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Summary

A new autotrophic hydrogen-oxidizing Chromatiaceae
bacterium, namely bacterium CTD079, was enriched
from a water column sample at 1500 m water depth in
the southern Pacific Ocean. Based on the phylogeny
of 16S rRNA genes, it was closely related to a scaly
snail endosymbiont (99.2% DNA sequence identity)
whose host so far is only known to colonize hydro-
thermal vents along the Indian ridge. The average
nucleotide identity between the genomes of CTD079
and the snail endosymbiont was 91%. The observed
differences likely reflect adaptations to their specific
habitats. For example, CTD079 encodes additional
enzymes like the formate dehydrogenase increasing
the organism’s spectrum of energy generation path-
ways. Other additional physiological features of
CTD079 included the increase of viral defence strate-
gies, secretion systems and specific transporters for
essential elements. These important genome charac-
teristics suggest an adaptation to life in the open
ocean.

Introduction

Microorganisms living in symbiosis with invertebrate hosts
such as mussels, snails or tubeworms are particularly
widespread at hydrothermal vent habitats (Cavanaugh
et al., 1981; 1987; Krueger et al., 1996). These endosym-
bionts use a broad range of inorganic compounds, such
as H2, H2S and so on, to gain energy, which can then be

used to fuel autotrophic CO2 fixation (Takai et al., 2006;
Nakagawa and Takai, 2008; Petersen et al., 2011). The
synthesized organic compounds are made available to
the host organism (Takai et al., 2006; Jorgensen and
Boetius, 2007; Nakagawa and Takai, 2008). Depending
on the symbiont’s metabolism, the host also benefits
from the symbiont’s ability to detoxify the environment, as
is the case in sulfidic habitats (Kusel et al., 2006). In
return, the host provides shelter and access to essential
chemical compounds to the symbiotic prokaryotes
(Brissac et al., 2009; Tian et al., 2017).

Phylogenetic trees show that many lineages of chemo-
synthetic symbionts are interspersed with free-living bac-
teria, indicating that symbioses evolved multiple times
(Dubilier et al., 2008; Petersen et al., 2012). Besides the
symbiotic stage, a few symbionts also have a free-living
stage; these organisms are coined facultative symbionts
(Gros et al., 2003; Aida et al., 2008; Harmer et al., 2008).
Facultative endosymbionts are not exclusively dependent
on their host, since they are taken up from the environ-
ment with each host generation and can live some time
without the host (Nussbaumer et al., 2006).

Especially obligate endosymbionts continuously coloniz-
ing a sheltered, stable host environment can afford to lose
more genes than microorganisms with a free-living life-
style exposed to the irregular influences of the ambient
surrounding (McCutcheon and Moran, 2011). For free-
living marine bacteria, the acquisition of ecologically
relevant genes is well known. Recombination with distant
relatives is a crucial mechanism for the adaptation to dif-
ferent environments and the emergence of diverse marine
bacteria. In similar genomic core regions of various marine
bacterial lineages, very contrastive recombination patterns
have been detected, presumably due to recombination
with distantly related organisms (Sun and Luo, 2018).
These identified gene sections encode for functions that
are beneficial for the bacterium’s survival in a given habi-
tat (e.g., antibiotic synthesis or cold adaptation) (Sun and
Luo, 2018). Another important mechanism for horizontal
gene transfer in the marine environment that can affect
bacterial community diversity is bacteriophage-mediated
horizontal transduction (Jiang and Paul, 1998).
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In this study, we present the complete genome of a
newly cultured Chromatiaceae enriched from the water
column of the southern Pacific Ocean. We compared its
genome with that of the closest relative available in the
database, namely a scaly snail endosymbiont found near
hydrothermal vents along the Indian Ridge (Goffredi
et al., 2004). Special focus of this study lays on gene
acquisition through horizontal gene transfer as an adap-
tation to conditions in the water column. We analysed for
which cellular functions the newly acquired gene seg-
ments encode and to what extent the organism can
benefit from the acquired phenotype. We compared the
potential traits of our bacterium enriched from the water
column with those from its closest known relative – an
endosymbiont – and discuss differences in relation to
metabolism, genome evolution and ecological functions.

Results and discussion

We identified two types of bacteria by 16S rRNA gene
sequencing (Supporting Information Figs S1 and S2) and
fluorescence in situ hybridization (Supporting Informa-
tion Fig. S3) in a culture enriched with water from the
open ocean (79 CTD V14_06; water depth 1500 m;
−35�15.50100S 178�46.62700W). No hydrothermal influence
was detected in the water sample according to hydrogen
and methane measurements (Dr. Alexander Diehl, pers.
comm., Universität Bremen). The enrichment cultivation
was dominated by an uncultivated Gammaproteobacterium
(90% of all 4´,6-diamidino-2-phenylindole (DAPI) stained
cells), named bacterium CTD079. The remaining 10% of all
DAPI stained cells in the culture were similar to Alteromonas
sp. based on 16S rRNA sequence analysis (99% DNA iden-
tity). Although we managed to isolate the Alteromonas spe-
cies (by dilution series and with the PALM MicroTweezer),
none of the tested isolation methods resulted in a pure cul-
ture of bacterium CTD079 (for details, see experimental pro-
cedure in the Supporting Information).

General genomic characteristics

For sequencing, the total DNA extracted from the enrich-
ment culture was used, followed by hybrid genome assem-
bly based reconstruction of bacterium CTD079’s genome.
The complete genome of bacterium CTD079 consisted of
one circular chromosome: it is 2,745,378 bp in length
with an average G + C content of 64.0 mol% (Fig. 1 and
Table 1). In total, 2577 protein coding sequences (CDS),
44 tRNAs and 3 rRNAs were predicted, resulting in a cod-
ing density of 90.5%. The genome sequence and annota-
tion were deposited under the NCBI accession number
CP037918.

Examination of the 16S rRNA gene of bacterium
CTD079 against the SILVA 132 SSU database using the

SINA aligner (Pruesse et al., 2012) indicated an affiliation
with the family Chromatiaceae of the Gammaproteobacteria
and a very high sequence identity of 99.2% to an endosym-
biont of scaly snails (Nakagawa et al., 2014) (Supporting
Information Fig. S2). Bacteria of the family Chromatiaceae
are mainly found in sediments of marine shorelines, coastal
waters, lagoons, fjords (Imhoff, 2014) or as symbionts of
marine sponges (Tian et al., 2014) and are less common in
the marine water column. Based on phylogenetic analysis
of 16S rRNA genes, bacterium CTD079 clustered with
other endosymbionts and uncultured bacteria from a micro-
bial mat at Lo’ihi Seamount, Hawaii (Supporting Informa-
tion Fig. S4). These findings prompted us to compare the
complete genome of the new bacterium CTD079 with
that of the scaly snail endosymbiont. We found a high level
of synteny between the two bacterial genomes. A syntenic
dotplot showed an x-like alignment pattern which is typical
for genomic inversion events (Supporting Information
Fig. S5). The comparison of the genome sequences of both
organisms showed an average nucleotide identity (ANI) of
91.0% and an average amino acid identity (AAI) of 92.6%
indicating that they belong to two different species, but to
the same genus (thresholds suggested for species defini-
tion are 95% [ANI] and > 95% [AAI]) (Goris et al., 2007).
Based on these results, we set out to study differences
and similarities between the bacterium CTD079 enriched
from the open ocean and the hydrothermal vent snail
endosymbiont.

First, we analysed the two genomes using IslandViewer
4 (Bertelli et al., 2017) to identify genomic islands in
both genomes. In total, 11 islands were found in bacte-
rium CTD079 (Fig. 1) and 17 in the snail’s endosymbiont
(Supporting Information Fig. S6). Genomic islands are
regions of the genome indicating horizontal gene transfer,
that is, uptake of genetic material from the environment/
other organisms. The annotation by IslandViewer is based
on the combination of the programs Island-Path-DIMOB
and Islander. The former seeks dinucleotide biases in a
region of at least eight consecutive genes, including a
mobility gene (Hsiao et al., 2005), the latter looks for
regions flanked by a tRNA gene or a tRNA gene fragment
which contains an integrase gene (Mantri and Williams,
2004). Thus, genomic regions with an abnormal sequence
composition suggest that these may have been acquired
by horizontal gene transfer (for detailed discussion, see
below: distinctions from the symbiont).

Similarities to the symbiont

The genomic information from bacterium CTD079 sug-
gests a hydrogen/sulfur-oxidizing chemolithoautotrophic
lifestyle (Fig. 2, Supporting Information Table S1) as
can be typically found in hydrothermally influenced envi-
ronments. This is in line with what has been predicted for
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its closest relative the endosymbiont of a scaly snail
(Nakagawa et al., 2014). Nakagawa and colleagues
already reported in detail on the genes from the symbiont
potentially involved in sulfur cycling and hydrogen oxida-
tion (Nakagawa et al., 2014). In short, the genome of the
endosymbiont has the sox gene cluster with the excep-
tion of soxCD. As commonly found for chemoautotrophic
Gammaproteobacteria, the genes sorAB are also missing
(Kappler et al., 2000). Additionally, in the endosymbiont’s
and CTD079’s (Supporting Information Table S1) genome
hydrogenases of the groups 1 and 2 are present.
As hydrogen is one of the most abundant elements and

plays a key role in most bacterial metabolic pathways
(Dilling and Cypionka, 1990; Bothe et al., 2010; Tang

et al., 2011), we added hydrogen as the sole electron
donor to the medium. Furthermore, it is an ideal electron
transporter and the ability to use hydrogen as an energy
source is widespread among chemolithoautotrophic
organisms. Our enrichment culture containing bacterium
CTD079 and Alteromonas sp. consumed hydrogen
(0.6 fM cell−1 h−1) under autotrophic growth conditions
(Fig. 3). The amount of consumed hydrogen is in the lower
range of what has been reported for other hydrogen-
oxidizing Gammaproteobacteria in Hydrogenovibrio
(e.g., Hydrogenovibrio sp. MA-3 0.63 fM cell−1 h−1,
Hydrogenovibrio sp. SP41 1.47 fM cell−1 h−1) (Hansen
and Perner, 2015; 2016). Hydrogenase transcripts of
CTD079 and Alteromonas species were also found in the

Fig 1. Circular genome representation of bacterium CTD079 using the GCView Comparison Tool (Stothard et al., 2019). The two blue outer cir-
cles depict predicted open reading frames on the plus and minus strand. The third red circle illustrates homologous regions between the genome
of CTD079 and the genome of the scaly snail endosymbiont. The next tracks indicate the change in GC (guanine-cytosine) content and GC
skew. The inner circle shows genomic islands in the genome of bacterium CTD079 as predicted by the IslandViewer 4 software (Bertelli
et al., 2017). The differently coloured blocks indicate the island prediction method (Red = predicted by at least one method, blue = IslandPath-
DIMOB, orange = SIGI-HMM).
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enrichment (Supporting Information Fig. S7). Since
among the Alteromonas there are species, namely the
Alteromonas macleodii deep ecotype strain, that are
capable of consuming hydrogen (Vargas et al., 2011), we
initially assumed that the hydrogen consumption ability is
related to this strain. However, our isolated Alteromonas
sp. did not use hydrogen under the provided culture condi-
tions. Given that hydrogen was used up in the mixed culture
(Fig. 3) and the Alteromonas isolate could not consume
hydrogen (Fig. 3), this strongly suggests that the ability to
consume hydrogen is related to bacterium CTD079.

More so, in line with Nakagawa and colleagues, we
identified all genes necessary for the central metabolic
pathways in bacterium CTD079’s genome (Nakagawa

et al., 2014): the Calvin-Benson-Basham Cycle, Glycolysis
and Citrate cycle (Fig. 2). Additionally, we could detect all
genes for the formation of all essential amino acids, nucle-
otides, fatty acids and essential cofactors. Many of these
properties, for example, hydrogen and sulfide oxidation
as well as autotrophic CO2 fixation, are found in bacteria
colonizing hydrothermal vent habitats (Hansen and
Perner, 2015) indicating that the common ancestor of
CTD079 and the snail endosymbiont inhabited such an
environment.

Distinctions from the symbiont

CTD079 and the scaly snail endosymbiont also show con-
tradictory properties: CTD079 was enriched as a planktonic
prokaryote from the deep-water column. The scaly snail
endosymbiont carries out an adhesive, facultative or obli-
gate symbiotic lifestyle in hydrothermal environments. The
genome of bacterium CTD079 showed five major differ-
ences to the endosymbiont’s genome. These were among
(i) transporters, (ii) two-component systems, (iii) metabolic
pathways, (iv) secretion systems and (v) defence mecha-
nisms. In the following, we will report in detail on these
distinctions.

Transporter and two-component systems. In the newly
sequenced genome, we found all genes encoding for the
components of a special ABC-transporter, which carries
molybdenum in the form of bioavailable molybdate ions
MoO2−

4 to the cytoplasm (Supporting Information Table S1).
The genes coding for the components of this system form the

Table 1. Genome characteristics of bacterium CTD079 in compari-
son to the snail endosymbiont as predicted using PROKKA 1.13.

Bacterium
CTD079

Snail
endosymbiont(Accession
NZ_AP012978.1)

Genome size (bp) 2,745,378 2,597,759
G + C content (%) 64.0 65.1
Open reading frames

(ORFs) (total)
2577 2581

rRNA 3 3
tRNA 44 42
CRISPR regions 2 1
Protein density

(ORFs/kbp)
0.94 0.99

Coding density (%) 90.5 89.4

Coding density = length of ORF coding sequences/whole genome
length.

Fig 2. Overview of the main metabolic pathways and cellular features of bacterium CTD079. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) was used for construction. The red marked components illustrate the new identified metabolic processes in the genome of bacterium
CTD079 in relation to the snail’s endosymbiont.
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modABCD operon (Scott and Amy, 1989). When comparing
the molybdenum operon found in the bacterium CTD079’s
genome against the sequences deposited in the NCBI non-
redundant database, the highest similarity was found to an
unspecified Gammaproteobacterium (Accession PKM03231.1,
73% AA identity). The next described relative according to
blastx searches was Methylomonas sp. (PPD34451.1, 56%
AA identity), a marine methanotrophic gammaproteobacterium
(Boden et al., 2011).

Furthermore, we identified two additional two-component
signal transduction systems, the EnvZ/OmpR and the RegB/
RegA system in CTD079 (Supporting Information Table S1).
These systems are used by bacteria to respond to changes in
environmental conditions (Stock et al., 2000). In Escherichia
coli, for example, the EnvZ/OmpR system is described to
respond to variations in environmental osmolarity (Forst and
Roberts, 1994; Pratt and Silhavy, 1995; Egger et al., 1997).
For the RegB/RegA two-component system, it is known that it
constitutes a conserved regulatory system for redox control of
many energy-producing and energy-consuming processes
(Madigan and Gest, 1979; Joshi and Tabita, 1996; Qian and
Tabita, 1996). The use of the RegB/RegA two-component sys-
tem initiates changes of different metabolic pathways, for
example, carbon fixation, nitrogen fixation, hydrogen oxidation
or denitrification. Under the provided cultivation conditions,
CTD079 appears to be associated with Alteromonas sp. Thus,
CTD079 may use organic matter released from Alteromonas
sp. In the natural environment from which CTD079 was
enriched, the deep ambient water, it might attach to sinking
particulate organic matter (POM). This macro organic matter
drives the lower aquatic food web by providing energy in

form of carbohydrates, sugars and other polymers that can
be degraded by, for example, Gammaproteobacteria (Cole
et al., 2011; Taipale et al., 2016; Gomez-Consarnau
et al., 2019). Depending on the composition of POM, the
corresponding metabolic pathway can then be activated using
the RegB/RegA system. Those bacterial relationships with
sedimenting particles have been described many times
(Iturriaga, 1979; Ducklow et al., 1982; Karl and Knauer, 1984).
In general, free-living bacteria are often exposed to environ-
mental changes, for example, temperature, pH, nutrients and
so on, while obligate symbionts encounter comparatively sta-
ble surroundings. Thus, both the EnvZ/OmpR and the RegB/
RegA system may provide a benefit for organisms living out-
side of a host – temporarily, as is the case for facultative sym-
bionts, or permanently as is the case for free-living organisms.

Physiology. Genomic sequence data suggested that bacte-
rium CTD079 appears to be able to use two additional ways to
generate energy: carbon monoxide (CO) and formate metabo-
lism (Supporting Information Table S1). In the CO metabolism,
the enzyme CO dehydrogenase (CODH) mediates the oxida-
tion of CO to CO2 (Hausinger, 1993). The formate dehydroge-
nase (FDH) catalyses the oxidation of formate to CO2

(Ferry, 1990). Both, the CODH of aerobic organisms as well
as the FDH contain molybdenum in the active centre
(Ragsdale, 2004), which may explain CTD079’s acquisition of
a molybdenum transporter (see discussion above).

We found the complete CODH operon (aerobic CODH)
located on one of the predicted genomic islands, encoding the
genes for the three subunits coxL (molybdenum protein), coxM
(flavoprotein) and coxS (iron–sulfur protein) (Hugendieck and

Fig 3. In vivo hydrogen consumption and growth of the mixed culture containing bacterium CTD079 and Alteromonas sp. and of the Alteromons
sp. isolate. Hydrogen consumption of the enrichment is shown with diamonds, of Alteromonas sp. isolate with triangles and controls with squares.
Growth of the enrichment is shown with open diamonds and broken lines with dots. Growth of Alteromonas sp. is shown with open triangles and
a dotted line. Hydrogen concentration was measured using gas chromatography and cell numbers were determined using an Olympus BX41
(Olympus, K. K., Tokyo, Japan) microscope as described before (Hansen and Perner, 2015).
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Meyer, 1992; Gremer et al., 2000). It is known that some
aerobic carboxydotrophs like Oligotropha carboxidovorans
(Meyer and Schlegel, 1983) can use the energy from CO oxi-
dation to fix CO2 in the Calvin-Benson-Bassham (CBB) cycle
(Ragsdale, 2004). Since all genes for the CBB fixation pathway
are present on our newly sequenced genome, it is likely that
bacterium CTD079 also uses CO oxidation to generate energy
– possibly for CO2 fixation. The comparison of the sequences
of the CODH operon with sequences from the NCBI non-
redundant database gave the highest similarity to genes
from an uncharacterized Gammaproteobacterium (Accession
PKM13574.1, 81% AA identity). Phylogenetic analysis based
on the large CODH subunit showed that bacterium CTD079
clustered within a group of gammaproteobacterial free-living
marine prokaryotes and a bacterium associated with a sand
snail (Cocleimonas flava) (Supporting Information Fig. S8).
Since the sequences of free-living bacteria are basal to the
monophyletic group into which CTD079 clusters, it may be that
the CODH gene cluster originated from a free-living ancestor
and the scaly snail symbiont lost it. Alternatively, the CODH
may not have been in the common ancestor and CTD079 may
have acquired it later.

The genes encoding all subunits of the bacterial FDH are
most similar to the ones of the gammaproteobacterial symbi-
ont of Stewartia floridana (Accession RLW52734.1, 82% AA
identity). The FDH potentially enables our cultured organism
to utilize an additional energy source.

Another difference between the expected physiology of
CTD079 and the symbiont is the presence of a gene segment
encoding for the nitrous-oxide reductase on the genome of
CTD079 (Supporting Information Table S1). This enzyme
catalyses the conversion of nitrous oxide to dinitrogen,
which is the last step of the denitrification process and is an
autonomous form of respiration (Zumft, 2005). The ability to
use a dissimilatory denitrification pathway provides a new
complementary source of energy for CTD079. Although the
nosZ gene was described as a pseudogene (Nakagawa
et al., 2014), we identified a gene cluster for the nitrous-oxide
reductase in the genome of CTD079. This part of the genome
shares similarity to genes from Thiolapillus brandeum
(Accession WP_041065396.1, 89% AA identity), a sulfur oxi-
dizing Gammaproteobacterium, which is phylogenetically
placed within a group of symbionts (Nunoura et al., 2014).

Secretion system. In the genomes of both – the endosymbi-
ont and bacterium CTD079 – we could identify the type I
secretion system, the sec-system and the tat-system
(Supporting Information Table S1). In bacterium CTD079’s
genome, we additionally discovered all genes necessary for
the type II secretion system (Supporting Information -
Table S1). These listed systems all mediate protein secre-
tion, which is an essential cell function in all prokaryotes.
They enable the transport of proteins from the cytoplasm to
other cell compartments, the environment or other microor-
ganisms (Gerlach and Hensel, 2007).

The type II secretion system transports folded proteins like
hydrolases. Furthermore, substances that mediate biofilm for-
mation (Duncan et al., 2011; Sikora, 2013) or symbiosis
(Maltz and Graf, 2011) are released to the environment by
this secretion system. To better understand the function of the
type II secretion system, we compared the coding sequences

with the sequences deposited in the NCBI non-redundant
database. They resembled those from Sedimenticola
selenatireducens (68% AA identity; Accession PLX60149.1), a
strictly anaerobic, selenite-respiring Gammaproteobacterium
(Narasingarao and Haggblom, 2006). Studies on the type II
secretion system of the marine organism Vibrio cholerae
showed that this type of secretion system supports biofilm for-
mation on biotic and abiotic surfaces (Sikora, 2013), which
enhances the growth of planktonic cells (Stauder et al., 2012)
and in this way helps to increase the cell density. In the case
of CTD079, the acquired genes may enable CTD079 to pro-
tect itself from external influences via biofilm formation.

Defence mechanisms. Bacteria and archaea are exposed to
the constant threat of viruses, which are especially prevalent
in the marine environment (Suttle, 2005). The antiviral
defence mechanisms consist of special Cas proteins and a
Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) array (Barrangou et al., 2007), which consists of
short repeated sequences separated by spacers derived from
nucleic acids of viruses and plasmids (Bolotin et al., 2005;
Mojica et al., 2005; Pourcel et al., 2005). The genomes of the
symbiont and of bacterium CTD079 differ considerably with
respect to their special defence mechanisms (Supporting
Information Table S1). A much higher number of repeat
sequences with viral DNA spacers (55 in total with 12 associ-
ated cas genes) was identified in the genome of CTD079
than in the endosymbiont’s genome (4 in total). This implies
that CTD079 is using the CRISPR-Cas defence system more
frequently than the scaly snail endosymbiont. As hydrother-
mal vent environments have been shown to hold higher num-
bers of viruses than the open ocean (Cochlan et al., 1993;
Wommack et al., 2004; Ortmann and Suttle, 2005), one
would expect that a facultative endosymbiont has an imprint
reflecting the free-living stages on its genome. Conclusively,
the very low number of repeat sequences with viral DNA
spacers detected on the scaly snail’s symbiont’s genome
would be common for an obligate symbiont. Investigations of
obligate symbiont genomes have shown that in some cases
the CRISPR-Cas system is completely absent (Burstein
et al., 2016), while others have acquired a very high number
of viral DNA spacers (Anbutsu and Fukatsu, 2011; He
et al., 2018). Thus, the number of spacers cannot serve as
an indicator for facultative or obligate symbiosis. However,
it has been observed that at high virus concentrations, like
at hydrothermal vents, the defence takes place via constitu-
tive mechanisms, such as recognition by surface proteins
(Westra et al., 2015) – a mechanism that becomes effective
very quickly. Since CRISPR-Cas is an induced defence sys-
tem, too much time passes before it becomes active. With a
low virus density, like in the water column, the fitness costs
for a constitutive, that is, permanent virus defence are too
high for the organism. Therefore, the defence mainly takes
place via the induced CRISPR-Cas system (Westra
et al., 2015).

We detected the type II system (class 2 CRISPR-Cas sys-
tem) in both genomes. The type I-C system (class 1 CRISPR-
Cas system) was detected in the symbiont only, while the type
III-B system (class 1 CRISPR-Cas system) was merely identi-
fied in the bacterium CTD079. By cleaving RNA and also
DNA, the type III-B system destroys the viral genome and the
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corresponding transcripts (Hale et al., 2009). In contrast, the
type I-C CRISPR-Cas system only cleaves DNA (Makarova
et al., 2011; Sinkunas et al., 2011). We were able to assign
the operon for the type III-B CRISPR-Cas system on the
genome of CTD079 to one of the predicted genomic islands
suggesting an uptake of the genes via horizontal gene trans-
fer. In addition, when compared with sequences in the NCBI
non-redundant database, the highest similarity (76–94%, AA
identity) was found to an unspecified Gammaproteobacterium
from a hydrothermal vent (Accession RTZ73208.1), indicating
that CTD079’s ancestor may have had contact with vent envi-
ronments/organisms.

Symbiotic versus water column habitat. We identified all
important metabolic pathways in CTD079’s genome that
should enable it to be viable on its own. While under specific
conditions CTD079 may be able to survive in a pure culture,
we could not isolate it under the provided culture conditions
and thus cannot rule out that it may be in a syntrophic rela-
tionship with Alteromonas sp. A similar relationship was
suggested for a Beggiatoa strain that depends on Pseudo-
vibrio, which appears to supply vitamins or detoxifies meta-
bolic intermediates (Bondarev et al., 2013).

Based on the phylogenetic analysis of the 16S rRNA
genes, it is shown that bacterium CTD079 forms a monophy-
letic group with symbionts of two snail species (Alviniconcha
sp.) and uncultured bacteria from microbial mats at Lo’ihi
Seamount, Hawaii (Supporting Information Fig. S4). CTD079
and the snail symbionts share some potential phenotypes
(e.g., hydrogen or sulfur oxidation, autotrophic CO2 fixation).
Hence, a common ancestor may have colonized a habitat
where such metabolisms are favourable, for example, hydro-
thermal vent systems. Genes only identified on the CTD079
genome (e.g., encoding carbon monoxide dehydrogenase,
FDH, nitrous oxide reductase, molybdate ABC-transporter,
RegB/RegA and EnvZ/OmpR tow-component system, type II
secretion system, type III-B CRISPR-Cas system) exhibited
the highest similarities to those from free-living but also sym-
biotic bacteria (Supporting Information Table S1). Thus,
either (i) these traits were acquired multiple times by a com-
mon ancestor and the endosymbiont lost them or (ii) they
were acquired horizontally multiple times by bacterium
CTD079. However, the two available genomes are not suffi-
cient to make a clear statement on whether the discussed
metabolic features were lost by one or acquired by the other
organism.

The most likely mode of transmission for endosymbionts
takes place vertically, that is, from one generation to the next
maternally. Such strictly vertically transmitted symbionts are
described as obligate symbionts and have co-evolved with
their hosts (Bright and Bulgheresi, 2010). The endosymbiont
of the scaly snail was described to be located in the enlarged
oesophageal glands (Goffredi et al., 2004), but nothing is
stated about its occurrence in the gonads. It remains to be
clarified whether the symbiont is transmitted vertically and thus
obligatory symbiotic or not. For other symbionts, a mix of verti-
cal and horizontal (picked up from the environment) transmis-
sion has been proposed – thus an obligate and a facultative
state (Dmytrenko et al., 2014; Zimmermann et al., 2016). For
the scaly snail endosymbiont, flagellar genes and those
encoding chemotaxis proteins were recognized. Since these

genes encode functions that allow the bacterium’s survival
outside the host, it appears highly likely that the endosymbi-
ont also has a free-living stage and thus can be considered
a facultative symbiont. Other examples exist: for the intracel-
lular bacterium of the coastal bivalve Solemya velum genes
that support a facultative endosymbiosis (e.g., genes for
membrane-associated functions) have been described
(Dmytrenko et al., 2014). For some endosymbionts like the
lucinid clam (Codakia orbicularis), the giant tubeworm (Riftia
pachyptila) and the beard worm (Oligobrachia mashikoi)
also free-living facultative symbiotic forms exist, although
they have only been found in the vicinity of their hosts (Gros
et al., 2003; Aida et al., 2008; Harmer et al., 2008). In these
cases, it appears that facultative symbionts are only able to
survive for a short time outside their host, because of essen-
tial missing functions like important two-component systems
for sensing the environment (Dmytrenko et al., 2014).

In summary, given that we identified horizontally acquired
gene clusters (from free-living, symbiotic, hydrothermal vent
and other marine habitats), CTD079 appears well adapted to life
in the water column. Based on some of the potential chemosyn-
thetic phenotypes and the relatedness of many genes to those
of hydrothermal vent organisms, it appears that the common
ancestor colonized a hydrothermal vent comparable habitat.

Conclusion

We here successfully enriched a very close free-living rela-
tive of a sulfur-oxidizing endosymbiont. Its genome analysis
provides information on the adaptation to a life in the open
ocean. By comparing the genome of bacterium CTD079
with the available genome of the nearest living relative, a
snail endosymbiont, we were able to show that the bacte-
rium from the deep ambient water has several additional
gene segments apparently obtained by horizontal gene
transfer. The acquisition of genes and respective enzymes
for using alternative energy sources, as well as the specific
systems for secretion and defence against viruses, clearly
show an adaptation to life in the water column. Further
comparative studies of the symbiotic and the cultivated
free-living organism could provide valuable insights into the
evolution and the establishment of symbiosis.
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