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Vertical transmission of bacterial endosymbionts is accompanied by virtually
irreversible gene loss that results in a progressive reduction in genome size.
While the evolutionary processes of genome reduction have been well
described in some terrestrial symbioses, they are less understood inmarine sys-
tems where vertical transmission is rarely observed. The association between
deep-sea vesicomyid clams and chemosynthetic Gammaproteobacteria is one
example of maternally inherited symbioses in the ocean. Here, we assessed
the contributions of drift, recombination and selection to genome evolution
in two extant vesicomyid symbiont clades by comparing 15 representative
symbiont genomes (1.017–1.586 Mb) to those of closely related bacteria and
the hosts’ mitochondria. Our analyses suggest that drift is a significant force
driving genome evolution in vesicomyid symbionts, though selection and
interspecific recombination appear to be critical formaintaining symbiont func-
tional integrity and creating divergent patterns of gene conservation. Notably,
the two symbiont clades possess putative functional differences in sulfide
physiology, anaerobic respiration and dependency on environmental vitamin
B12, which probably reflect adaptations to different ecological habitats
available to each symbiont group. Overall, these results contribute to our
understanding of the eco-evolutionary processes shaping reductive genome
evolution in vertically transmitted symbioses.
1. Introduction
Heritable symbioses with intracellular bacteria are observed across the eukaryotic
domain of life [1]. These symbioses have profound consequences for both host and
symbiont, by altering sex ratios in a population, providing nutrients that are other-
wise unavailable in the host’s habitat, or enhancing resistance to predators and
pathogens [1,2]. Vertical transmission of bacterial lineages fromparent to offspring
inevitably leads to reductive genome evolution (RGE) in the symbionts [2,3]. This
process results fromsuccessive bottleneck events during transovarial transmission,
whichdecrease the effective population size andgenetic diversityof endosymbiont
populations [4]. The genetic homogeneity of vertically transmitted symbionts is
further amplified by reduced rates of horizontal gene transfer (i.e. homologous
recombination between bacterial lineages), which decrease with higher degrees
of host restriction [5]. Consequently, genetic drift increases relative to selection in
these taxa, favouring the accumulation of slightly deleterious mutations (Muller’s
ratchet) [6]. The pea aphid–Buchnera symbiosis and several other well-studied
insect–bacteria models support this neutral hypothesis [7], whereas other
metazoan/microbial symbioses highlight the importance of selection in shaping
RGE. For instance,RedQueen–Kingdynamics are predicted tomaintain specificity
and the functioning of cytonuclear interactions between host and symbiont [2,8].
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Furthermore, symbiont traits that are beneficial for the host
might experience increased selective pressures for maintenance
of function and/or diversification, while selection may be
relaxed on genes that are functionally redundant or no longer
necessary for symbiont survival. Thus, differences in gene con-
tent among related symbionts can reveal how host–symbiont
pairs diverged in their ecological niches over evolutionary
time [9]. Ultimately, niche differentiation mediated by differen-
tial gene loss has the potential to influence host community
structure through habitat partitioning and host evolution
through ecological speciation. Despite its importance for eco-
logical and evolutionary processes, there is still a significant
gap in our understanding of the selective processes influencing
patterns of genome reduction in vertically transmitted bacteria.
This is especially true for the heritable endosymbionts ofmarine
organisms, since vertical transmission is less common in aquatic
symbioses [1].

Relatively strict vertical transmission of bacterial endosym-
bionts has been observed in deep-sea clams of the family
Vesicomyidae (subfamily Pliocardiinae) [10], providing an
opportunity to examine neutral and selective processes shaping
RGE in the marine environment. Vesicomyid clams represent
themost diverse group of deep-sea bivalves,with 173 described
species present in reducing habitats ranging from hydrocarbon
seeps on continental margins to hydrothermal vents on mid-
ocean ridges [11,12]. All symbiont-bearing taxa are nutritionally
dependent on their chemosynthetic gammaproteobacterial
partners, which derive chemical energy from the oxidation of
reduced sulfur compounds to produce nutrition for their hosts
[13,14]. Symbiont capture was likely a single event that hap-
pened before their radiation about 45 Ma [11,15], an
acquisition that is much more recent than that of well-studied
terrestrial symbioses (approx. 100–200 Ma) [16,17]. Based on
ribosomal sequence data, vesicomyid symbionts are classified
into two divergent clades: Clade I (associated with hosts of
the gigas-group), and Clade II (associated with all other vesico-
myid hosts) [11,18]. Topological congruences between host
mitochondrial and symbiont phylogenies indicate that sym-
bionts co-evolve with their hosts [10], although disruptions of
these relationships occur through infrequent horizontal trans-
mission events that allow for recombination between bacterial
lineages [19–23]. Previous analyses of one representative sym-
biont lineage from each clade (Candidatus Ruthia magnifica for
Clade I and Ca. Vesicomyosocius okutanii for Clade II) suggest
that RGE is ongoing in vesicomyid symbionts and thatClade I is
in amore advanced state of genomereduction thanClade II [24].
Ca.Ruthiamagnifica andCa.Vesicomyosocius okutanii possess
intermediate genome sizes (1.16 Mbp versus 1.02 Mbp) and
levels of AT enrichment (66% versus 68%) compared to other
host–restricted symbionts, while contrasting levels of gene
decayandGCcontent for 10 housekeepinggeneswere observed
across their respective clades [25].Variations in host affiliation
and genome reduction between symbiont clades do not
appear to be driven by adaptation to different broad-scale habi-
tat types, as host species of both clades have been found at
hydrothermal vents and hydrocarbon seeps and often co-
occurat the same locality [11,14,26,27].However, limitedgenetic
data suggest that the two symbiont clades differ inphysiological
characteristics related to nitrate reduction and sulfur metab-
olism, which may affect microhabitat exploitation [14,26], and
could, thus, influence patterns of gene conservation. In fact,
niche partitioning has been linked to patterns of gene loss in a
variety of marine and freshwater bacteria [28,29].
In this study, we assessed the contributions of neutral and
selective processes to RGE in vesicomyid symbionts by com-
paring their genome characteristics to those of outgroup
bacterial relatives and the hosts’ mitochondria. We tested the
hypothesis that genetic drift is a significant force driving
RGE in these symbionts and determined to what extent selec-
tion has shaped their genetic makeup over evolutionary times.
2. Material and methods
Detailed methods are available in the electronic supplementary
material.

(a) Genome analyses
New mitochondrial and symbiont genomes for 11 lineages of
vesicomyid clams were assembled and annotated in this study,
while genomes for another four species were retrieved from
previous publications [5,30–37] (figure 1; electronic supplemen-
tary material, figure S1). Bacterial relatives of the SUP05 clade
that comprised lower degrees of host restriction (Bathymodiolus
thermophilus symbiont (Y.-J. Won 2018, data deposited in
GenBank under accession no. NZ_CP024634), Ca. Thioglobus
autotrophicus [38]) were selected as outgroups (figure 1; elec-
tronic supplementary material, tables S1 and S2). Similarities
and taxonomic affiliations among genomes were assessed with
FASTANI [39] and GTDB-TK [40].

(b) Comparative genomics
Sequence homology between symbiont genomes was inferred
through assessment of positional orthology and orthogroup identi-
fication with ORTHOFINDER [41] (electronic supplementary material,
tables S3 and S4). PROGRESSIVEMAUVE [42] and GRIMM [43] were used
to identify large-scale structural differences among mitochondrial
and symbiont genomes based on 13 and 716 conserved protein-
coding genes, respectively. Phylogenetic trees were produced
from these gene sets in MRBAYES [44]. Concordance among tree
topologies was assessed with BUCKY [45]. Pairwise synonymous
substitution rates for the mitochondrial and symbiont core
genomes were computed following the method in Goldman &
Yang [46].

(c) Selection analyses
Branch-specific episodic diversifying selection was identified
based on non-recombining core protein-coding genes using
ABSREL [47]. Changes in the strength of selection on core
protein-coding genes were inferred through quantifications of
codon usage bias [48] and phylogenetic hypothesis testing with
RELAX [49]. To strengthen the inferences from these analyses,
we performed all tests with additional metagenome-assembled
genomes representative of the diversity of free-living and hori-
zontally transmitted SUP05 bacteria. FUBAR [50] and MEME [51]
were used to assess signatures of pervasive and episodic site-
specific positive selection in 17 candidate genes that showed
marked differences in presence/absence or duplication patterns
between the two symbiont clades.
3. Results
(a) Host mitochondrial and symbiont genomes and

phylogenies
The genome-wide mitochondrial phylogeny is congruent
with host phylogenetic relationships based on multilocus



100

100

93

88

53

63

97

60

54

100

91

89

55

98
95

100

‘Calyptogena' magnifica (vent)

Calyptogena pacifica* (seep)

Abyssogena southwardae* (vent)

Calyptogena rectimargo* (seep)

Archivesica gigas 1* (vent)

Abyssogena phaseoliformis (seep)

Abyssogena mariana (seep)

Phreagena extenta* (seep)

Archivesica diagonalis* (seep)

Phreagena soyoae 1* (seep)

Pliocardia sp.* (seep)

Phreagena okutanii (seep)

Abyssogena phaseoliformis* (seep)

Phreagena soyoae 2* (seep)

Archivesica marissinica (seep)  

Archivesica gigas 2* (seep)

Calyptogena fausta (vent)

Bathymodiolus thermophilus (vent)

99

97

45

19

58
62

99

99

99

52

99

93

95

36

Ca. V. diagonalis*

Ca. R. southwardae*

Ca. V. gigas 2*

Ca. R. magnifica

Ca. V. okutanii

Ca. V. soyoae 1*

Ca. V. extenta*

Ca. R. phaseoliformis*

Ca. R. pliocardia*

Ca. R. pacifica*

Ca. R. rectimargo*

Ca. V. gigas 1*

Ca. V. soyoae 2*

Ca. R. fausta

Ca. V. marissinica

B. thermophilus symbiont

Candidatus T. autotrophicus
(SUP05)

0.05

Clade II
Candidatus Ruthia

Clade I
Candidatus Vesicomyosocius

100 branch posterior probability
100   mean covariance factor

*  new genome assembly
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and COI sequence data [11] (figure 1). Host mitochondrial
genomes examined in this study possess identical gene
orders and contents, though structural variation is evident
among taxa between the tRNATrp/tRNAHis_2 and ND6
loci and in the COX2 gene (1005–1452 bp; electronic
supplementary material, figure S2).

Intra-host symbiont populations were genetically homo-
geneous with frequency distributions of genetic variants
typical of monoclonal populations (electronic supplementary
material, table S5 and figure S3). Genome size, GC content
and number of intact protein-coding genes for the 15 vesico-
myid symbiont assemblies ranged from 1.02–1.59 Mb, 31–37%
and 896–1455, respectively (electronic supplementary material,
table S5), with Clade I having consistently lower values for
these genomic characteristics than Clade II. Following initial
nomenclature, the symbiont lineages are referred to by the
previously erected genera for the two groups, Candidatus Vesi-
comyosocius for Clade I, and Candidatus Ruthia for Clade II,
accompanied by host species name [30–32]. This classification
at the genus level is consistent with 16S rRNA similarity (less
than 95%) [52], clustering based on average nucleotide identity
and alignment fraction [53] (electronic supplementary material,
figure S4), taxonomic assignment (electronic supplementary
material, table S6) and genetic isolation between the two
symbiont clades (see below).

Mitochondrial and symbiont phylogenies show good con-
cordance for all lineages except one (figure 1; electronic
supplementary material, figure S5). Ca. V. diagonalis and
Ca. V. extenta are nearly identical based on genome size, GC
content and gene composition (electronic supplementary
material, figures S4–S6 and table S5), whereas the respec-
tive host mitochondrial lineages are divergent. The donor
lineage in this recent symbiont replacement appears to be
Archivesica diagonalis, which co-occurs with Phreagena extenta
at hydrocarbon seeps in Monterey Canyon. Signatures of
elevated substitution rates are evident on the branch leading
to Clade I, which is notably longer than the corresponding
branch for Clade II, in contrast to patterns in the host
phylogeny (figure 1). The symbiont pairs across the Clade I–
Clade II bipartition are also significantly more divergent than
the others even when controlled for host divergence (1 <
dSmito < 2; electronic supplementary material, figure S7).
(b) Symbiont genome structure and recombination
The B. thermophilus symbiont and Ca. T. autotrophicus share
about 1 Mbp of their genomes with the clam symbionts,
with at least 22 and 3 inversion events being present relative
to the Ca. R. magnifica reference, respectively (electronic
supplementary material, figure S8).

Genome structure also differs among the clam symbionts
(figure 1; electronic supplementary material, figure S8), with
intra-host structural variation being particularly evident
within Ca. R. phaseoliformis and Ca. R. southwardae. Three
distinct inversions compared to the Ca. R. magnifica
genome were found in the genomes of Ca. V. okutanii,
Ca. V. gigas, and the monophyletic group composed of
Ca. R. fausta, Ca. R. pacifica and Ca. R. rectimargo. Inversions
between the tufA and tufB paralogues, hotspots for chromo-
somal inversions [54], seem to have happened multiple
times throughout the symbiont phylogeny (figure 1;
electronic supplementary material, figure S8).

Bayesian concordance analysis detected substantial recom-
bination within, but not among symbiont clades (figure 1).
Relatively little topological concordance was found in
Clade II, with 37 different topologies being necessary to fully
represent the diversity of conflicting phylogenetic signals com-
pared to only 11 in Clade I (electronic supplementary material,
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figure S9). Within Clade I, conflict arises from the uncertainty
of the position of Ca. V. gigas and Ca. V. marissinica
(figure 1). Within Clade II, only the grouping of Ca. R. fausta,
Ca. R. rectimargo and Ca. R. pacifica is supported by all gene
trees, while the positions of all other species have low support.
publishing.org/journal/rspb
Proc.R.Soc.B

289:20212137
(c) Patterns of gene conservation
The free-livingbacterial andenvironmentallyacquired symbiont
genomes contained many large (greater than 5 kb) contiguous
sections that were absent in the clam symbionts. These genomic
islands comprised mostly unannotated genes and mobile
elements, but also genes related to heavy metal tolerance and
anti-viral defense (in the B. thermophilus symbiont) as well as
motility and nitrogen metabolism (in Ca. T. autotrophicus)
(electronic supplementary material, table S4).

The clam symbionts possessed essentially a subset of the
genes found in the outgroup lineages, with Ca. R. southwardae,
Ca. R. phaseoliformis and Ca. R. pliocardia showing the highest
degree of gene conservation. Many genes unique to the vesico-
myid symbionts appeared to be pseudogenes resulting from
the degeneration of ancestral homologues. Patterns of pseudo-
genization were relatively prevalent and variable in Clade II
(electronic supplementary material, figure S6), while homo-
logous regions within genomes of Clade I were usually
characterized by large deletions. Among theClade II symbionts,
gene degeneration was most pronounced in Ca. R. magnifica,
which possessed a conservation pattern closer to that of Clade
I (electronic supplementary material, figures S5 and S6).

Both symbiont clades shared a core genome related to
chemoautotrophic metabolism, but showed differences in
presence/absence, duplication and degeneration patterns
for genes related to a diversity of other metabolic processes
(electronic supplementary material, results, figure S6 and
table S4). For instance, the genomes of Clade I and Clade II
symbionts encoded different types of methionine synthase.
While Clade I contained genes for the cobalamin-dependent
homocysteine methyltransferase metH and associated genes
for cobalamin (precursor) transport and conversion (btuM,
btuR/cobA), Clade II contained the cobalamin-independent
version of this enzyme (metE) along with its transcriptional
activator (metR). However, all symbiont lineages lacked path-
ways for de novo cobalamin biosynthesis. Genomes of both
symbiont clades also differed in the presence of operons for
dissimilatory (narGHIJ: Clade I) and assimilatory (nasA:
Clade II) nitrate reductases, genes for putative nickel trans-
porters (hupE) and nickel-dependent enzymes (gloA), as
well as genes involved in glyoxylate regeneration (icl) and
transcriptional repression of certain ribonucleotide reductases
(nrdR) (only in Clade II). Surprisingly, nasA was annotated
as pseudogene in almost all Clade II lineages and Ca.
T. autotrophicus. This is possibly a misclassification as func-
tional expression of nasA is observed in deep-sea SUP05
populations [55]. Alternatively, this gene might be in an
early stage of pseudogenization as all variants encompassed
over 74% of the intact protein length. An operon encoding
cysteine dioxygenase type I (cdo) and an aspartate amino-
transferase superfamily protein, which has homology to
cysteine sulfinic acid decarboxylase (csad) from B. azoricus
(GenBank: SEH86284), was exclusively found in Clade I.
Unlike their Clade II congeners, the genomes of almost all
Clade I symbionts were characterized by a duplication of
the sulfide : quinone oxidoreductase type I gene (sqrI).
(d) Genome-wide patterns of relaxed and intensified
selection

Both symbiont clades showed reduced codon usage bias
(figure 2a,b) and dN/dS rate-class extremes (figure 2c) com-
pared to the outgroup (figure 2c), indicating a genome-wide
decline in the efficacy of natural selection, i.e. a reduction in
selective constraint (electronic supplementary material, tables
S7 and S8). Codon usage bias and selection intensity analyses
including incomplete genomes from free-living SUP05 bacteria
and closely related horizontally transmitted symbionts associ-
ated with deep-sea mussels (Bathymodiolus sp.) and sponges
(Suberites sp.) further support the inference of drift-driven
RGE in the vesicomyid symbionts (electronic supplementary
material, figure S10 and results). Relaxation was comparable
to that observed in insect endosymbionts and appeared to be
exacerbated in Clade I (figure 2b,c) [49]. Genes exhibiting inten-
sified and relaxed selection in the clam symbionts represented a
multitude of metabolic categories, although some functions
were predominantly affected by directional shifts in selection
regimes (electronic supplementary material, figure S11).
Genes under relaxed selection were mostly involved in protein,
amino acid and nucleoside/nucleotide metabolism, cell div-
ision and cell cycle, whereas genes under intensified selection
were largely associatedwith respiration and sulfurmetabolism.

(e) Patterns of positive selection in core and clade-
specific genes

Onehundred and fourteen protein-coding core genes exhibited
evidence for episodic diversifying selection along branches in
the phylogeny (electronic supplementary material, table S9).
Selection appears to be distributed throughout the evolution-
ary history of the symbionts (figure 3), acting mostly on the
outgroup branches and the branches discriminating the out-
group, Clade I, and Clade II. Eighty-five per cent of loci that
showed signs of selection were classified into SEED categories
(figure 3). These loci were equally represented among cellular
functions of the core genome except for a few categories
(e.g. nucleotide synthesis and defense) along the branches
separating the two symbiont clades (figure 3).

Apart from gloA, narI and narJ, all investigated metabolic
genes that were differentially preserved between clades
showed evidence of pervasive or episodic site-specific diversi-
fying selection that affected structural or functional regions in
the encoded proteins (electronic supplementary material,
table S10). Pervasive positive selection was observed at one
to three sites across the entire phylogeny in ten of the 17
genes tested: btuM, btuR, csad, hupE, icl, metR, narG, narH,
nasA, sqrI. In addition, episodic positive selection was detected
at one to seven sites along a proportion of branches in all tested
genes except for btuR, gloA, narI and narJ. In the case of cdo, csad
and nasA, these episodes of site-specific selection seemed to
have mostly occurred in the ancestral lineages as no evidence
for selection was found along the extant symbiont branches
(electronic supplementary material, table S10).

4. Discussion
(a) Reductive genome evolution is ongoing and driven

by neutral processes
Current insights into the evolutionary processes shaping
RGE in maternally inherited symbionts stem mostly from
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well-studied terrestrial insect–bacteria associations, where
genetic drift has been shown to be the dominant force driving
patterns of endosymbiont gene loss [7,56]. Our analyses of 15
vesicomyid symbiont genomes suggest that neutral processes
play an equally important role in marine vertically transmitted
symbioses. As in other models of recently acquired bacteria
[57,58], gene content differed substantially between vesico-
myid symbiont genomes, indicating that the different
lineages are independently losing genes. The presence of struc-
tural variation and varying degrees of gene degeneration
imply that vesicomyid symbionts have not yet reached a
stable streamlined state compared to many insect endosym-
bionts [59], as suggested previously [24]. All clam symbionts
exhibited a reduced GC%, decrease in codon usage bias, and
a genome-wide trend of relaxation in selective pressures rela-
tive to the outgroup. Overall, these observations support the
nearly neutral theory of RGE, driven by a reduction of effective
population size in these taxa [4].
In agreement with previous findings [19–21,23], we
detected no recombination between Clade I and Clade II,
even though some of the host taxa co-occur [21,26]. This
implies that there is enough molecular and ecological diver-
gence between the two clades for clonal interference and/or
strong host–symbiont epistatic interactions to constrain
symbiont exchange. Clade I and Clade II are also discri-
minated based on measures of genomic relatedness and
functional genomic traits, all of which support a classification
of these symbionts into two distinct bacterial genera,
Ca. Vesicomyosocius and Ca. Ruthia [29,33].

(b) Reductive genome evolution is exacerbated in non-
recombining symbionts

Symbionts of Clade I appear to be in a more advanced state
of RGE than those of Clade II, as their genomes are smaller
and lower in GC%, possess fewer genes and pseudogenes,
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exhibit less codon usage bias and are in general more homo-
geneous. Patterns of gene conservation suggest that much of
the loss in this group happened after its speciation but before
its radiation, a period of roughly 20 Myr [10,11]. Fossil
informed phylogenetic inference places the radiation of vesico-
myid clams at 47 ± 2 Ma and that of Clade I at 22 ± 5 Ma [11],
resulting in a rate of genome reduction of about 20 Kbp/Myr
in the Clade I symbionts. Together with increased substitution
rates on its diverging branch, these results imply that the ances-
tral Clade I lineage experienced an acute episodic acceleration
of RGE. Based on genome-wide levels of topological disagree-
ment, interspecific homologous recombination is widespread
among symbionts of Clade II but almost absent in Clade
I. A reduction of the rate of infection by environmental
symbionts and/or drift-driven loss of the recombination
machinery [18] may have strongly reduced the rate of genetic
exchange across Clade I symbionts, thereby setting this genus
on a divergent evolutionary path.

Recombination can alter rates of evolution due to Hill–
Robertson interference [60] by randomizing the associations
betweenmutations that otherwisewould be in linkage disequi-
librium. In small populations, deleterious alleles fix through
drift, reducing themean fitness of the population [6]. Addition-
ally, background selection against deleterious alleles can purge
linked beneficial alleles from the population [61], whereas
hitchhiking effects can retain linked deleterious mutations
[62]. Low rates of recombination typically increaseHill–Robert-
son effects [60], whereas absence of recombination can reduce
the rate of adaptation through clonal interference [63].

Strong linkage disequilibrium forces whole genomes to
sweep in populations that lack capabilities for genetic
exchange. Hence, loss of recombination should favour sym-
biont replacement in cases where the divergence between
native and foreign symbionts is low enough to avoid host–
symbiont incompatibilities. We find multiple examples of
symbiont replacement among lineages of Clade I. For
instance, individual P. extenta clams have acquired the sym-
bionts of the sympatric species A. diagonalis. Likewise, some
A. gigas populations have been found to carry the symbionts
of the host species P. soyoae [19]. Symbiont replacement
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occurs in several vertically transmitted symbioses [64] and is
speculated to constitute a mechanism for escaping the
evolutionary rabbit hole caused by Muller’s ratchet [2].

Despite the lack of recombination machinery in Clade I,
Ca. V. gigas and Ca. V. marissinica showed signs of genetic
exchange. Perhaps recombination in these species is mediated
via symbiont-derived host-encoded proteins. Evidence for
transfer of ancestral symbiont gene homologues to the host
nuclear genome was recently found in A. marissinica clams
[31]. Overall, these observations support a crucial role of recom-
bination in maintaining symbiont genome integrity [5] and
moderating the ecological consequences of increased clonality.

(c) Selective processes might be tied to genetic and
environmental contexts

Although our data indicate that genetic drift is a major force
mediating RGE in vesicomyid symbionts, significant fractions
of the symbiont genomes are affected by natural selection.
Selection might act on genes involved in host–symbiont inter-
actions, as these genes are expected to experience reciprocal
adaptations through speciation and niche exploitation. Diversi-
fying selection affecting genes that play a role in host–symbiont
interactions, such as lipopolysaccharides and peptidoglycans,
is observed in several terrestrial obligate and facultative endo-
symbionts [65,66]. Surprisingly, our data do not confirm these
predictions and instead suggest a pervasive pattern of positive
selection affecting a broad range of cellular functions. This
could indicate that the accumulation of slightly deleterious
mutations in the symbiont genomes enhances selective press-
ures for compensatory mutations, as described for cellular
organelles and other bacterial endosymbionts [67,68]. Alterna-
tively, these patterns might reflect ongoing adaptations to the
host intracellular environment [56].

Strong functional contrasts in gene loss between outgroup
and clam symbionts as well as between both symbiont clades
further suggest a role of niche differentiation in shaping
symbiont genome composition through RGE, which has
consequences for ecological processes, like habitat use, and
evolutionary processes, like host speciation. Genes enabling
bacteria to face the challenges of a free-living environment,
such asmetal detoxification, anti-viral defense and inter-species
competition, were not conserved in the clam symbionts, while
both clades differed in retention of genes affecting diversemeta-
bolic traits, including the dependency on enzyme cofactors,
anaerobic respiration and sulfur physiology.

(d) Symbiont clades show putative differences in
physiology and ecological niche

Clade I and Clade II symbionts encoded different, conver-
gently evolved types of methionine synthase [69], which
vary in their requirement for vitamin B12. Measurements of
cobalamin in the deep-sea are challenging, and we, therefore,
do not currently have informative data on vitamin B12 con-
centrations experienced by the clams. However, as both
clades appeared unable to synthesize cobalamin de novo,
these findings indicate that the environmental availability
of vitamin B12 has the potential to be an important factor
influencing the distribution of these taxa. Cobalamin inde-
pendence in Clade II may offer a selective advantage by
allowing these symbioses to exploit habitats that would
otherwise be inaccessible. By contrast, the requirement for
exogeneous vitamin B12 (or its derivatives) might limit the
range of (micro)habitats Clade I-based associations can
colonize, unless cobalamin is acquired from a secondary
symbiont. Despite this potential cost, the retention of a coba-
lamin-dependent methionine synthase in Clade I probably
provides an evolutionary benefit, given that MetH has a 50-
fold higher catalytic rate constant than MetE and thus enables
faster growth [69]. Comparative measurements of vesicomyid
growth rates suggest that species hosting Clade I symbionts
typically grow faster than species with symbionts of
Clade II, despite a less efficient sulfur physiology [70].
Since growth is influenced by a variety of factors [70], it is
possible that the enzymatic differences in methionine biosyn-
thesis among symbiont clades contribute to an accelerated
anabolism in Clade I-based associations, although this
remains to be experimentally tested. The preservation of
cobalamin-dependent enzymes as a result of conferred phys-
iological advantages appears to be common across the
eubacterial domain [71]. About 86% of bacterial lineages
seem to have at least one cobalamin-dependent enzyme
despite the existence of a cobalamin-independent alternative,
and many of these lineages rely on vitamin B12 production
from other microbes in their environment [71]. The impor-
tance of vitamin B12 for the biology of the two symbiont
groups is also evident in the fact that only Clade II symbionts
encode a transcriptional repressor (NrdR) for the ribonucleo-
tide reductase NrdAB, a key enzyme that controls the
synthesis of DNA [72]. In Clade I, expression of NrdAB is
probably regulated by cobalamin, which has been shown
to repress NrdAB transcription through riboswitches [73].
There is evidence that the two symbiont clades differ in
their requirements for other enzyme cofactors, such as
nickel. The genomes of Clade II symbionts encoded a specific
transporter for nickel uptake, and most of these lineages con-
tained at least one confirmed nickel-dependent enzyme
(glyoxalase I [74]), all of which were absent in Clade I.

Our data extend previous findings that Clade I and Clade
II symbionts show differences in encoded gene clusters for
nitrate reduction [14], confirming that these patterns are
truly clade-specific characteristics. The use of NarGHIJ for
nitrate reduction in Clade I probably enables these symbioses
to inhabit hypoxic environments [14], since the use of nitrate
as an electron acceptor would reduce the symbiont’s require-
ment for oxygen and, consequently, avoid competition with
the host. These assumptions agree with field observations
showing that clam species hosting Clade I symbionts typi-
cally occupy microhabitats with higher levels of hydrogen
sulfide (and, thus, presumably lower oxygen) than those
hosting Clade II symbionts [26]. Niche partitioning based
on environmental sulfide levels has also been suggested by
physiological comparisons of P. soyoae and C. pacifica, which
imply that P. soyoae symbionts require higher H2S concen-
trations for chemosynthesis [26]. This could be due to a less
efficient sulfide metabolism in Ca. V. soyoae (Clade I) result-
ing from an increased load of deleterious mutations in
accordance with its more advance state of genome reduction
compared to Ca. R. pacifica (Clade II). The presence of two
tandem copies of sqrI displaying evidence of concerted evol-
ution suggests increasing gene dosage as compensating
mechanism in Clade I. Our data indicate that there might
be additional adaptations (or ancestral restrictions) to con-
trasting sulfide environments between symbiont clades.
Only Clade I symbionts encode genes for CDO and
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putatively CSAD, which are key enzymes in the biosynthesis
of taurine/hypotaurine. These non-proteinogenic amino
acids are important for sulfide detoxification in many
symbiont-bearing invertebrates that inhabit sulfidic environ-
ments [75]. Since Clade I-based associations appear to be
prevalent in high-sulfide habitats, it is possible that these
symbionts directly or indirectly contribute to H2S tolerance
of their hosts. Another function of CDO and CSAD could
involve replenishment of metabolic intermediates. Vesico-
myid symbionts do not possess a complete TCA cycle and
must recycle succinate through other means [14]. In Clade
II symbionts succinate regeneration occurs via the glyoxylate
shunt, while the mechanism in Clade I symbionts is unclear
[14]. Perhaps taurine is further metabolized via taurine diox-
ygenase, which would generate succinate as end product. If
this pathway can be confirmed through physiological exper-
iments, autonomous recycling of succinate by the symbiont
could make important contributions to the holobiont’s
carbon budget.

5. Conclusion
Our analyses show that patterns of genome reduction in
vesicomyid symbionts are mostly shaped by genetic drift
and that factors affecting symbiont clonality strongly influ-
ence the rate of RGE. A first period of intensified RGE
probably occurred during the shift from horizontal to vertical
transmission mode in the Early to Mid-Eocene, and was
followed by a second period in Clade I after transition to
complete host restriction in the Late Eocene/Early Oligocene.
The pervasive nature of episodic diversifying selection across
functional traits in the vesicomyid symbiont genomes, how-
ever, suggests that neutral evolutionary processes (drift,
mutation and recombination) are not the sole drivers of mol-
ecular evolution in these taxa. Differential patterns of gene
loss between Clade I and Clade II reiterate that RGE does
not follow a universal trajectory, but is a reflection of the
eco-evolutionary context of the respective host–symbiont
association. Convergent gene loss and pseudogenization
imply common evolutionary pressures for some genes,
whereas selection and lineage-specific gene retention imply
niche-specific adaptation in others. Future studies linking
environmental data with symbiont genomic information at
the population level will help to decipher the contributions
of host eco-physiology, symbiont fitness, cytonuclear incom-
patibilities and rates of lateral transfer to symbiont evolution.
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