions. (c) The total numbers of unique and shared genes in the genomes
of OS185 and OS195.
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Regulatory patterns of strain-speciﬁc genes. Under all three growth conditions,
greater numbers of strain-speciﬁc genes were upregulated in OS195 than in OS185 (Fig.
5), which also applies to highly induced genes. For both strains, most of the differentially expressed unique genes were of unknown functions. In OS185, the majority were
upregulated under oxygen and nitrate respiratory conditions, and many were distributed in a few putative genomic islands. These include a number of polysaccharide
biosynthesis genes (Shew185_2888-2903) and prophage components (Shew185_20932095) that were aerobically induced and a partially anaerobically upregulated genomic
region (Shew185_2534-2551). We did not identify OS185-speciﬁc genes whose induction could be clearly associated with clade D strains thriving under nitrate-respiring
conditions.
With regard to differentially expressed OS195-speciﬁc genes, nearly half of aerobically induced OS195-speciﬁc genes were involved in phage activity or encoded hypothetical proteins, with another 14% associated with membrane and polysaccharide
biosynthesis, whereas those induced under anoxic conditions involved a number of
oxidoreductases likely important for anoxic adaptation. Speciﬁcally, 14 OS195-speciﬁc
genes were upregulated under both nitrate and thiosulfate respiratory conditions (Fig.
S5), including the type I anaerobic DMSO reductase (Sbal195_2225-2230) and part of
the sulﬁte/thiosulfate reductase operon (sirABIGCDJKLM; Sbal195_3991-4002 in OS195).
(This operon, though homologous to Shew185_3866-3877 in OS185, had sufﬁcient
sequence divergence to be represented by different probes.) The sulﬁte dehydrogenase
(Sbal195_0006-0009) operon, also speciﬁc to the OS195 genome, was upregulated
under thiosulfate-respiring conditions by 4.8-fold relative to its expression under
oxygen-respiring conditions. As a result, the average fold induction of OS195-speciﬁc
genes was signiﬁcantly higher than that of the shared genes under thiosulfate-reducing
conditions (Fig. 6). Hence, expression of strain-speciﬁc genes, especially those associated with metabolism of sulfur compounds, may contribute to adaptation of OS195 in
anoxic water, especially where sulfur compounds are present as potential alternative
electron acceptors.
DISCUSSION
By comparing transcriptional responses to different environmentally relevant
electron acceptors between two fully sequenced members from closely related
clades of S. baltica strains, we demonstrated that both transcriptional divergence of
shared gene content and expression of clade-speciﬁc genes may contribute to
niche adaptation. These results highlight the importance of transcriptional characterization for studying bacterial diversiﬁcation into ecologically distinct populations. Compared to the number of studies that have investigated diversiﬁcation in
genome content among closely related microorganisms, far fewer studies have
assessed ecological implications of transcriptomic diversiﬁcation. Parkinson et al.
revealed that among coral-associated Symbiodinium strains, species-speciﬁc expression differences were enriched in photosynthesis-related genes, whereas strainspeciﬁc expression differences may contribute to host-symbiont genotype parings
(12). Carreto et al. reported that, compared to environmental, clinical, and laboratorial Saccharomyces cerevisiae strains, the winemaking strains had transcriptional
patterns associated with better adaptation, especially during fermentation under
nitrogen-limiting and stress-imposing conditions (13). Through investigating gene
expression differences between two Burkholderia cenocepacia strains, one isolated
as a soil dweller from an agricultural ﬁeld and the other as a pathogen from a cystic
ﬁbrosis (CF) patient, under conditions mimicking those two environments, YoderHimes et al. showed that the soil strain exhibited a stronger global transcriptional
response to its environment, which may provide competitive advantages under
nutrient-ﬂuctuating soil conditions (22). Here, our report presents an additional
example of transcriptional divergence among closely related strains, i.e., S. baltica
OS185 and OS195, and provides evidence indicating that differences in gene
expression were associated with the presence of terminal electron acceptors releFebruary 2018 Volume 84 Issue 4 e02015-17
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vant to their in situ conditions. Our results indicate that transcriptional diversiﬁcation, in addition to gene gain/loss, serves as an important mechanism underlying
bacterial adaptation and diversiﬁcation.
Expression divergence of shared genes is related to sequence dissimilarity.
Differential expression of shared genes played a more signiﬁcant role in overall
transcriptional diversiﬁcation between OS185 and OS195 than differences in expression
levels of unique genes. This observation is consistent with a few previous reports (9, 23)
and suggests that patterns of gene regulation may evolve faster than genome content.
However, there has been limited evidence about the degree of transcriptional divergence in relation to evolutionary distances. Vital et al. (9) reported that among
ecologically distinct Escherichia coli strains, highly differentially expressed genes shared
signiﬁcantly lower sequence identity. Here, the similarity in genome content between
OS185 and OS195, with an ANI of 96.6%, is higher than the similarity in those genomes
investigated by Vital et al. (mean pairwise ANI of 93.1%) (9), suggesting that such
patterns hold across even shorter evolutionary distances. Greater similarity in expression proﬁles of recombined genes further conﬁrmed the trend. However, there was also
evidence of rapid transcriptional divergence after recombination, with several recently
recombined genes exhibiting nearly or over 2-fold differences in induction between
OS185 and OS195, including genes encoding a methyl-accepting chemotaxis sensory
transducer protein (Shew185_3397), a redox-active disulﬁde protein (Shew185_3831),
and a few proteins with unknown functions. A possible scenario is that growth
conditions may differentially impact gene expression patterns of S. baltica strains by
imposing different levels of selective pressure, which further implies that the extent of
niche partitioning may impact the level of transcriptional divergence.
Niche overlap between OS185 and OS195. Although clades A and D were
categorized as representing two individual ecotypes, recombination analysis revealed
exchange of a signiﬁcant part of their genomes. A former habitat association analysis
also suggested that strains in the two clades shared similar patterns regarding isolation
medium and particle association (15). These observations may suggest that strains in
clades A and D occupy partially “overlapping” ecological niches. We show that OS185
and OS195 also share overlapping regulatory patterns of shared genes, with gene
expression proﬁles inﬂuenced more by respiratory electron acceptor than by strain
boundary (Fig. 1a). In particular, expression patterns of shared genes showed greater
similarity under oxic growth conditions than under anoxic conditions (Fig. 1 and Table
1). These more similar patterns for aerobic respiration and adaptation to speciﬁc anoxic
niches may reﬂect the strains’ adaptation to the ecological cycling of their environment.
During periods of stable stratiﬁcation of the water column, strains diverge to adapt to
speciﬁc electron acceptor niches within the water column. During periods of water
column renewal, strains coexist in the same, oxic environment until the water column
returns to its previous stratiﬁed state. However, how niche overlap among closely
related bacteria translates to overlap in gene expression patterns or genomic contents
is rarely known. This report provides some insights into this topic, and yet more
controlled experiments are required to quantify the extent of the associations. For
instance, investigating overlap as well as divergence in gene expression patterns
among experimentally evolved strains with known niche associations may lead to a
more complete understanding.
Specialization of OS185 and OS195 through differential regulation of shared
genes and niche-adaptive strain-speciﬁc genes. Despite the comparable fractions of
shared and strain-speciﬁc genes that were differentially expressed in OS185 and OS195
(23.8% and 23.9% for OS185; 22.1% and 22.9% for OS195), the patterns of overall
induction suggest specialization of the two strains occurring likely through two different strategies: specialization through acquisition or preservation of niche-adaptive
genes (OS195) and specialization through changes in transcriptional regulation
(OS185). For OS195, strain-speciﬁc genes showed signiﬁcantly higher levels of induction
than shared genes under thiosulfate-reducing conditions. In particular, these included
the gene encoding DMSO reductase and a number of other genes associated with
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respiration of sulfur compounds which were upregulated by OS195 under thiosulfateor nitrate-reducing conditions. These observations support the hypothesis that processes of gene loss/acquisition contribute to the specialization of OS195 as well as of
other clade A strains in the anoxic water zone of the Baltic Sea.
In contrast, we did not ﬁnd evidence of OS185-speciﬁc genes directly related to
nitrate respiration and yet instead observed marked regulatory differences among
shared genes. OS185 showed both higher levels of induction and a greater number of
shared genes upregulated than OS195 under nitrate-respiring conditions, including a
large number of putative transcriptional regulators that exhibited increased expression
under nitrate-respiring conditions. This indicates that the transcriptional response of
OS185 under nitrate-respiring conditions is more comprehensive than simply increasing expression of genes associated with nitrate respiration. On the basis of these results,
we propose that adaptation of OS185 occurred primarily through mutations that
altered gene expression rather than through acquisition of niche-adaptive genes
through horizontal gene transfer.
The ultimate root of the transcriptional differences that occur during evolution is the
change of sequences in genes or other DNA regions related to transcriptional regulation. In an extreme case, during a long-term evolution experiment using E. coli,
mutations in the sequence of one regulator gene resulted in changes of gene expression at the global scale (23, 24). Although it is not known whether differential expression of transcriptional regulators was directly responsible for the performance of OS185
under anoxic nitrate-respiring conditions, our report provides a reference for moreinformed selection of genes associated with S. baltica adaptation for further experimental investigation.
Implications for transcriptional divergence with ecotype distinction. The level
of regulatory differences that translates to a new ecotype has rarely been assessed. We
found that OS185 and OS195 share 65% overall regulatory similarity and 75% to 77%
regulatory similarity under any speciﬁc respiratory condition (based on Gower dissimilarity index data). This provides a rough estimate of the divergence in the levels of
gene expression that may develop between strains sharing comparable levels of
genetic relatedness. We acknowledge that the level of gene expression divergence may
vary with the growth conditions tested and with the investigation platform. Analysis of
expression patterns in a greater number of strains from each clade will no doubt
improve understanding of the extent of regulatory consistency within a speciﬁc genotype. Further, studying gene expression in strains spanning an evolutionary gradient
will allow a more conﬁdent assessment of the relatedness between gene regulation
and evolutionary distance and may provide more understanding of how genetic
similarity impacts similarities in gene expression. This report offers some insights into
this issue and indicates future directions for investigating the gene expression divergence that takes place as speciation occurs, as well as for describing species from the
angles of comparative transcriptomics and evolution of bacterial regulatory networks.
MATERIALS AND METHODS
Array design. Microarrays were made by MYcroarrays, LLC (Ann Arbor, MI, USA), using a proprietary
light-directed oligonucleotide synthesis method to synthesize 44-to-48-nucleotide-long probes on glass
slides. Probes were designed from the genomic sequences of four S. baltica strains initially sequenced.
For the purpose of probe design, those genes that shared 90% sequence identity over 90% of their
length between sequenced genomes were considered homologous and were treated as a single gene,
even when represented by more than one sequence. As homologous gene sequences diverged, probes
were designed using the following sequence preference: OS185 ¡ OS195 ¡ OS223 ¡ OS155. This
strategy resulted in generation of 30,000 probes, with up to 7 probes designed for each gene and up to
2 probes for each unique intergenic region. An additional 720 negative-control probes were included for
quality control.
Strain description and DNA array analysis. A total of 13 S. baltica strains which had been
previously described in reference 4 were used in this study. DNA extraction and comparative genomic
hybridization protocols are described in reference 16. In short, cells were grown aerobically in Trypticase
soy broth at 22°C. Genomic DNA was extracted according to reference 25, followed by sonication to
produce DNA fragments less than 3 kbp in size. DNA samples were labeled with the ﬂuorescent Cy5 dye.
Hybridization reactions were conducted at 50°C for 18 h. Arrays were scanned using an Axon GenePix
February 2018 Volume 84 Issue 4 e02015-17
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4000B scanner (one-channel hybridization). Values representing the mean intensity of signals from the
negative-control probes were subtracted from those representing the signals of all spots. For each gene,
the median value of normalized signals from all probes corresponding to the gene was taken to
represent the gene signal. The presence or absence of genes was determined based on an arbitrary
cutoff value, optimization of which yielded minimum false-discovery rates (FDR) based on hybridization
proﬁles from four reference genomes (OS185, OS195, OS223, and OS155). Numerically, the optimized
cutoff was 850 signal units, at which value the FDR was 2.2%. The full list of gene presence/absence data
for the investigated S. baltica strains is included in the supplemental material.
Expression array analysis. Cell growth conditions and RNA extraction and array hybridization protocols
are described in reference 16. Brieﬂy, three independent cultures of strains OS185 and OS195 were grown in
anaerobic HEPES medium (26) with 10 mM sodium fumarate at 22°C for 18 to 19 h before cells were pelleted
and transferred to HEPES medium lacking electron acceptors (aerobic) or containing 5 mM sodium nitrate or
10 mM sodium thiosulfate. All cultures were incubated at 22°C. The aerobic cultures were aerated by shaking
on an orbital shaker at 150 rpm. RNA was extracted from cell pellets using a Qiagen RNeasy kit, followed by
reverse transcription performed with random primers at 25°C for 10 min, 42°C for 70 min, and 70°C for 15 min
(Invitrogen). Labeled cDNAs were puriﬁed with QiaQuick MinElute PCR puriﬁcation columns and eluted in 12
l of RNase-free water (Qiagen). In the meantime, a reference cDNA pool was constructed using RNA from
cells of all four of strains OS155, OS185, OS195, and OS223 grown in HEPES medium containing 10 mM
sodium fumarate, 5 mM sodium nitrate, or 10 mM sodium thiosulfate under anoxic conditions or 10 mM
sodium chloride under oxic conditions.
For each hybridization experiment, 10 l of labeled cDNA from strain OS185 or OS195 was mixed with an
equal volume of labeled reference cDNA. The same oligoarray as that used as described above for DNA-DNA
studies was used for transcriptomic analysis. For each array, Cy3 and Cy5 signals were normalized to the
arithmetic mean of ratios using GenePix software. Features having fewer than 50% of pixels with signal more
than 2 standard deviations above background in both channels were excluded in downstream analysis. Genes
showing signiﬁcantly different expression levels between pairwise comparisons among the three growth
conditions were identiﬁed using signiﬁcance analysis of microarrays (27). Experiments were repeated in
triplicate, with each point plotted in the principal-component analysis (PCA). The full list of differentially
regulated genes for investigated S. baltica strains is included in the supplemental material.
Accession number(s). Original microarray data are saved in the GEO repository under accession no.
GSE100228.
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