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ABSTRACT Bacteria belonging to the Pseudovibrio genus are widespread, metaboli-
cally versatile, and able to thrive as both free-living and host-associated organisms.
Although more than 50 genomes are available, a comprehensive comparative
genomics study to resolve taxonomic inconsistencies is currently missing. We ana-
lyzed all available genomes and used 552 core genes to perform a robust phylo-
genomic reconstruction. This in-depth analysis revealed the divergence of two
monophyletic basal lineages of strains isolated from polyclad flatworm hosts,
namely, Pseudovibrio hongkongensis and Pseudovibrio stylochi. These strains have re-
duced genomes and lack sulfur-related metabolisms and major biosynthetic gene
clusters, and their environmental distribution appears to be tightly associated with
invertebrate hosts. We showed experimentally that the divergent strains are unable
to utilize various sulfur compounds that, in contrast, can be utilized by the type
strain Pseudovibrio denitrificans. Our analyses suggest that the lineage leading to
these two strains has been subject to relaxed purifying selection resulting in great
gene loss. Overall genome relatedness indices (OGRI) indicate substantial differences
between the divergent strains and the rest of the genus. While 16S rRNA gene anal-
yses do not support the establishment of a different genus for the divergent strains,
their substantial genomic, phylogenomic, and physiological differences strongly sug-
gest a divergent evolutionary trajectory and the need for their reclassification. There-
fore, we propose the novel genus Polycladidibacter gen. nov.

IMPORTANCE The genus Pseudovibrio is commonly associated with marine inverte-
brates, which are essential for ocean health and marine nutrient cycling. Tradition-
ally, the phylogeny of the genus has been based on 16S rRNA gene analysis. The
use of the 16S rRNA gene or any other single marker gene for robust phylogenetic
placement has recently been questioned. We used a large set of marker genes from
all available Pseudovibrio genomes for in-depth phylogenomic analyses. We identi-
fied divergent monophyletic basal lineages within the Pseudovibrio genus, including
two strains isolated from polyclad flatworms. These strains showed reduced sulfur
metabolism and biosynthesis capacities. The phylogenomic analyses revealed distinct
evolutionary trajectories and ecological adaptations that differentiate the divergent
strains from the other Pseudovibrio members and suggest that they fall into a novel
genus. Our data show the importance of widening the use of phylogenomics for
better understanding bacterial physiology, phylogeny, and evolution.
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Hinger et al.

he genus Pseudovibrio belongs to the alphaproteobacterial family Rhodobacter-

aceae. These bacteria have been isolated from various marine habitats worldwide,
from polar to tropical regions (1). In recent years, this genus has attracted increasing
attention due to its recurrent association with marine invertebrates and its ability to
produce bioactive secondary metabolites (1, 2). Their great metabolic versatility allows
members of the genus Pseudovibrio to thrive under conditions of various nutrient
regimes by using diverse organic and inorganic substrates (3-6). Additionally, compar-
ative genomic analyses shed light on the mechanisms potentially used by these
bacteria to interact with their invertebrate hosts and microbiomes. Numerous secretion
systems, effectors, toxins, and biosynthetic gene clusters (BGCs) likely producing bio-
active compounds have been identified in almost all available genomes (7-10). Six type
strains have been described so far, and an additional species was recently proposed
based on genomic analyses (1, 11). Considering the descriptions of the type strains, the
genus appears homogeneous both physiologically and phylogenetically. However,
comparative genomics revealed the presence of clearly divergent strains (7, 10), but
these discrepancies have not been resolved to date.

The field of microbial taxonomy has changed considerably during the last decade
(12, 13), since the advent of phylogenomics greatly expanded the phylogeneticists’
toolbox to classify both cultured and uncultured species (12, 14). Currently, the 16S
rRNA gene is the most widely used taxonomic marker and is considered a gold standard
for the classification of both Bacteria and Archaea. However, the use of the 16S rRNA
gene alone has failed to provide robust classification on multiple occasions (15-18). In
contrast, phylogenomic analyses consider a set of several hundred phylogenetic marker
genes/proteins, ensuring more-robust tree topologies and increased phylogenetic
resolution (12, 14, 16-21). Moreover, the development of overall genome relatedness
indices (OGRI) has significantly improved our ability to classify both cultured and
uncultured microorganisms (12, 14, 17, 22, 23). Previously, standard polyphasic ap-
proaches have placed strains with pronounced genome reduction, namely, Pseu-
dovibrio stylochi and Pseudovibrio hongkongensis, in the Pseudovibrio genus (24, 25),
despite recent questioning of such a classification (10). The genome reduction raises
the issue of whether these Pseudovibrio strains have evolved under different selection
regimes. In fact, evolutionary models state that larger bacterial genome sizes are usually
the result of effective natural selection that would maintain genes in a genome, thus
counteracting their loss due to neutral processes (26).

Here, we used all 51 currently available Pseudovibrio genomes to perform an
in-depth phylogenomic reconstruction of the evolutionary history of this genus and to
resolve the taxonomic discrepancy concerning P. stylochi and P. hongkongensis. We use
this extensive data set to infer the evolutionary trajectories that led to the divergent
lineages, and we place the data in an ecological perspective. Using phylogenomics,
comparative genomics, and phenotyping, we show that P. stylochi and P. hongkongen-
sis form a basal monophyletic group within the genus that is genomically and meta-
bolically divergent from the other Pseudovibrio strains. For these reasons, we propose
the new genus Polycladidibacter gen. nov. to describe the previously named Pseu-
dovibrio stylochi and Pseudovibrio hongkongensis species.

RESULTS

Phylogenomics and genome composition. Some of the 51 publicly available
Pseudovibrio genomes have been sequenced multiple times. Hence, we selected only
the ones with the fewest contigs, more than 90% completeness, and less than 2%
contamination, obtaining a total of 45 high-quality genomes (Table 1). Their lengths
differed considerably among the strains, with the type strains P. stylochi and P.
hongkongensis having the smallest genomes (3.6 and 3.7 Mbp) and strains Tun.PHSC04-
5.14 (here PHSC04) and POLY-S9 (here PolyS9) having the largest (6.5 Mbp; Table 1). GC
content levels were very similar among the strains, ranging from 47% in P. stylochi to
52.7% in P. japonicus.
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TABLE 1 Overview of features of publicly available Pseudovibrio genomes@
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Length % No. of GenBank Completeness Contamination
Species Strain (bp) GC contigs accession no. (%) (%) % core
Pseudovibrio hongkongensis MCCC 1K00451 3,746,600 53.3 39 LLWC00000000.1 98.44 0.1 4427
(UST20140214-015B)
Pseudovibrio stylochi MCCC 1K00452 3,682,052 47 43 LLWE00000000.1 98.38 0.93 46.75
(UST20140214-052)
Pseudovibrio ascidiaceicola DSM 16392 5,878,784 51.2 39 PRJEB20602¢ 99.35 0.29 28.89
Pseudovibrio axinellae DSM 24994 5,204,899 503 78 PRJEB20602° 99.27 1.47 32.73
Pseudovibrio denitrificans JCM 12308 6,117,547 523 27 PRJEB20602¢ 99.71 0.73 28.44
Pseudovibrio japonicus NCIMB 14279 4,972,544 52.7 17 PRJEB20602° 100 1.61 33.96
Pseudovibrio sp. Tun.PHSC04-5.14 6,549,844 503 8 FNLB00000000.1 100 0.73 2542
Pseudovibrio sp. 1D03 5,774,703 514 22 PRJEB20602° 99.65 0.93 29.53
Pseudovibrio sp. 1F12 5,843,738 514 28 PRJEB20602° 99.41 0.93 29.31
Pseudovibrio sp. 2G02 5,870,506 514 25 PRJEB20602° 99.35 0.29 28.87
Pseudovibrio sp. 2G05 5,759,198 514 20 PRJEB20602° 99.35 0.59 29.82
Pseudovibrio sp. 2H03 5,999,042 515 39 PRJEB20602° 99.65 0.93 28.11
Pseudovibrio sp. 2HO05 5,943,579 513 28 PRJEB20602° 99.06 0.29 29.82
Pseudovibrio sp. 2H06 6,090,655 513 21 PRJEB20602° 99.65 0.29 28.23
Pseudovibrio sp. 3C10 6,048,288 51.3 36 PRJEB20602° 99.06 0.29 27.93
Pseudovibrio sp. 4B07 5,121,938 528 51 PRJEB20602° 99.71 1.03 33.15
Pseudovibrio sp. 4H03 5,788,437 514 26 PRJEB20602° 99.35 0.29 29.24
Pseudovibrio sp. 4H10 5,776,139 514 14 PRJEB20602° 99.65 0.29 29.60
Pseudovibrio sp. 7A08 5,758,403 514 22 PRJEB20602° 99.35 0.59 29.85
Pseudovibrio sp. 7F08 5782811 514 27 PRJEB20602° 99.35 0.29 29.50
Pseudovibrio sp. 7G12 5845319 514 29 PRJEB20602° 99.41 0.93 29.33
Pseudovibrio sp. 7H02 5,844,273 514 28 PRJEB20602° 99.41 0.93 29.29
Pseudovibrio sp. 7H04 5,589,230 513 23 PRJEB20602° 99.65 1.22 30.65
Pseudovibrio sp. 8G08 5,940,829 514 36 PRJEB20602° 99.65 0.44 28.87
Pseudovibrio sp. 8H04 5,681,860 49 18 PRJEB20602° 100 0.29 29.84
Pseudovibrio sp. 8H06 6,056,598 51.4 40 PRJEB20602° 99.35 1.22 2791
Pseudovibrio sp. AB108 5910,732 514 49 PRJEB20602° 99.35 0.29 28.92
Pseudovibrio sp. AB111 5,922,117 513 36 PRJEB20602° 99.06 0 28.61
Pseudovibrio sp. AB113 5,372,543 514 13 PRJEB20602° 99.65 0.29 31.60
Pseudovibrio sp. AD13 6,001,312 51.3 36 LMCC00000000.1 99.71 0.59 28.17
Pseudovibrio sp. AD14 6,201,736 513 57 LMCD00000000.1 99.71 0.93 27.13
Pseudovibrio sp. AD15 (W74) 6,190,724 512 64 LMCJ00000000.1 99.56 0.93 27.11
Pseudovibrio sp. AD26 6,181,400 51.2 159 LMCEO00000000.1 99.41 1.17 27.13
Pseudovibrio sp. AD37 5,875,058 51.1 224 LMCF00000000.1 99.41 0.88 28.31
Pseudovibrio sp. AD46 6,124,061 51.3 85 LMCG00000000.1  99.71 0.59 27.98
Pseudovibrio sp. AD5 6,061,014 513 66 LMCH00000000.1 99.41 0.29 28.03
Pseudovibrio sp. AD8 (W64) 5935921 513 49 LMCI00000000.1 99.56 0.29 28.52
Pseudovibrio sp. BC118 5812663 514 23 PRJEB20602° 99.65 0.29 29.12
Pseudovibrio sp. FO-BEG1 5916,782 524 2 CP003147.1; 99.71 0.59 28.99
CP003148.1

Pseudovibrio sp. JCM 19062 4,607,025 523 286 BAXV00000000.1 88.11 0.81 NA
Pseudovibrio sp. JE062 5,717,078 525 53 ABXL00000000.1 99.02 0.29 30.24
Pseudovibrio sp. POLY-S9 (PPL9) 6,559,398 50.8 163 LCWX00000000.1 93.17 0.59 24.97
Pseudovibrio sp. AB134 5975631 52.1 39 MIEL00000000.1 99.71 0.59 28.58
Pseudovibrio sp. AD30 (WM33) 5,745,729 512 159 LMCK00000000.1 99.41 0.29 28.84
Pseudovibrio sp. AU243 5,748,378 513 23 NZOMPG00000000 99.41 0.93 29.39
Pseudovibrio sp. Frex01 (Alg231-02) 5,963,068 513 26 GCA_900143565.1  99.35 0.29 28.77

aGenome completeness and contamination were assessed using CheckM v1.0.13 (69) after annotation of the assemblies with Prokka v1.12 (68). P. axinellae,
P. denitrificans, and P. ascidiaceicola were independently sequenced by different institutions. NA, not analyzed. Type strains are indicated in bold type. Strain

JCM19062 was excluded from further analysis because its completeness was <90%.
bData are from the European Nucleotide Archive (ENA) (67) project containing the sequences reported previously by Versluis et al. (9).

After identifying the homologous genes within the genus Pseudovibrio, we inferred
the core and pan-genomes of the genus from the proteome of each strain. The core
genome is defined here as the set of orthologous protein families shared among all
strains of the genus Pseudovibrio, and the term pan-genome refers to the entire set of
homologous families present in at least one strain. The core genome was composed of
1,541 orthologous families, representing 25% to 46% of all coding sequences in the
strains’ genomes (Fig. 1; see also Table 1). The pan-genome contained 19,576 homol-
ogous families and was open, which means that considering genomes of additional
strains will likely result in an increase in the pan-genome size (Fig. 1A).
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FIG 1 Genomic composition of the Pseudovibrio genus. (A) A resampling procedure was used to estimate the dimension of the pan-genome of the genus. (B)
After inclusion of the outgroup Labrenzia alexandrii DFL-11 (GCA_000158095.2) in the homologous gene family identification, a phylogenomic tree was
constructed selecting only those genes within the core genomes that could give a well-resolved tree topology and that did not show signs of recombination.
Bootstrapping with 100 replicates was performed to obtain approximate Bayes branch support values. (C) Distribution of the homologous gene families among
the Pseudovibrio strains, visualized using the UpSetR package (100). The histogram indicates the number of orthologous gene families, with their distribution
profiles indicated by filled circles in the matrix at the bottom. Bars of the histogram are colored according to the COG categories to which the orthologous
families have been assigned. The panel reporting the distribution profile of the orthologous families is colored according to the source of isolation of the strains.

Only orthologous gene families containing > 200 genes are reported.

In order to perform a robust phylogenomic reconstruction, we included the genome
of strain Labrenzia alexandrii DFL-11 (GCA_000158095.2) from the family Rhodobacte-
raceae as an outgroup in the calculation of the homologous gene families. The
protein-encoding genes in the core genome of all Pseudovibrio strains and the out-
group were filtered to obtain 552 robust markers used in the phylogenomic recon-
struction (Fig. 1B). We defined 9 lineages within the tree using average nucleotide
identity (ANI) as the criterion. A lineage is defined here as a group of strains that
have =90% ANI. This resulted in identification of nine lineages: lineage 1, containing
the majority of the genomes available to date, including the type strain P. ascidiacei-
cola; lineage 2, containing the type strain P. japonicus; lineage 3, containing the type
strain P. denitrificans and the newly proposed species P. brasiliensis (11); lineage 4,
containing the type strain P. axinellae; lineages 5 and 6, containing strains P4B07 and
P8HO04, respectively, both isolated from a marine sponge (9); lineage 7, containing strain
PHSCO04 isolated from a marine tunicate (9); and lineages 8 and 9, containing the two
type strains P. stylochi and P. hongkongensis, respectively (Fig. 1B; see also Fig. S1 in the
supplemental material). Overall, the lineages fell into two distinct clades: clade A,
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containing lineages 1 to 7, and clade B, containing lineages 8 and 9 (Fig. 1B). In almost
all cases, the nine lineages were characterized by strong branch support. Interestingly,
clade B diverged strongly from the other lineages and formed a basal monophyletic
group. Consistent with previous 16S rRNA gene phylogenies (3), the isolation sources
did not follow the phylogenetic relatedness of the strains. The only exception was
observed for the strains of clade B, which were both isolated from marine flatworms.

In clade B, 1,396 homologous gene families were absent that were otherwise
identified in 41 (=95%) of 43 strains of the other lineages (Fig. 1C and data not shown).
This underlines the strong divergence of clade B from the rest of the investigated
Pseudovibrio strains. The clusters of orthologous groups (COG) functional annotation
(27, 28) revealed that proteins involved in various metabolic processes were present
within these sets (Fig. 1C) and that they were significantly enriched in proteins involved
in lipid metabolism, transporters, and transcription regulators of the AcrR family (see
Table S1 in the supplemental material). Surprisingly, only a small fraction of the genes
missing in clade B showed signs of horizontal acquisition. On average, 2.8% of these
genes were located on mobile genetic elements (MGEs) and 1.5% were identified as
potentially horizontally acquired (Table S2). Therefore, it is likely that most genes
defining the differences between clade A and clade B are not part of the mobilome.
Notably, although many systems (e.g., molybdate transport and spermidine and pu-
trescine transport) were encoded in all genomes, the corresponding genes were not
always identified as orthologous between clade B and clade A strains, highlighting the
strong divergence between these clades.

Interestingly, clade B and strain PHSC04 harbored >900 unique homologous protein
families that were not detected in any other Pseudovibrio genome (Fig. 1C). While the
unique proteins encoded by clade B fell into multiple COG categories, most unique
proteins of PHSC04 could not be functionally classified (Fig. 1C). We hypothesize that
this large number of unclassified unique proteins could represent an indication of
ongoing pseudogenization resulting in genome rearrangements and eventually ge-
nome reduction. Consistent with this finding, a large number of short (200-to-300-bp)
genes was detected (Fig. S2) in strains PHSC04 and PolyS9 (see reference 29 for a similar
approach). Moreover, we found that the genome and, in particular, the unique proteins
of strain PHSC04 were highly enriched in MGEs and related genes, such as those
encoding transposases, insertion sequences, and methylases, supporting the hypoth-
esis of increased genome rearrangements (Fig. S3; see also Table S1). This enrichment
in mobile elements seemed to be unique for strain PHSC04 and did not correlate with
the genome size.

P. stylochi and P. hongkongensis have a reduced sulfur metabolism. Comparison
of KEGG pathways (30, 31) revealed that several gene sets for sulfur utilization and for
complete transport systems of sugars, amino acids, and micronutrients were present in
most clade A strains but absent in clade B strains (Table S3). For example, the KEGG
module for “thiosulfate oxidation by SOX complex” was complete in =95% of the clade
A strains but was absent in both clade B strains (Table S3). To verify the genome-
derived hypotheses positing differential utilization of sulfur compounds, we compared
growth levels of P. denitrificans DN34 (32) (clade A) and of P. hongkongensis
UST20140214-015BT (24) (clade B). When thiosulfate was added to sulfur-free glucose
medium, proliferation was observed only in P. denitrificans (Table 2), suggesting that
this strain oxidizes thiosulfate to sulfate via the SOX pathway. In contrast, no growth
was observed in P. hongkongensis, suggesting that this strain cannot oxidize thiosulfate
to sulfate, likely due to lack of the SOX pathway, thus resulting in the lack of growth.

Pseudovibrio encodes proteins involved in the metabolism of various organic sulfur
compounds (1, 3, 33-35). Accordingly, a high-affinity (ABC) transporter for taurine
(KEGG module M00435) was detected in most clade A strains but was present only
partially in clade B strains, as the taurine periplasmic binding protein was not encoded
by these strains (Table S3 and data not shown). Consistent with this finding, taurine was
utilized as source of both sulfur and carbon by P. denitrificans but not by P. hongkon-
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TABLE 2 Results of comparisons of P. hongkongensis and P. denitrificans grown in artificial
seawater medium¢?

Substrate tested P. denitrificans P. hongkongensis
+

Glucose

DMSP as sole carbon source
DMSP as sole sulfur source
Thiosulfate

Taurine as sole carbon source
Taurine as sole sulfur source

+

+ 4+ o+ o+ o+t

a+, growth observed; —, no growth observed.

gensis (Table 2). Previous studies reported the ability of some Pseudovibrio strains to
metabolize dimethylsulfoniopropionate (DMSP) (1, 3, 33-35). To verify whether the
clade B strains retained the ability to use DMSP, we queried the strains’ proteomes via
blastp and the enzymes involved in DMSP cleavage and demethylation described for
strain FO-BEG1 (3). We identified a single gene per pathway in clade B (data not shown),
raising the question of whether these strains can still metabolize DMSP. In our exper-
iments, P. hongkongensis could use DMSP only as sole sulfur source, whereas P.
denitrificans could utilize DMSP as both a sole carbon source and a sole sulfur source
(Table 2).

Notably, although many systems (e.g., molybdate transport and spermidine and
putrescine transport) were encoded in all genomes, the corresponding genes were not
always identified as orthologous between clade B and clade A strains, highlighting the
strong divergence between these clades.

Gene loss likely led to small genome sizes in strains of clade B. The gene family
history reconstruction suggested that the genus Pseudovibrio, as proposed today,
experienced massive gene loss in the lineage leading to clade B that includes P. stylochi
and P. hongkongensis (Fig. 1B). Underlining the uniqueness of this clade, the analysis
predicted that the divergence in the two strains resulted in an additional >1,000 genes
gained by each of them (Fig. 1B). Gene duplication played only a marginal role in
genome rearrangements within the genus. In fact, the number of paralogous genes was
on average around 50 per genome, with the only significant exceptions being strains
PolyS9, AD26, and PHSCO04, with the latter harboring 289 duplicated genes (data not
shown). It is worth noting that the lineage leading to P. japonicus seems to have
undergone strong genomic rearrangement, losing >2,000 and gaining >800 genes
(Fig. 1B). The highest level of gene acquisition (>1,400 genes) was observed in strain
PHSCO04, which was among the strains with the biggest genomes and harboring the
highest number of unique genes and MGEs (Fig. 1B and C; see also Table 1). MGEs seem
to have played a significant role in shaping the structure of the genome of PHSCO04, as
more than 15% of the protein-encoding genes in this strain were located on MGEs (Fig.
S3; see also Fig. S4).

Finally, we investigated the distribution of BGCs involved in the synthesis of
secondary metabolites, which have been previously reported to be abundant and
diverse within the Pseudovibrio genus (1, 3, 8-10). The number of BGCs identified
ranged from 23 to 48, with P. stylochi and P. hongkongensis harboring the fewest BGCs
(Fig. 2A). Between 2.4% and 29.7% of the genes within BGCs were found on MGEs such
as genomic islands, insertion sequences, or bacteriophages. Further, between 1.2% and
13.1% of genes within BGCs were identified as potentially horizontally acquired (Fig.
S4). There was no clear difference between clade A and clade B in the proportion of
BGC genes found on MGE or in horizontal gene transfer (HGT) candidates. Nevertheless,
it was surprising that the strains in clade B did not harbor gene clusters encoding
nonribosomal peptide synthases (NRPS) or polyketide synthases (PKS), which represent
the two major classes of BGCs producing bioactive compounds. All other Pseudovibrio
strains harbored these BGCs, and 26% of the NRPS or PKS genes were associated with
transposable elements, suggesting that these are part of the mobilome and were
potentially horizontally acquired in clade A (Fig. 2B). Unique BGCs were found in some
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B Examples of BGCs associated with transposable elements
DSM24994 gene cluster 34 - transpks-nrps
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FIG 2 Distribution of biosynthetic gene clusters (BGCs) in the Pseudovibrio genus. (A) Overview of the BGCs within the genus. BGCs were grouped according
to the type of molecules produced by their encoded proteins. (B) Some BGCs either were detected within the mobilome of the Pseudovibrio strains or were
found to be associated with transposable elements. Six examples of such clusters encoding PKS or NRPS from strains DSM24994, FO-BEGO1, AB108, P2H06,
P8H06, P8G08, and PHSCO04 are shown, with the core biosynthetic genes highlighted in green and transposases predicted by a PFAM domain search (see

Materials and Methods) highlighted in violet.

Pseudovibrio genomes (Fig. 2A) but particularly in that of strain PHSCO4. Its genome
encoded three NRPS and four PKS BGCs, likely a consequence of the proliferation of the
MGEs that were abundant in some of these clusters (Fig. 2B).

It is worth mentioning that the high level of genome fragmentation in some strains
(e.g., PolyS9 [163 contigs]) can compromise the correct estimation of the number of
BGCs present in a genome. In fact, if a BGC is divided into multiple fragments, it might
either be missed due to absence of gene contingency or be counted multiple times in

each fragment.

Overall genome relatedness indices (OGRI). To better define the relatedness of
the members of the Pseudovibrio genus and quantify the divergence of clade B from the
other Pseudovibrio strains, we analyzed several OGRI (Fig. 3A and B). For comparison, we
included nine additional genomes of strains from the Rhodobacteraceae family as an
outgroup. All Pseudovibrio strains of clade A shared =76% ANI, and the two strains in
clade B shared 71.8% ANI. These values dropped to <70.3% for comparisons of clade
B strains to the clade A strains (Fig. 3A; see also Fig. S1). The ANI values determined in
comparisons between the outgroup and the Pseudovibrio genomes ranged from 63.3%
to 69.6%. Within the outgroup, the genomes of the strains belonging to the genus
Labrenzia shared ANI values between 71.4% and 73.8%, whereas the ANI values
determined in comparisons between different genera for the outgroup ranged from

64.4% to 73.9% (Fig. 3A).

We calculated average amino acid identity (AAl) values using the homologous
proteins as obtained from the get_homologues pipeline (36) (Fig. 3B). The two strains in
clade B shared 72.1% AAl, whereas they shared only 67.5% to 68.5% AAIl with strains
from clade A. The comparison between all genome pairs within clade A returned AAI
values ranging from 78.6% to 95.8%. Comparing the percentages of conserved proteins
(POCP), clear differences could be observed. The two clade B strains had POCP values
ranging from 39.5% to 48.9% compared to the clade A strains. In line with the larger AAI
values, the POCP values were also higher among the Pseudovibrio strains of clade A,
ranging from 62.1% to 99.7%. Comparisons of the outgroup genomes to the Pseu-
dovibrio genomes showed AAl values ranging from 58.7% to 69.1% and POCP values
ranging from 17% to 52.6%. Comparisons among the outgroup strains showed that
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FIG 3 Overall genetic similarity index (A and B) and 16S rRNA gene identities (C) of the Pseudovibrio strains considered in this study. For comparison, nine
additional strains belonging to the family Rhodobacteraceae were included. No gene for the 16S rRNA could be identified in the genome of Nesiotobacter
exalbescens DSM 16456. Both 5S and 23S genes were detected at the edge of contigs; hence, it is likely that a complete rRNA operon was not assembled in

this genome.

they shared 64.4% to 74.3% AAl and 20% to 65.4% POCP (Fig. 3B). Overall, these
analyses revealed that the maxima of all intergenus OGRI values calculated for the
outgroups were above the maximum values detected in the comparisons between the
divergent clade B and the Pseudovibrio clade A strains.

16S rRNA gene phylogeny and inferred environmental distribution. In addition
to the OGRI, we compared the 16S rRNA gene sequence identities (SI) to verify whether
this marker gene reflected the genomic divergence observed within the genus (Fig. 3C).
Comparisons of strains of clade B with the clade A strains displayed 16S rRNA gene SI
values ranging from 96% to 97.2%, while comparisons of only the strains within clade
A showed SI values of =97.2% (Fig. 3C). We integrated the obtained 16S rRNA gene
sequences with other publicly available ones to calculate a phylogenetic tree. In total,
87 Pseudovibrio-affiliated 16S rRNA genes were used to reconstruct a tree (Fig. S5). In
accordance with the results from the phylogenomic tree (Fig. 1B), P. stylochi and P.
hongkongensis deeply branched off from all other Pseudovibrio sequences, forming a
basal monophyletic group (Fig. S5; see also Fig. S6).

We investigated whether the reduced metabolic repertoire of clade B would be
reflected by a distinct habitat range of P. hongkongensis and P. stylochi. To this end, we
queried representative 165 rRNA sequences of clade A and clade B against all publicly
available amplicon data sets via the IMNGS platform (37). Strain PHSC04 was detected
in only 5 of the 422,880 data sets investigated, and relative abundances were around
zero percent (=0.01%); hence, it was excluded from further analyses. Environmental
sources and relative abundances of P. ascidiaceicola and P. japonicus relatives were
highly similar. The distribution of strain P4B07 was strikingly similar to the distributions
of both of those strains, with which it shared between 98.4% and 98.6% 16S rRNA gene
SI. Since these strains would be counted as individual matches even if only one of them
occurred within a sample, we included only the sequence with the highest relative
abundance per sample in the distribution analysis described below (Fig. 4). Clade B was
almost unique to echinoderm hosts and oil field samples and was not detected in
marine biofilms or in lichens, mollusks, and algae, in contrast to clade A (Fig. 4; see also
Table S4). P. hongkongensis and P. stylochi were detected at maximum relative abun-
dances of 3.4% and 1.7%, respectively, in the gut metagenome of sea urchin Lytechinus
variegatus (38) (Table S4). Strikingly, no sequences related to the Pseudovibrio strains of
clade A were detected in data sets obtained from sea urchins and other echinoderms
(Fig. 4).

Strength of purifying selection. On the basis of the differences in genome size and
environmental distribution, we hypothesized that divergence of the two clades was
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FIG 4 Relative abundances of 16S rRNA gene sequences related to Pseudovibrio in different
environmental sources. Environmental sources represented by fewer than three samples screened
by the IMNGS platform are summarized as “others” for better readability. Relative abundance values
of =0.01% are not plotted. Colors correspond to environmental source. To avoid overrepresenta-
tion of data sets with hits from two or more Pseudovibrio lineages, only the maximum relative
abundance value is displayed.

affected by different strengths of natural selection. To verify this, we determined the
strength of purifying selection in a subset of Pseudovibrio lineages. We used measure-
ments of the dN/dS ratio (the ratio of nonsynonymous to synonymous nucleotide
substitutions) to assess the strength of selection, as low dN/dS values indicate stronger
purifying selection. The dN/dS values for each branch on the tree were always between
0.03 and 0.09 except for the internal branch leading to lineages 8 and 9 (Fig. 5A), which
had a dN/dS value of 0.75, 1 order of magnitude higher than all other values. In contrast,
the dN/dS values of the external branches were below 0.07 in all lineages. A likelihood
ratio test confirmed that the dN/dS value for the internal branch leading to lineages 8
and 9 was significantly different from the dN/dS values of all other branches, suggesting
that this branch experienced different evolutionary pressures (Fig. 5B).

DISCUSSION

In recent decades, increasing efforts have been directed to characterize the micro-
biome of marine invertebrates, especially sponges, as they play a crucial role in
maintaining ocean health and harbor a treasury of bioactive metabolites, often pro-
duced by their associated microbes (1, 39-46). Strains belonging to the genus Pseu-
dovibrio have been repeatedly isolated during these campaigns and have been studied
due to their ability to inhibit the growth of many bacterial pathogens (1, 2, 8, 9).
Small-scale comparative genomic studies have pointed out genomic differences within
the genus and suggested potential taxonomic inconsistencies (7, 10). In recent years,
phylogenomics has helped elucidate phylogenetic relationships and facilitated accu-
rate (re)classification of microbes, going beyond 16S rRNA gene-based approaches
(18-21). Following this trend, we performed a robust phylogenomic reconstruction to
verify the genomic architecture and the degree of relatedness of the bacteria within the
genus Pseudovibrio, considering the evolutionary trajectories that have shaped their
diversity. Clear differences emerged within the genus, suggesting the presence of a
basal monophyletic clade containing P. stylochi and P. hongkongensis (lineages 8 and 9
forming clade B) (Fig. 1B).

The genus Pseudovibrio is characterized by high genomic diversity as shown by the
large open pan-genome and high number of accessory and unique genes (Fig. 1A and
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FIG 5 dN/dS values corresponding to branches of representative Pseudovibrio genomes. (A) The tree shown represents a subset of the phylogenomic tree based
on core genes (Fig. 1). A representative strain for each lineage was selected and the subtree extracted. The dN/dS values are displayed at each branch. (B) Results
of a likelihood ratio test to determine whether all branches have the same dN/dS value (M0 model) or whether the marked branches (red) differ in their dN/dS
values from the rest of the tree branches (b_free model). MO was rejected when the P value was <0.05. The red marked branch(es) was tested against all other

branches of the tree.

C). We observed a striking difference in genome sizes (Table 1) between clade B and
clade A, raising the question of whether this difference has evolved through gene loss
or acquisition. The genomic architectures of clade A and clade B have been similarly
shaped by HGT (~2% of coding DNA sequences [CDS]; see Fig. S4 in the supplemental
material). This, together with the gene family reconstruction that we performed (Fig. 1),
supports the view that clade B diverged from clade A through gene loss from an
ancestor with a large genome. Instead, the larger genomes in clade A might be
maintained by balancing gene gain and loss. This is in line with current theories
indicating that bacterial accessory genes are likely to be lost via drift if they are neutral
or nearly neutral in nature, resulting in a reduction in genome size (47). In contrast,
accessory genes remain in a genome or population if they can provide a benefit and are
thus maintained by natural selection (26, 47). Therefore, in clade A, natural selection
might maintain larger bacterial genomes and counteract genome erosion and loss of
gene functions via genetic drift (47, 48).

The latter has likely affected clade B. Although neither lineage 8 nor lineage 9 of
clade B showed increased dN/dS values, the high value obtained for the internal branch
leading to clade B indicates relaxed purifying selection, which supports the view that
the extensive gene loss that resulted from genetic drift occurred before the split into
the two species. It is worth noting that the high dN/dS value could also derive from the
high divergence of the two clades, leading to inaccurate dN/dS estimation. Taken
together, our data indicate that the larger genomes in clade A have been maintained
by natural selection and that, in contrast, the process of natural selection was relaxed
in the branch leading to clade B. This raises the question of which factors would drive
such distinct evolutionary trajectories. Acquisition and conservation of a broad reper-
toire of accessory genes can be beneficial under environmental conditions that are
variable or heterogeneous. Considering the wider niche breadth of strains within clade
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A than within clade B (Fig. 4), the implied selective pressure to maintain a large and
versatile genome in clade A would allow these bacteria to exploit a diversity of
environmental conditions. For strains of clade B, with a more restricted habitat range,
a broad repertoire of genes might not provide any benefit, resulting in the loss of genes
through genetic drift.

The results of the comparative genomics and growth experiments indicate that
strains in clade A and clade B differ in their ability to utilize inorganic and organic sulfur
compounds. SOX pathway-encoding Pseudovibrio species, such as P. denitrificans, but
not SOX-lacking P. stylochi and P. hongkongensis may use thiosulfate as supplemental
energy source, a common feature among marine heterotrophs (49). Likewise, taurine
was not used by P. hongkongensis but was used by P. denitrificans. Taurine is an
abundant antioxidant in marine invertebrates, such as sponges (50-52), from which the
majority of Pseudovibrio strains have been isolated (1, 39, 42, 43) (for examples, see
references 1, 13, and 40). This compound can act as an osmolyte (51) or as a carbon and
sulfur storage compound and can be used to detoxify hydrogen sulfide (53). However,
to the best of our knowledge, taurine has not been detected in marine flatworms;
hence, it might not be relevant as a substrate for P. hongkongensis and other clade B
strains. Taken together, these data suggest that the lack of both inorganic sulfur
metabolism and a high-affinity taurine transporter in clade B strains might be owed to
the adaptation to the flatworm host.

While P. hongkongensis did not use taurine, it used DMSP as a sole sulfur source but
not as a sole carbon source. DMSP has been previously reported to occur in marine
flatworms, likely produced by their symbiotic algae (54, 55). Moreover, Stylochus
flatworms may accumulate DMSP by preying on phytoplankton-feeding oysters and
barnacles (56, 57). Interestingly, our analysis revealed that P. hongkongensis and P.
stylochi occur in the sea urchin Lytechinus variegatus (Fig. 4; see also Table S4 in the
supplemental material), which might also take up significant amounts of DMSP via
grazing on seagrass and algae (58), both of which are able to produce DMSP (59-62).
As such, the strains of clade B might be exposed to significant amounts of DMSP
because of the lifestyle and feeding strategies of their hosts. The restricted host range
in clade B (Fig. 4) may provide rather stable conditions (e.g., constant availability of
DMSP), decreasing the need for genes to access a variety of different sulfur sources. The
consequently lower selective pressure (Fig. 5) for keeping a broad repertoire of genes
in clade B may have led to the loss of genes and pathways in sulfur metabolism
compared to clade A.

The strong differences in genome sizes (Table 1), the differences in encoded
functional categories and metabolic features (Fig. 1 and 2; see also Table S3), and the
strong phylogenetic divergence (Fig. 1) prompted us to verify whether the strains of P.
stylochi and P. hongkongensis would need reclassification. We used this extensive
genomic data set to compare OGRIs among the Pseudovibrio strains, also considering
their relationship with other members of the Rhodobacteraceae family. Consistent with
the phylogenomic analyses, the comparison of OGRIs that we performed showed
divergence between the clade B strains and the other isolates (Fig. 3). Although the
clade B strains shared >96% identity with other isolates at the 16S rRNA level, placing
them into the same genus, there is evidence that the 16S rRNA gene has low
phylogenetic resolution for species and genus discrimination in some bacterial groups
(15-17). In fact, although Yarza and colleagues set the 16S rRNA gene identity threshold
for genus to 94.5%, they also clearly stated that these thresholds are minimal and
indicative values (63). Similarly, although the majority of OGRI differences between
clade B strains and the other Pseudovibrio species were around the cutoff values for
genus definition, AAI/ANI thresholds do not have to be considered to be strict bound-
aries but rather approximate values and might need adjustment for the bacterial group
of interest (64). In fact, AAl and ANI between clade B and clade A were within the range
of intergenus values calculated for the other strains of the Rhodobacteraceae family (Fig.
3). Finally, clade B shared POCP values of <50% with strains of clade A, which were
even lower than the those that some members of the Rhodobacteraceae family shared

February 2020 Volume 86 Issue 4 e02395-19

Applied and Environmental Microbiology

aem.asm.org 11


https://aem.asm.org

Hinger et al.

with Pseudovibrio clade A strains (Fig. 3B). POCP values of <50% have been reported to
represent a robust parameter for genus definition (65), suggesting that clade B strains
P. hongkongensis and P. stylochi should be regarded as a new genus. A high-quality
taxon description should be based on thorough analyses of phylogenetic affiliation,
genomic coherence, and phenotypic characterization (22). Following these criteria, the
phylogenomic, comparative genomics, and phenotyping analyses we performed pro-
vide compelling evidence for the reclassification of the Pseudovibrio stylochi and
Pseudovibrio hongkongensis species into a new genus, Polycladidibacter gen. nov.

Taxonomy. Polycladidibacter (Po.ly.cla.di.di.bac’ter; N.L. neut. pl. n. Polycladida order
of marine flatworms; N.L. masc. n. bacter a rod, N.L. masc. n. Polycladidibacter a rod
isolated from a marine flatworm of the order Polycladida).

The genus is described following the description of Pseudovibrio stylochi given by
Zhang and colleagues in 2016 (25) with the following additions. The members of this
genus form a basal monophyletic group in a phylogenetic tree built from a subset of
552 marker genes for conserved proteins. The closest phylogenetic neighbor to the
genus is the genus Pseudovibrio. On the basis of comparative genomic analyses and
growth experiments using P. hongkongensis strain UST20140214-015BT = KCTC
42383 = MCCC 1K00451, reduced sulfur compounds are not oxidized via the SOX
pathway and taurine is not utilized as a carbon or sulfur source. DMSP is utilized as a
sole sulfur source but not as a carbon source. The type species is Polycladidibacter
hongkongensis comb. nov.

Description of Polycladidibacter hongkongensis comb. nov. (basonym: Pseu-
dovibrio hongkongensis). The description is as given previously by Xu et al. (24) with
the following additions. The phylogenetic position based on 552 marker genes for
conserved proteins is in accordance with the genus description. It is unable to oxidize
reduced sulfur compounds using the SOX pathway. Taurine is not utilized as sulfur
or carbon source. DMSP is utilized as a sole source of sulfur. The type strain is
UST20140214-015BT = KCTC 42383 = MCCC 1K00451.

Description of Polycladidibacter stylochi comb. nov. (basonym: Pseudovibrio
stylochi). The description is as given previously by Zhang et al. (25) with the following
additions. The phylogenetic position based on 552 marker genes for conserved proteins
is in accordance with the genus description. The type strain is UST20140214-
0527 = KCTC 42384 = MCCC 1K00452.

MATERIALS AND METHODS

Comparative genomic analyses. All available genome assemblies classified as belonging to the
Pseudovibrio genus were downloaded from NCBI (66) or the ENA archive (67). To avoid bias due to
differences in gene calling and annotation, all assemblies were newly annotated using Prokka v1.12 (68).
Completeness and contamination of each Pseudovibrio proteome were checked using CheckM v1.0.13
(69) and a set of 528 marker proteins characteristic of the family Rhodobacteraceae, as by default in the
CheckM reference data set. For strains having multiple assemblies, the one showing the highest degree
of completeness, the lowest level of contamination, and the lowest number of contigs was chosen.

Homologous gene families were calculated via the use of get_homologues pipeline v03012018
(36), using Diamond v0.8.25 (70) and OrthoMCL v1.4 (71) and the following parameters: -S 50 -C 50
-t 0. The genome of the bacterium Labrenzia alexandrii DFL-11 (GenBank assembly accession no.
GCA_000158095.2) was included in this analysis and used as the outgroup. The nucleotide sequences of
the genes belonging to the core genome were analyzed using the get_phylomarker pipelines v2.2.8,
identifying high-quality marker genes for robust phylogenomic analyses (72). This pipeline applies a set
of sequential filters to exclude recombinant gene alignments and those producing anomalous or poorly
resolved trees. To compute a phylogenetic tree, 552 marker genes were selected and used. Within the
get_phylomarker pipelines, the final concatenated alignment based on codons was used to search for the
best model of evolution via ModelFinder (73) and to construct a phylogenetic tree with 1Q-Tree (74) and
the best model of evolution GTR+F+ASC+R4. The best tree was determined by performing bootstrap-
ping with 100 replicates using the UFBoot2 ultrafast bootstrapping algorithm (75), and approximate
Bayes branch support values were estimated. Compositional analyses for the estimation of the pan-
genome dimensions were performed using the get_homologues pipeline and omitting the outgroup.
Finally, AAl and POCP were calculated using the -A flag and -P flag via get_homologues v0301209,
respectively. The POCP calculation was modified from that previously described by Qin et al. (65) as
follows: [(C1 + C2)/(T1 + T2)]1*100% (where C1 and C2 represent the conserved number of proteins and
T1 and T2 represent the total number of proteins in the two compared genomes, respectively).
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A representative protein sequence for each homologous gene family forming the pan-genome was
used to retrieve COG functional annotations (28), using the pipeline BPGA (76). The COG annotation was
then extended to all proteins of each homologous family. Functional annotation based on KEGG (30)
was obtained, submitting all protein sequences of the Pseudovibrio genomes to eggNOG v4.5.1 (77). The
functional annotations were further used for enrichment analyses to verify whether particular functional
categories were significantly enriched in any genomes. This was also done for specific subsets of genes
that showed distinct distribution patterns among the strains, including (i) genes not present in the
divergent species P. stylochi and P. hongkongensis but found in =95% of Pseudovibrio genomes; (i) genes
uniquely found in the genomes of both divergent strains; and (iii) genes uniquely found in the genome
of strain PHSCO04. All enrichment analyses, performed using the functional annotations retrieved from
COG and KEGG, were done using the enricher function in the R (78) package clusterProfileR (79) with the
genes of all Pseudovibrio genomes serving as the background. The absence or presence of specific
metabolic features in P. stylochi and P. hongkongensis was verified by querying their proteomes using
blastp and the proteins of the ABC transporter for taurine (TauABC) from Agrobacterium sp. (GenBank
identifiers [IDs] PVE65474, CVI23808, and EHH08539) and the proteins of the SOX and DMSP pathways
described previously in strain Pseudovibrio sp. FO-BEG1 (3). Finally, the gene sets following the distribu-
tion patterns described above were also mapped onto KEGG pathways using the BlastKOALA platform
(80) to verify the presence of specific cellular KEGG modules. Secondary metabolite biosynthetic gene
clusters were detected using the standalone version of antismash v4.1.0 and the ClusterFinder algorithm
(81, 82).

The reconstruction of gene family history and ancestral gene family sizes was performed using
COUNT software (83). We used maximum likelihood (ML) birth-and-death models (84). ML reconstruction
does not consider sequence information but relies solely on the copy numbers of the homologous gene
families. The model accounts for lineage- and family-specific gene loss and duplication rates. Here, rates
were optimized using a gain-loss-duplication model and a Poisson distribution at the root of the
phylogenetic tree, allowing different gain-loss-duplication rates for different lineages. Rates were opti-
mized iteratively as suggested in the software manual using a maximum of 100 optimization rounds.
COUNT does not require an outgroup species, but the rooted topology of the phylogenomic tree was
used.

ANI was calculated via blastn within the pipeline pyani v0.2.7 (85). 16S rRNA gene identities were
calculated after recovering all 16S rRNA genes from the annotated genomes, aligning them via the use
of T-coffee v111.00.d625267, and using the function -output sim in the T-coffee suite (86). For compar-
ison, we included the following additional Rhodobacteraceae family genomes in the calculation of the
overall genome relatedness indices (OGRI; AAI, ANI, and POCP) and of 16S rRNA identity: Stappia stellulata
DSM 5886 (GenBank assembly ID: GCA_000423705), Ruegeria sp. TM1040 (GenBank assembly ID:
GCA_000014065), Nesiotobacter exalbescens DSM 16456 (GenBank assembly ID: GCA_000422785), Nau-
tella sp. ECSMB14104 (GenBank assembly ID: GCA_000972285), Labrenzia suaedae strain DSM 22153
(GenBank assembly ID: GCA_900142725), Loktanella sp. DSM 29012 (GenBank assembly ID: GCA_
900110705); Jannaschia sp. CCS1 (GenBank assembly ID: GCF_000013565), Labrenzia aggregata 1AM
12614 (GenBank assembly ID: GCF_000168975), and Labrenzia alexandrii DFL-11 (GenBank assembly ID:
GCA_000158095). All genomes were processed as described for the Pseudovibrio strains. Data was then
analyzed using R and plotted using the ggplot2 package (87).

16S rRNA gene phylogenetic trees and environmental distribution of Pseudovibrio strains. 165
rRNA gene sequences were retrieved from the published genomes used in the comparative genomic
analyses of this study (see above). Complementing this data set, published 16S rRNA gene sequences
affiliated with the genus Pseudovibrio and relatives were downloaded from the SILVA database (release
132 SSU Ref NR 99) (88). Sequences of isolated strains were subsampled, keeping only the single
sequence where sequence quality, alignment quality, and pintail quality were closest to 100% per strain.
When SILVA quality markers were equal for sequences of the same strain, the longer sequence was
kept for further analyses. Sequences of uncultured organisms were also included. 16S rRNA gene
sequences of Labrenzia spp. and Stappia spp. served as an outgroup. 16S rRNA gene sequences were
aligned using the SINA (v1.2.11) Aligner (89). The best model of evolution (K2P+I1+G4) was
determined with ModelFinder (73) and applied to calculate a maximum likelihood phylogenetic tree
using 1Q-Tree (74) and ultrafast bootstrap (UFBoot2) (75) with 1,000 replicates.

The environmental distribution of Pseudovibrio lineages and the divergent lineages formed by P.
hongkongensis and P. stylochi were then investigated using the IMNGS platform, which systematically
screens and processes the SRA for prokaryotic 16S rRNA gene amplicon data sets and builds sample-
specific sequence databases (37). The 16S rRNA sequences of the available Pseudovibrio type strains of
P. ascidiaceicola, P. axinellae, P. denitrificans, and P. japonicus were used to investigate the environmental
distribution of the genus Pseudovibrio. PHSC04 was added due to its distinct genomic features, and
P4B07 was chosen because it formed an independent lineage in the phylogenomic tree (Fig. 1B). 16S
rRNA sequences of both P. hongkongensis and P. stylochi were used to verify the environmental
distribution of the divergent lineages. 165 rRNA gene sequences were queried against all data sets
accessible by the IMNGS platform (accessed June 2019) using a similarity threshold of 99% and a
minimum length of 300 bp. Data sets with only a single sequence match were excluded.

Detection of mobile genetic elements. We annotated the PFAM domains in each protein encoded
in the analyzed genomes using the pfamscan.pl pipeline (90) with default parameters. To identify
restriction-modification systems, we modified previously published lists (10, 91) of PFAM domains by
screening the PFAM database (90) using the search terms “restriction” and “restriction-modification” with
subsequent curation of the obtained PFAM annotation for these domains to exclude unreliable hits (see
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Table S5 in the supplemental material). Similarly, we created a PFAM domain list for transposases, using
the search term “transposase,” and used it to select all associated proteins within the analyzed genomes
(Table S6).

Phage contigs or prophages were predicted with VirSorter v 1.0.3 (92), and only phage signals of
higher confidence levels 1 and 2 were considered. Insertion sequences were detected using ISEScan v 1.6
with default settings (93). Genomic islands were predicted with IslandViewer 4 (94) by aligning the
Pseudovibrio genomes against the complete genome of Labrenzia aggregata strain RMAR6-6.

HGT candidates were determined by their dinucleotide frequencies as implemented in the
CompareM v0.0.23 pipeline (95). We regarded those genes that were identified as “deviant” in the
compareM analysis, according to the “Hotelling T-squared statistic” value of >37.89, as potentially
horizontally acquired.

Calculation of dN/dS. To determine differences in the strengths of purifying selection for the
Pseudovibrio lineages, we selected a representative genome from each of the nine lineages. We extracted
the phylogenomic tree for only these strains (including the ASM15809 outgroup from the phylogenomic
tree shown in Fig. 1B) using Dendroscope 3 (96) (Fig. 5). We used codem! from the PAML package (97)
as implemented in the ete3 toolkit (98) to calculate dN/dS for each branch of the tree based on the
alignment of the 552 phylogenetic marker genes. We performed a likelihood ratio test with the null
hypothesis of the MO model that assumes equal dN/dS values for all branches in a tree against an
alternative model, b_free, that allows the marked branches to have a dN/dS value different from those
seen with the other (background) branches. We tested two scenarios to determine (i) whether lineages
8 and 9 and their internal branch had the same dN/dS value as all other branches in the tree and (ii)
whether only the internal branch leading to lineages 8 and 9 was different from all other branches in the
tree (Fig. 5).

In addition, we calculated the dN/dS value for each lineage, allowing each branch to result in a
different dN/dS value, by choosing the fb model with default settings (v = 0.7; Fig. 5). Running the same
model while adjusting the w value to 0.2 and 1.2 resulted in the same dN/dS values for all branches
except for minor changes in two branches by less than 0.001.

Growth experiments. Cultures of Pseudovibrio denitrificans DN34 (32) and Pseudovibrio hongkon-
gensis UST20140214-015B (24) were grown in artificial seawater containing the following (in grams per
liter): NaCl, 26.4; MgCl,-6H,0, 5.7; KCl, 0.66; CaCl,-2H,0, 1.47; KBr, 0.1; H,BOj, 0.02; SrCl,-6H,0, 0.033; NaF,
0.003; NaHCO,, 0.19. Also, we added 6.8 g of MgSO,-7H,0 as a sulfur source except when testing for
utilization of other sulfur sources. KH,PO, and NH,Cl were added to reach final concentrations of 2.7 mM
and 2.8 mM, respectively. The medium was amended (1:1,000 [vol/vol]) with trace metal, vitamins (including
vitamin B, ,), and selenium-tungstate solutions as described previously by Widdel (99). To test different carbon
sources for growth, cultures of P. denitrificans and P. hongkongensis were amended with glucose (2 mM) or
DMSP (2.4 mM) or taurine (6 mM), corresponding to 12 mM carbon each. Taurine was tested as a sole source
of sulfur at a final concentration of 0.9 mM with 2 mM glucose in sulfur-free medium. Thiosulfate utilization
as an additional electron donor was tested by adding 23.9 mM thiosulfate to medium containing 2 mM
glucose. We reasoned that if the strains oxidized thiosulfate, sulfate would be produced. Hence, in the
absence of any other sulfur source, the produced sulfate should sustain bacterial growth. An absence of
growth under this condition would indicate that the strain did not oxidize thiosulfate. Utilization of DMSP as
the sole source of sulfur was tested by adding 2.1 mM DMSP to sulfur-free medium containing 0.2 mM
glucose as a carbon source. All cultures were incubated under oxic conditions in the dark at 28°C. Growth of
cultures was evaluated by visual inspection of changes in turbidity.

Data availability. GenBank accession numbers representing data determined in this article are listed
in Table 1.
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