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Abstract

A drop of seawater contains numerous microspatial niches at the scale relevant to microbial activities. Examples are abiotic
niches such as detrital particles that show different sizes and organic contents, and biotic niches resulting from
bacteria—phage and bacteria—phytoplankton interactions. A common practice to investigate the impact of microenvironments
on bacterial evolution is to separate the microenvironments physically and compare the bacterial inhabitants from each. It
remains poorly understood, however, which microenvironment primarily drives bacterioplankton evolution in the pelagic
ocean. By applying a dilution cultivation approach to an undisturbed coastal water sample, we isolate a bacterial population
affiliated with the globally dominant Roseobacter group. Although varying at just a few thousand nucleotide sites across the
whole genomes, members of this clonal population are diverging into two genetically separated subspecies. Genes
underlying speciation are not unique to subspecies but instead clustered at the shared regions that represent ~6% of the
genomic DNA. They are primarily involved in vitamin synthesis, motility, oxidative defense, carbohydrate, and amino acid
utilization, consistent with the known strategies that roseobacters take to interact with phytoplankton and particles.
Physiological assays corroborate that one subspecies outcompetes the other in these traits. Our results indicate that the
microenvironments in the pelagic ocean represented by phytoplankton and organic particles are likely important niches that
drive the cryptic speciation of the Roseobacter population, though microhabitats contributed by other less abundant pelagic
hosts cannot be ruled out.

Introduction

While waters at the ocean surface are a seemingly well-
mixed and diluted matrix, growing evidence has shown that
nutrients are not homogeneously distributed at the scale
relevant to microbial activities. Marine snow and other large
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developed novel strategies such as fast motility to respond
to these transient processes [7].

Recent studies suggest that biotic interactions among
microbial groups such as bacteria—phage [8, 9] and
bacteria—phytoplankton interactions [10, 11] are an impor-
tant source of microscale heterogeneity. Typically, an
average milliliter of a nearshore water sample is inhabited
by 10,000,000 viruses, 1,000,000 bacteria, 100,000 cya-
nobacterial cells, 1000 nanoflagellates, 10 dinoflagellates,
and 1 diatom [3]. Among the bacterial lineages, members of
the Roseobacter group in Alphaproteobacteria are particu-
larly abundant in coastal waters, making up one out of five
bacterial cells [12]. An increasing number of phages that
infect the Roseobacter group were isolated [13, 14], and
they are known to alter the metabolism and shape the
population structure of the Roseobacter hosts. For example,
one study showed that phage-infected Roseobacter cells
contain elevated intracellular metabolites compared to
uninfected cells and that the infected cells release labile
compounds which are utilized by uninfected ones [15],
suggesting that phage infection leads to resource re-
partitioning among cells. Another study showed that the
distinct phylogenomic clusters of a Roseobacter population
isolated from global oceans are not correlated with geo-
graphic regions or environmental conditions, but instead are
differentiated by subtyping with their co-isolated phages
[16], suggesting that phages may play a key role in driving
Roseobacter population differentiation and speciation.

Roseobacters are also among the most abundant bacterial
lineages associated with three dominant eukaryotic phyto-
plankton groups in today’s ocean [17-20] including diatoms
[21, 22], coccolithophores [23, 24], and dinoflagellates
[25, 26]. Much work has been done related to
Roseobacter—phytoplankton interactions, which were pro-
posed to occur within phycosphere, zones of concentrated
DOM with a few cell diameters surrounding individual
phytoplankton cells [10, 27, 28]. For example, in a simple
mutualistic laboratory co-culture system, the model
Roseobacter strain Ruegeria pomeroyi DSS-3 [29] utilizes
the fixed carbon and sulfonate compounds released from the
co-cultured diatom and, in return, the bacterium supplies
vitamin By, to the diatom [30]. Another Roseobacter line-
age Sulfitobacter prevalently co-occurs with diatoms [21],
and strains of this lineage isolated from a diatom species
were shown to promote the diatom reproduction by
secreting the phytohormone indole-3-acetic acid (IAA),
which is synthesized from the diatom-derived or intracel-
lular tryptophan [22]. In addition to these mutualistic
interactions, select Roseobacter members act as pathogens
to some phytoplankton lineages. For example, a Sulfito-
bacter member isolated from a coccolithophore species
was shown to have algicidal effects on the latter,
and the bacterial virulence is enhanced by the

dimethylsulfoniopropionate released from the alga [31].
Another study based on a laboratory co-culture of a
Roseobacter species Phaeobacter inhibens and a cocco-
lithophore species showed that the bacterium acts initially
as a mutualist with the young alga but later becomes a
pathogen when the alga gets older, and that the switch of the
bacterium’s role depends on the concentration of IAA that
the bacterium synthesizes from tryptophan exuded by the
algal cells [32]. It is worth mentioning that whether the
Roseobacter—phytoplankton interactions indeed occur
within phycosphere has not been directly tested due to
methodological limitations.

These studies suggest that Roseobacter—phage and
Roseobacter—phytoplankton interactions lead to the creation
of numerous microscale environments, but whether these
niches are equally available to drive evolution of the wild
Roseobacter population remains poorly understood. To
address this question, we employed a dilution cultivation
strategy which provides a better chance to obtain repre-
sentative Roseobacter members. A single coastal seawater
sample was kept from shaking and was not subjected to
filtration before bacterial isolation for the preservation of the
microenvironments, which differs from the previous studies
in which visible niches (e.g., particles and water column)
were separated and bacteria from each were collected. Our
strategy led to the cultivation of 16 Roseobacter isolates
identical at the 16S rRNA gene sequences. Detailed
genome-wide single nucleotide polymorphism analyses
showed that this population is under ongoing speciation,
and functional analyses and physiological assays suggest
that the phycosphere and organic particles are the likely
niches that drove the ongoing speciation, though micro-
environments provided by other less abundant pelagic hosts
cannot be excluded. Our procedure also led to the isolation
of a gammaproteobacterial Marinobacterium population,
whose evolutionary pattern was analyzed and made com-
parison to that of the Roseobacter population.

Materials and methods

A Roseobacter population and a Marinobacterium popula-
tion each consisting of 16 isolates were collected from a
single 1-L sample of surface seawater at the Southwestern
North Pacific coast using a dilution cultivation approach
(Fig. S1). Genomes of the 32 strains were sequenced using
Illumina, and the genome of the Roseobacter strain xm-d-
517 was additionally sequenced using PacBio and assem-
bled into a closed genome with one chromosome and one
plasmid.

The main body of the population-level analyses consists
of seven parts. The first five parts were done for both
populations and the remaining two parts were exclusive to
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the Roseobacter population. Different parts are inter-
connected, and the detailed rationale was elaborated in the
“Results and discussion”. First, the genetic diversity within
each population was approximated by the number of SNPs
per Mbp, which was calculated based on the whole-genome
alignment produced by progressiveMauve v2.3.1 [33].
Second, a maximum-likelihood phylogenomic tree was
constructed for each population using RAXML v8.1.22 [34]
based on concatenated single-copy core genes at the amino
acid level. The trees were rooted using their most closely
related genomes available in Genbank. The two deeply
branching clades were named Clade R-I and Clade R-II for
the Roseobacter population and named Clade M-I and
Clade M-II for the Marinobacterium population. These
genome trees were used in the following five parts. Third,
the relative frequency of recombination to mutation (p/6)
and the relative effect of recombination to mutation (r/m)
within each population was determined using Clonal-
FrameML vl1.1 [35]. The software also identifies the
recombined DNA segments and further differentiates the
segments recombined with external lineages from those
within the population. Fourth, whether the population sub-
division occurred (i.e., whether independent gene pool
exists) and if subdivided, whether the genetic separation is
congruent to the phylogenetic separation, was tested using
fineSTRUCTURE [36]. Fifth, the core genomic regions
underlying population differentiation were identified by
comparing SNP density within each clade and between the
two clades of each population. Here, the SNP density was
measured as the number of SNPs in an overlapping sliding
window of 10 kbp over the shared nucleotide sites along the
whole-genome alignment. The differentiated genomic
regions are expected to show increased SNP density in
between-clade comparisons (e.g., Clade R-I versus Clade R-
II) because of the fixation of distinct alleles within each
clade. Sixth, if the differentiated core genome regions were
the result of allelic replacements with divergent lineages,
these regions likely left a signature with an unusually large
evolutionary rate at the synonymous sites, measured as the
number of synonymous substitutions per synonymous site
(ds). The genes with unusually large ds values were iden-
tified using a recently developed approach [37], which
clusters gene families based on the pairwise dg values using
the k-means clustering method and subsequently identifies
outlier gene families with unusually large dg values. It also
allows the inference of the candidate ancestral branches at
which recombination occurred with an external lineage (i.e.,
the allele donor), but identification of the exact branch
requires phylogenetic analyses (see the seventh part). The
outlier ds analysis also has little information about the
identity of the donor, and again phylogenetic analyses help.
Seventh, the exact ancestral branch with divergent allele
replacements and the potential donors of divergent alleles
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were identified by comparing the gene trees with the gen-
ome tree. Due to the lack of appropriate outgroup lineages,
the gene trees were rooted using the midpoint rooting
approach, where we postulated that the evolutionary rate at
the synonymous sites is constant among closely related
lineages.

According to the functional annotations of genes trigger-
ing differentiation in the Roseobacter population, a series of
assays were performed to establish the potential link between
phenotypic and genotypic variation. These assays tended to
test swimming motility, sedimentation phenotype, tolerance
to H,O,-mediated oxidative stresses, tolerance to NaCl-
induced osmotic stress. In addition, the phenotype microarray
(PM) technology from BiOLOG™ was used to test the dif-
ferences in substrate (190 carbon sources) utilization among
the representative strains from the two diverged clades. All
technical details are provided in the Text S1.

Results and discussion

Genomic features of the Roseobacter population
varying at the strain level

The Roseobacter population consisting of 16 strains related
to genus Aliiroseovarius was isolated from a single coastal
seawater sample (physicochemical data shown in Table S1).
Six types of seawater media were used to isolate roseo-
bacters, and five of them recovered strains that contributed
to this population. The strains isolated with each medium
were named with a corresponding prefix (Table S2). Isolates
in the Roseobacter population share identical 16S rRNA
gene sequences with the average nucleotide identity (ANI, a
measure of genome-wide DNA sequence identity between
any two strains) of 99.76 +0.18%. After normalizing the
genome size (3.33+0.07 Mbp, more genome statistics
summarized in Table S3), we showed that the SNP density
across the core genome of the Roseobacter population is
4242 per Mbp (Table S4).

The level of genetic diversity in the Roseobacter popu-
lation described here is far lower than other bacterial
populations collected from environmental samples
(Table S4). For example, a marine Vibrio population with
20 strains harboring identical 16S rRNA genes has more
than 30,000 SNPs/Mbp in their core genomes [38]. In the
studies of host-associated bacterial populations, the term
“genetically monomorphic population” was coined to
describe the lineages containing very few polymorphisms
[39]. Examples include a population of typhoid-causing
Salmonella enterica with only 446 SNPs/Mbp in 19 strains
[40] and a population of plague-causing Yersinia pestis with
only 284 SNPs/Mbp in 17 strains [41] (Table S4). The
extremely low level of polymorphisms for these host-
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Fig. 1 Differentiation of the Roseobacter population. a The RAXML
maximum-likelihood phylogenomic tree and the fineSTRUCTURE
coancestry matrix. The rooted phylogenomic tree is shown on the left
(the outgroup not shown). Solid and open circles at the nodes indicate
the frequency of the group defined by that node is at least 95 and 80,
respectively, in the 100 bootstrapped replicates. The scale bar indicates
the number of substitutions per site. The two most deeply branching
clades, Clade R-I and Clade R-II, are highlighted in purple and green,
respectively. The last common ancestor (LCA) of each clade is marked
with an arrow. The coancestry matrix is shown on the right, with
warmer colors representing greater percentages of shared ancestry
between the strains under comparison. Strains assigned to the same
fineSTRUCTURE coancestry population are highlighted with red-
dashed boxes, and the dendrogram shows a clustering of the coancestry
populations based on the proportion of shared ancestry between
coancestry populations using an MCMC model-based clustering
method. A vertical bar indicates strains belonging to a monophyletic
group, which is connected to the coancestry population through a
dashed black line. b The ClonalFrameML inference of recombination
events. The genome phylogeny on the left represents a clonal tree after
the recombinant DNA segments are removed. On the right is the
representation of recombination events along the core genomes of the
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restricted pathogens is consistent with an evolutionary path
dominated by genetic drift [40] or clonal diversification
[41, 42]. While the SNP density of the Roseobacter popu-
lation presented here is not as low as that of the “genetically
monomorphic populations,” it is nevertheless the lowest
among all studied bacterial and archaeal populations sam-
pled from the ocean, soil, and hot spring (Table S4). This
extremely low genetic diversity provides a unique oppor-
tunity to look into the early events and mechanisms that
drove population differentiation.

; s
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population for each extant and ancestral branch of the phylogeny. Light
blue of the background indicates no substitutions. White vertical bars
denote nonhomoplasious substitutions introduced by mutations or
replacements of novel alleles from external lineages, whereas the yel-
low/orange vertical bars refer to homoplasious substitutions usually
contributed by intraspecific recombination events. Homoplasious/non-
homoplasious substitutions are each illustrated with an example next to
the representation of recombination events. The dark blue horizontal
bars represent recombination events, and three long recombined DNA
fragments in the Roseobacter population are highlighted with red
boxes. ¢ The distribution of SNPs along the genome. The closed
genome of strain xm-d-517 is used as the reference genome to count the
SNPs within 10-kb sliding windows. The SNP density is counted
within Clade R-I and within Clade R-II, respectively, as well as among
all strains from these two clades pooled together. The vertical dashed
line sets the boundary of the chromosome and the plasmid. The cross
symbols in the top plot represent the two SNPs occurring among
members of Clade R-I. The rectangular boxes in light blue at the
bottom plot indicate the locations of the recombined long DNA seg-
ments inferred with ClonalFrameML shown in (b). The red vertical
bars over the x-axis represent the 176 core gene families with evidence
of divergent allelic replacements based on the outlier dg analysis.

Phylogenetic and population structure of the
Roseobacter population

The maximum-likelihood phylogeny based on concatena-
tion of all single-copy core genes (the tree shown on the left
of Fig. la) showed that the Roseobacter population has
diverged into two genotypic clusters (hereafter Clade R-I
and Clade R-II). Note that these bacteria are not clustered
according to the media with which these bacteria were
isolated, suggesting that the isolation procedure has no
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impact on the Roseobacter population structure. For
example, Clade R-I consists of three nearly identical strains,
each isolated with a distinct medium. Likewise, the
remaining 13 more diverse Clade R-II strains are further
clustered to four sub-clades, none of which have their
members isolated with a single medium. Furthermore, the
topological structure of this phylogeny is consistent with the
clonal genealogy reconstructed using ClonalFrameML (the
tree shown on the left of Fig. 1b), which considers the effect
of homologous recombination (HR) on the reconstruction of
clonal relationships among individuals in a population [35].
Under the assumption that all recombination events from
external sources introduce novel polymorphisms, the model
in ClonalFrameML is able to distinguish the substitutions
introduced by recombination from the ones caused by point
mutations, resulting in an accurate inference of genealogy
[35].

An important parameter characterizing the bacterial
population structure is the relative importance of recombi-
nation to mutation [43—45]. The frequency of recombination
relative to the rate of point mutation (the p/0 ratio) was
estimated using ClonalFrameML. The results showed that
recombination occurs less than once every ten mutation
events (p/0 =0.076) in the Roseobacter population. Fraser
et al. employed a computer simulation and proposed that p/0
of 0.25-0.5 as the threshold delineating a clonal versus a
sexual bacterial population [46]. According to this criterion,
the Roseobacter population has a clonal population struc-
ture. Moreover, ClonalFrameML quantifies the effect of
recombination relative to mutation on genetic diversity (the
r/m ratio), a statistic that considers p/0, the length of
recombined DNA segments, and the allelic divergence
[35, 44]. Thus, the #/m ratio estimates the probability that
genetic variation at single nucleotide sites is caused by
recombination relative to that resulting from mutation. The
ClonalFrameML results showed that r/m is ~18 in the
Roseobacter population, suggesting that recombination has
a much greater impact on genetic diversity than mutation in
this population. The very high /m but very low p/0 of this
population suggests that recombination events occurred
rarely but in potentially long and divergent DNA segments.
This hypothesis is supported by the graphical presentation
derived from ClonalFrameML (Fig. 1b), which shows that
recombination is rare and that three large recombined
genomic regions are present in the population.

Subdivision of the Roseobacter population

Phylogenetic separation of closely related lineages is not
necessarily driven by genetic isolation of the lineages each
with an independent gene pool. It was proposed that phy-
logenetic trees are useful to infer population structure and
genetic separation only when the bacterial population is
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predominantly clonal with limited effect imposed by
recombination [41, 47-51]. We thus tested the hypothesis
that the clonal population structure of the Roseobacter
population correlates with the population subdivision
between Clade R-I and Clade R-II. This can be achieved by
explicitly calculating the extent of HR between the two
clades using the fineSSTRUCTURE coancestry analysis [36].
The algorithm assumes that each individual is a recipient of
the DNA from the remaining individuals (i.e., donors) in the
population, and finds the individuals that share ancestry
across different regions of the genome. This process is
performed separately for all individuals in the population.
The number of these genomic regions (termed as “chunk
count” or “coancestry value”) among all possible
donor-recipient pairs was then summarized into a coan-
cestry matrix. Based on this matrix, the software uses a
Markov chain Monte Carlo algorithm to group the indivi-
duals with similar coancestry patterns into a “fineS-
TRUCTURE population” [36].

This procedure led to the assignment of the 16 Roseo-
bacter strains to five distinct fineSTRUCTURE populations,
one in Clade R-I and four in Clade R-II (strains in red-
dashed boxes in the dendrogram at the top of Fig. la). As
expected, there is a greater proportion of coancestry within
each fineSSTRUCTURE population than between popula-
tions. Interestingly, the proportion of coancestry within the
fineSTRUCTURE population corresponding to Clade R-I is
very high, whereas that between the Clade R-I population
and the other four populations comprising Clade R-II is
very low (Fig. 1a). This striking difference suggests that
these two lineages were subdivided. Because the Roseo-
bacter population has extremely low recombination fre-
quency, the population subdivision was likely caused by
clonal diversification rather than sexual isolation as a result
of a recombination barrier. The latter mechanism is used to
explain population differentiation in Vibrio cyclitrophicus
[38], Sufolobus islandicus [52], Wolbachia [53], Myx-
ococcus xanthus [54], Polynucleobacter [55] and Rumino-
coccus gnavus [56] among other sexual populations [57].
Another observation is that membership of these five
fineSSTRUCTURE populations matches that of the five
monophyletic groups in the phylogenomic tree, and that the
clustering order of the five fineSTRUCTURE populations
based on the proportion of shared ancestry among popula-
tions (the dendrogram shown at the top of Fig. 1a) accords
well with the branching order of the corresponding mono-
phyletic groups shown in the phylogeny (the phylogenomic
tree shown on the left of Fig. la). This strengthens the
hypothesis that phylogenetic trees can be used to infer the
population structure of clonal bacteria [51]. As a compar-
ison, the frequently recombined Marinobacterium popula-
tion did not show the same evolutionary pattern (see
Text S2.1).
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Genomic regions underlying the Roseobacter
population differentiation

We asked which genomic regions of the Roseobacter
population were subdivided between Clade R-I and Clade
R-II. As population differentiation leads to the fixation of
different alleles, genomic regions underlying population
differentiation are expected to have a low amount of SNP
density when intra-population genomes are aligned, but to
show increased SNP density when the inter-population
genomes are compared. As illustrated in Fig. 1c, while there
are only two SNPs in Clade R-I and more but still a limited
number of SNPs in Clade R-II, the SNP density increases
sharply when genomes from the two clades were examined
together. Furthermore, the SNP density increase is largely
restricted to a few chromosomal and plasmid regions, sug-
gesting that these are the genomic regions underlying the
population differentiation.

Loci under novel allele replacement overlapped
with the genomic regions underlying the
Roseobacter population differentiation

As expected, these genomic regions with dense SNPs
(shown as rectangular gray shading in Fig. 1c) match well
with the three recombined long DNA segments inferred by
ClonalFrameML (shown as three red boxes in Fig. 1b). The
latter contains 189 protein-coding genes, among which 180
are single-copy gene families. Most polymorphic sites in
these genomic regions were subjected to nonhomoplasious
substitutions (shown as white vertical bars densely clustered
at the three genomic regions; Fig. 1b), whose allelic dif-
ferences could be explained by a single change (either
mutation or recombination with external lineages that are
phylogenetically distinct from the population under study
[35]) along the phylogeny (on the left of Fig. 1b). As
mutations occur more or less randomly across the genome,
they are not likely the dominant mechanism leading to these
nonhomoplasious substitutions which are clustered in the
genomic locations. Thus, these large genomic regions in the
Roseobacter population were likely replaced with novel
alleles derived from divergent lineages. Notably, one of
these genomic regions locates at the plasmid and covers
92% of the plasmid region. When these three regions were
excluded from the whole-genome alignment, the p/60
decreases slightly from 0.076 to 0.052, but the r/m drops
sharply from 18.10 to 1.13 (Table S5). These results suggest
that the evolution of the Roseobacter population is pro-
foundly affected by a few recombined DNA segments
representing only a tiny fraction (6.67%) of the genomes.
Another important prediction by ClonalframeML is that
these allele replacements occurred at the ancestral branch
giving rise to the last common ancestor (LCA) of Clade R-I

(shown as the dark blue horizontal bars within red boxes
and the LCA of Clade R-I locating at the same row;
Fig. 1b). This indicates that replacements with these
divergent alleles drove the differentiation of Clade R-I from
Clade R-1II.

If recombination with external species is the underlying
mechanism, it is expected that allelic replacements by
homologous sequences from divergent species leave a
strong signature of nucleotide substitution rate at the largely
neutral synonymous (silent) sites (ds) in the affected
protein-coding genes [58—60]. We have recently developed
a population genomic approach that allows for the detection
of core genes subject to novel allele replacement [37]. It
clusters all possible pairwise dg values over all single-copy
core gene families and subsequently identifies the outlier
gene family clusters [37] (Fig. S2A). By comparing the
pairwise dg values of the affected gene families within and
between lineages, this approach [37] further infers the
candidate ancestral branches where the allelic replacement
events occurred in the species phylogeny (Fig. S2B).

Using k-means clustering (k=2 based on the majority
vote of cluster indices implemented in R package
“NbClust” [61], see the details in Text S1; Fig. S2C) of dg
for each possible pairwise comparison among the 16
Roseobacter strains across 2846 shared single-copy gene
families, we identified two clusters of gene families. One
cluster contains 176 families showing unusually large dg for
between-clade comparisons and very small dg for within-
clade comparisons, whereas the other cluster contains 2670
families showing very small dg for both between-clade and
within-clade comparisons (Table S6). This result suggests
that genes in the first cluster were likely subject to novel
allele replacement either at the LCA of Clade R-I or at the
LCA of Clade R-II. Interestingly, 168 of these 176 outlier
genes locate in the genomic regions driving population
differentiation predicted by the SNP density plot (the “All
strains” plot of Fig. 1c) and the ClonalFrameML analysis
(the three red boxes in Fig. 1b). In total, the dg clustering
method, together with the ClonalFrameML analysis, iden-
tified 200 nonredundant core gene families that may be
involved in the novel allele replacement and likely drive the
genetic separation of Clade R-I from Clade R-II

Accessory genomes may not play a leading role in
driving population differentiation

The above analyses focused on the genes in the core gen-
omes (i.e., 2898 gene families shared by all 16 strains in
which 2846 are single-copy families) that drive differ-
entiation between Clade R-I and Clade R-II in the Roseo-
bacter population. Here, we further explored the 736 gene
families in the accessory genomes that are shared by a
subset of the 16 strains. Among the accessory genes, 44 and
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9 families were universally and exclusively found in Clade
R-I and Clade R-II, respectively. Most (37/53) of these
clade-specific genes encode proteins with unknown func-
tions (Table S7). A few encode mobile genetic elements
(MGEs). Among the remaining, genes specific to Clade R-I
involve in regulation, restriction modification, oligopeptide
transportation and opine metabolism, and genes specific to
Clade R-II are limited to regulation. Next, both core and
accessory genes were mapped to the population’s pangen-
ome (Fig. 2), which was constructed using the closed
genome of xm-d-517 (Fig. S3) as a backbone. More than
half of the genes specific to Clade R-I co-localize with the
200 core genes that were largely affected by recombination
(Fig. 2), consistent with the finding that the major allelic
replacements of the 200 core gene loci occurred at the LCA
of Clade R-I. Furthermore, mapping of MGEs showed that
most of the 200 core gene families co-localize with MGEs
including those being part of the core genomes (e.g., the
plasmid) and part of the accessory genomes (e.g., some of
the genomic islands, insertion sequences, and prophages)
(Fig. 2). Taken together, our analyses showed that some
MGEs from both the core and accessory genomes may be
associated with the divergent allele replacement events, but
the accessory genomes rarely carry functionally important
clade-specific genes and thus may have a limited role in
driving the differentiation of the Roseobacter population.

Genome-wide nonsynonymous changes are
concentrated in the core genomic regions driving
population differentiation

Most of the 200 core genes that triggered population differ-
entiation left genetic signatures at synonymous (silent) sites,
manifested as unusually large dg values in these genes, but
they are also expected to accumulate differences at non-
synonymous (amino acid changing) sites to enable functional
changes of these genes. Indeed, among the 194 (out of 200)
single-copy core gene families subjected to recombination
with external lineages, 179 genes harbor the substitution at
the amino acid level, which is in sharp contrast to only 309
genes showing amino acid substitutions in the remaining
2652 genes in core genomes (Table S8; ;(2 test, p <0.001).
Furthermore, among the 2746 amino acid variants across all
2846 single-copy gene families, 2156 (78.51%) occur in
those 194 single-copy core families (Table S8; 3 test, p <
0.001). Among the 2156 amino acid variants found in those
194 families, 1832 (84.97%) are biallelic variants each uni-
versally and exclusively present in either Clade R-I or Clade
R-IT (Fig. 2). Hence, clade-specific allele fixation at non-
synonymous sites is highly concentrated in the genomic
regions driving population differentiation, suggesting that
important functional changes may have occurred in some of
the encoded proteins at these loci.
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Phycosphere is a likely niche that drove Roseobacter
population differentiation

The 200 core gene families are involved in a variety of
cellular functions, including organic substrate utilization
(monosaccharides, organic acids, amino acids, polyamines),
vitamin B (biotin) biosynthesis, molybdenum and tungstate
acquisition, resistance to oxidative stress, lipopolysacchar-
ide synthesis, polar flagella assembly, DNA repair, RNA
processing and modification, cell division, and cell cycle
(Table S9). Many of these functions match well with the
known strategies that Roseobacter and other marine bacteria
use to interact with eukaryotic phytoplankton, including
motility and chemotaxis as a prerequisite to establish sym-
biosis with phytoplankton [62], degradation of extracellular
reactive oxygen species commonly produced by phyto-
plankton and enriched in phycosphere [63, 64], and provision
of biotin to phytoplankton in exchange of organic substrates
[17, 65, 66]. Our results suggest that the phycosphere, a
microscale layer rich in organic matter surrounding the algal
cells [10, 27, 28], is a potential niche that drove the Roseo-
bacter population differentiation. However, since only 5-8%
of the known marine phytoplankton species are biotin aux-
otrophs [67, 68], our interpretation is limited. Instead, some
of these functions might be equally important when roseo-
bacters interact with the abundant organic particles or other
less abundant hosts in the pelagic environments.

Roseobacter population differentiation at the
physiological level

If ancestral allelic replacements at the 200 loci triggered
population differentiation, it is expected that these geno-
typic variations may lead to phenotypic variations and that
at least some of the phenotypic differences were transmitted
to their descendants in today’s ocean. We thus performed a
few physiological assays to phenotypically diagnose two
representative strains (xm-d-517 and xm-m-339-2) from
Clade R-I and two (xm-m-314 and xm-v-204) from Clade
R-II.

First, motility assays were motivated by the prediction of
the genes (from xm-d-517_02347 to xm-d-517_02354)
involved in polar flagella assembly within the 200 core
genes (Table S9). After growing in the semi-solid agar plate
(0.18%, w/v) for 11 days, the Clade R-I members showed
significantly greater swimming zones than the Clade R-II
members (Fig. 3a), indicating stronger swimming motility
of the former. Consistent with this observation, the sedi-
mentation experiment showed that while the Clade R-II
members settled to the bottom following 24 h incubation in
liquid culture, the Clade R-I members failed to sediment
(Fig. 3b). The distinct sedimentation phenotype indicates
greater transcription levels of the flagellar genes in Clade R-
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Fig. 2 The pangenome of the Roseobacter population. From outer to the 16 Roseobacter strains, with the order following the display of

inner rings: (1) core genes with fixed amino acid changes between these strains in their phylogeny attached to the circos plot. The genome
Clade R-I (taxa shaded in purple) and Clade R-II (taxa shaded in of xm-d-517 is closed, which is used as a skeleton to build the pan-
green); (2) core genes (n=200) subjected to recombination with genome plot of these 16 strains. The core genes subject to recombi-
external lineages. These families are classified into four groups each nation with external lineages are clustered in two adjacent
with a distinct color. Each group represents a distinct history of chromosomal regions (framed in one box) and one plasmid region
recombination events illustrated in Fig. S9; (3) SEED subsystem (framed in another box). Mobile genetic elements including prophages
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each category shown in a distinct color. Unassigned genes are not mapped to each genome; (22) Chromosome and plasmid are indicated
represented; (4—5) genes universally and exclusively found in Clade in light blue and light red, respectively.

R-I (purple) and Clade R-II (green), respectively; (6-21) genomes of

I members according to a recent report [69]. As being Next, three genes were predicted to be involved in oxi-
motile is a prerequisite for roseobacters to establish sym-  dative stress response within the 200 core genes. They
biosis with phytoplankton [62], stronger motility of the  encode a catalase-peroxidase (xm-d-517_03124) for
Clade R-I members increases their chance to meet and  degradation of hydrogen peroxide (H,O,) and other reactive
interact with phytoplankton [10]. oxygen species [70], a hydrogen peroxide-inducible genes
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<« Fig. 3 Phenotypic differentiation of the Clade R-I (represented by

xm-d-517 and xm-m-339-2) and Clade R-II (represented by xm-v-
204 and xm-m-314) of the Roseobacter population. a Swimming
motility assay on semi-solid agar plates. 3 ul of a cell suspension from
sub-culture was spotted at the center of a semi-solid marine broth 2216
plate. After incubation for 11 days at 28 °C, the images were photo-
graphed and shown in the left panel. Results are representative of those
from three individual assays with identical results. In the right panel,
data shown was determined by measuring the swimming halo dia-
meter. b Sedimentation of Clade R-I and Clade R-II members. The
Clade R-II members show a clear sedimentation phenotype in marine
broth 2216 medium after 24 h of incubation at room temperature
without shaking, whereas the Clade R-I members did not settle under
the same conditions. The growth of the Clade R-I and Clade R-II
members under oxidative stress (d) and osmotic stress (e), respec-
tively. Tenfold serial dilutions of the strains were spotted onto marine
broth 2216 plates, which were used as the control (c). Plates were
imaged after two days. f The respiration curves of five substrates that
are utilized significantly differently as carbon sources by Clade R-I and
Clade R-II based on the analysis of phenotype microarray (PM)
microplates. Results are those of three replicated analyses. The curves
for all carbon sources in both microplates (PMO1 and PMO02) are
shown in Figs. S4 and S5. (g) Growth experiments used to test whether
polyamines (putrescine and spermidine) can be utilized as a sole
nitrogen source, in which three replicates were performed for each
strain. Left: the negative control without any nitrogen source, the
positive control when NH,4CI is used as a sole nitrogen source, and
another control inoculated in rich medium (DifcoTM Marine broth
2216). Middle and right: the growth curves of the four strains with
putrescine and spermidine as a sole nitrogen source, respectively.

mediated oxidative stress than Clade R-II members (Fig. 3¢
vs. d), potentially increasing the chance of Clade R-I
members to survive at phycosphere where H,0, is enriched
compared to the bulk seawater [63, 64].

Third, the gene encoding a choline dehydrogenase (xm-
d-517_02345) is included in the 200 core genes. This gene
is a part of the choline—glycine betaine pathway, which may
increase a bacterium’s osmotic tolerance [73]. Our assay
results showed that Clade R-I members, especially strain
xm-d-517, show stronger tolerance to NaCl-induced
osmotic stress than Clade R-II members (Fig. 3c vs. 3e),
though whether phycosphere has a distinct osmotic pressure
from the bulk seawater has rarely been discussed. Note that
choline can be an excellent nitrogen source to members of
the Roseobacter group [74]. Therefore, an alternate expla-
nation for the observed divergent choline dehydrogenases
between the two clades is that Clade R-I and Clade R-II
members may show differential efficiency in utilizing cho-
line as a nitrogen source.

Lastly, as ~40 of the 200 core genes were predicted to
take up and/or catabolize organic compounds including
carbohydrates, amino acids, and polyamines among others
(Table S9), we employed the PM technology [75] to sys-
tematically investigate the substrate utilization differences
between the two clades. As expected, most of the tested 190
carbon sources were not differentially utilized because of
the extremely high genetic similarity among the members of

the Roseobacter population. Five substrates including D-
galactono-1,4-lactone (Fig. S4-C02), a-Ketoglutaric acid
(Fig. S4-D06), a-Ketobutyric acid (Fig. S4-D07), and
L-threonine (Fig. S4-G04), and p-Hydroxy-Phenylacetic
acid (Fig. S4-H02), however, indeed differentiated the two
clades (Fig. 3f), with D-galactono-1,4-lactone supporting
higher growth of the Clade R-II members and the other four
more favorably utilized by the Clade R-I members
(Table S10). Through phenotype-to-genotype mapping with
the opm package [76], we showed that the utilization of
L-threonine may be linked to the ilvA gene (xm-d-
517_02199 encoding L-threonine dehydratase which cata-
lyzes the conversion of L-threonine to a-Ketobutyric acid
and ammonium), which is a part of the 200 core genes
(Table S9).

A few other important substrates including putrescine
(see the PM results in Fig. S5-HO8) are also differentially
utilized by the four strains when they are used as a sole
carbon source, but the pattern disagrees with the phyloge-
netic divide of these strains. As putrescine and spermidine
are two important types of polyamines, which are prevalent
in the marine environments and may serve as both nitrogen
and carbon sources for the Roseobacter group [77], their
utilization was tested with additional growth assays (see
Table S11 and Text S2.2 for details). When used as a sole
carbon source, both polyamines showed different utilization
among the strains but inconsistent with the phylogenetic
divide (Fig. S6). When utilized as a sole nitrogen source,
however, spermidine supported higher growth of the Clade
R-II members than that of the Clade R-I members (one-way
ANOVA, p<0.001; Fig. 3g), though putrescine did not
differentiate the two clades. While the above phenotypic
differences may be ascribed to the genotypic differences of
the related core genes due to allelic replacements at these
loci, direct evidence supporting such link is not available.

History and pattern of novel allele replacements in
the Roseobacter population

We showed that Clade R-I members outcompeted Clade R-
II members in most of the assayed physiological traits, and
these traits are exclusively encoded in the core genes that
drove Roseobacter population differentiation. This obser-
vation led us to hypothesize that the LCA shared by Clade
R-I and Clade R-II may not be able to efficiently exploit the
phycosphere; instead, it was the LCA of Clade R-I that was
replaced with novel alleles at these core gene loci, and these
events enabled the Clade R-I members to more efficiently
explore the phycosphere niche and eventually drove their
genetic separation from the parental population which is
now represented by Clade R-II. Alternatively, the LCA
shared by Clade R-I and R-II may interact with one phy-
toplankton taxon frequently, and the allelic replacements at
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the LCA of Clade R-I allowed it to efficiently explore a new
phytoplankton taxon, which may release more nutrients but
impose a higher oxidative stress. In this case, adaptation to
different groups of phytoplankton may drive the genetic
divergence of the two clades. Addressing these questions
requires additional analyses, because the bioinformatics
analyses presented so far provided limited information
regarding the history of the recombination events affecting
these 200 core gene families. For example, the phyloge-
nomic tree shows that Clade R-I is subtended by, rather than
embedded in, Clade R-II (Fig. la left), thus it cannot tell
that Clade R-I was the derived subpopulation. Likewise, the
fineSSTRUCTURE coancestry matrix shows that Clade R-I
and Clade R-II each have a largely distinct ancestor and
thus are genetically separated (Fig. 1a right), but it does not
have information regarding which clade evolved earlier.
Although the ClonalFrameML analysis supported that the
novel allele replacements occurred at the LCA of Clade R-I
(Fig. 1b), it is not clear which donor lineages contributed to
the novel alleles and whether multiple recombination events
occurred with small DNA segments or few events occurred
with long segments.

These questions can be addressed by comparing the
topology of the gene trees of the 200 core genes subjected
to divergent allele replacements (see gene tree examples in
Fig. S7) with that of the species tree. A vast majority of the
200 gene trees showed that Aliiroseovarius crassostreae is
the most closely related lineage to the Roseobacter popu-
lation (Fig. S8A), suggesting that A. crassostreae or some
missing lineage closely related to it is the potential donor
that contributed to the novel alleles at these core loci.
However, the lack of appropriate outgroups prevented a
reliable inference of the evolutionary relationship between
Clade R-1, Clade R-II, and A. crassostreae (Fig. S8B, C, see
Text S2.3). We therefore employed an alternative approach
to deduce the gene tree topology. This approach was based
on the between-clade neutral genetic distance (measured as
between-clade dg values), and the root was set between the
two clades with the greatest distance (see Text S2.3). Next,
the comparison of topology was performed between the
inferred gene trees and the species tree to extrapolate the
recombination history of these genes (Fig. S9; Text S2.3).

The recombination history analysis showed that the 200
core genes drove speciation by replacing novel alleles from
other Roseobacter lineages related to A. crassostreae. It
identified the LCA of Clade R-I as the primary recipient of
the novel alleles. As these 200 core genes are clustered into
two adjacent chromosomal regions and a plasmid region,
the allelic replacements at the LCA of Clade R-I likely
proceeded by a few recombination events involving long
DNA segments. This is also supported by the very low p/6
(relative rare recombination events) but a high »/m ratio
(long DNA segments involving recombination) calculated
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from the core genome alignments (Table S5). Our approach
further inferred that the ultimate allele donor lineages for
152 of the 200 genes (sum of the genes following Fig. S9-i
and S9-ii) are phylogenetically distinct from those for the
remaining 48 genes (sum of the genes following Fig. S9-iii
and S9-iv). One explanation is that the new allelic repla-
cements at the initial recombination events involving long
DNA segments were not adaptive or even deleterious at
some loci, and fine-tuning at these loci occurred by
recombining with a different external lineage.

Conclusion

Our finding that population differentiation occurred in a
Roseobacter population with an exceedingly low SNP
density is surprising (Table S4) when compared with
reported free-living prokaryotic populations showing evi-
dence of speciation but much greater SNP density
(Table S4). Furthermore, in many populations studied pre-
viously, accessory genomes change much faster than the
core genomes and the former plays a leading role in driving
population differentiation [54, 78—84], but speciation of this
Roseobacter population was predominantly driven by alle-
lic replacements at three core genomic regions which
together make ~6% of the genomic DNA. It suggests that
ecological differentiation of the Roseobacter population
proceeded by adjusting existing functions at the SNP level
rather than gaining completely novel capabilities. In addi-
tion, the rare recombination (p/0=0.076) and extremely
low genomic diversity within Clade R-I suggest that the
differentiation in the Roseobacter population may be a
result of genome-wide selective sweep (see Text S2.4). To
our knowledge, this is likely the first evidence that genome-
wide selective sweep drives bacterial speciation in a natural
environment. As a comparison, we analyzed a sympatric
population affiliated with gammaproteobacterial Mar-
inobacterium recovered from the same sample (Table S12).
Although members of the Marinobacterium population are
more diverse than members of the Roseobacter population
at the 16S rRNA gene, the whole-genome ANI, and the
SNP density levels, the former shows no evidence of spe-
ciation (Figs. S10 and S11), likely owing to its high
recombination rate and the reduced genome (Fig. S12)
lacking motility and chemotaxis genes (Fig. S13) needed to
build symbiosis with phytoplankton or explore other
microenvironments (see Text S2.1).

There has been ample evidence showing that members of
the Roseobacter group are among the most active bacteria
that participate in bacteria—phage and bacteria—phytoplankton
interactions in the pelagic ocean [14, 21]. It is also becoming
increasingly clear that these trophic interactions largely drive
the oceanic carbon and nutrient cycles [10, 85], but how the
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microscale niches resulting from these interactions drive the
microbial genotype formation and evolution has been
understudied. Convincing evidence is available that phages
are an important driver in the differentiation of a Roseobacter
population related to Ruegeria mobilis [16]. However, that
population harbors a huge amount of intraspecific diversity
that exceeds our Roseobacter population by a factor of 15
(62,535 versus 4242 SNPs per Mb), and they were sampled
from global oceans that vary considerably in environmental
parameters including nutrients, temperature, salinity, and
dissolved oxygen among others. Therefore, a possibility that
fine-scale genetic differentiation within the population
defined by phage subtyping cannot be precluded. In recent
years, Roseobacter members have been used as model bac-
teria to study bacteria—phytoplankton interactions [22, 30—
32, 86]. While interactions with phytoplankton have been
implicated as one of the most important forces driving
Roseobacter evolution [17], evolutionary biology evidence
has never been available. Our comprehensive analyses pre-
sented here favored a role of Roseobacter—phytoplankton
interaction over that of Roseobacter—phage interaction in
driving the evolution of a pelagic Roseobacter population,
though other types of trophic interaction or organic particle
utilization cannot be ruled out. Further studies are needed to
find more direct evidence for these competing hypotheses.

Data availability

Genomic sequences of the Roseobacter and Mar-
inobacterium population are available at the NCBI Gen-
Bank  database under the  accession  number
WBXQ00000000-WBY V00000000.

Code availability

The scripts used for the population structure analyses,
recombination history inference, SNP density plot and
allelic replacements inference have been deposited in the
online repository (https://github.com/Xiaojun928/Popula
tion-genomics).
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