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The shallow-water hydrothermal vent system of Kueishan Island has been
described as one of the world’s most acidic and sulfide-rich marine habitats.
The only recordedmetazoan species living in the direct vicinity of the vents is
Xenograpsus testudinatus, a brachyuran crab endemic to marine sulfide-rich
vent systems. Despite the toxicity of hydrogen sulfide,X. testudinatus occupies
an ecological niche in a sulfide-rich habitat, with the underlying detoxifica-
tion mechanism remaining unknown. Using laboratory and field-based
experiments, we characterized the gills of X. testudinatus that are the major
site of sulfide detoxification. Here sulfide is oxidized to thiosulfate or
bound to hypotaurine to generate the less toxic thiotaurine. Biochemical
and molecular analyses demonstrated that the accumulation of thiosulfate
and hypotaurine is mediated by the sodium-independent sulfate anion trans-
porter (SLC26A11) and taurine transporter (Taut), which are expressed in gill
epithelia. Histological andmetagenomic analyses of gill tissues demonstrated
a distinct bacterial signature dominated by Epsilonproteobacteria. Our results
suggest that thiotaurine synthesized in gills is used by sulfide-oxidizing
endo-symbiotic bacteria, creating an effective sulfide-buffering system. This
work identified physiological mechanisms involving host-microbe inter-
actions that support life of a metazoan in one of the most extreme
environments on our planet.
1. Background
Hydrogen sulfide is highly toxic for organisms due to its ability to inhibit
cytochrome-c oxidase, a critical enzyme for mitochondrial respiration [1].
Therefore, metazoans living in sulfide-rich waters like those found in
most hydrothermal vent systems evolved behavioural, morphological and
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physiological mechanisms to allow existence in these highly
toxic marine habitats [2–6]. While some deep-sea hydrother-
mal vent species have sulfide detoxification mechanisms
independent from microbial symbionts [7,8], many sessile
species, including vesicomyid bivalves, mytilids and
vestimentiferans, evolved symbioses with sulfide-oxidizing
chemoautotrophic bacteria that support detoxification and
provide nutrition to the host [9,10]. To date, many studies
on sulfide detoxification mechanisms in marine species
focused on those inhabiting deep-sea hydrothermal vent sys-
tems of the mid-ocean ridges [6,11]. However, volcanic vent
systems can also be found in shallow waters that are
among the most extreme marine habitats concerning sulfide
toxicity. Shallow-water vent systems with moderate tempera-
tures (<200°C), high concentrations of sulfide and CO2 were
abundant in the primeval oceans, but due to the decrease
in volcanic activity, such vent systems became rare in
today’s oceans [12]. One of these vent systems is found off
the coast of Taiwan in the shallow-water at the eastern part
of Kueishan Island (24°500N, 121°570E) [13]. Kueishan
Island lies to the southern rifting end of the Okinawa
Trough, a back-arc depression of the Ryukyu arc-trench
system and has active volcanic features [14]. This underwater
volcano has been described as one of the world’s most acidic
vents, discharging water that has a high content of elemental
sulfur particles, a minimum pH of 1.52 [15], and a gas com-
position consisting of high concentrations of sulfide (H2S)
(800 µM) and CO2 (<92%) [13]. Due to these hostile con-
ditions, the biodiversity of this vent habitat is extremely
low [16], with the brachyuran crab Xenograpsus testudinatus
being the only recorded metazoan species in the direct vicin-
ity of the vents. X. testudinatus is endemic to shallow-water
(<200 m) sulfide-rich vent systems [17], sporadically feeding
on dead zooplankton killed by the toxic vent discharges [18].

Sulfide oxidation to the less toxic thiosulfate has been
demonstrated as a major detoxification mechanism in other
invertebrates from sulfide-richmarine habitats [7,8] that host sul-
fide-oxidizing endosymbionts in their tissues [19,20]. In addition,
some hydrothermal vent species utilize sulfide-binding factors
like hypotaurine that bind sulfide to synthesize thiotaurine,
which is less toxic to cellular respiration [9,10]. These unusual
amino acids were first discovered in vent vestimentiferans and
bivalves that carry thiotrophic endosymbionts, but are also
observed in species without endosymbionts. Accordingly,
many invertebrates from vents and seeps have high concen-
trations of hypotaurine and thiotaurine independent from their
symbioses with thiotrophic symbionts [10,21]. This adaptive sul-
fide detoxificationmechanism is prevalent in animals that cannot
avoid sulfide exposure (e.g. vestimentiferans, polychaetes, vesi-
comyid clams and bathymodiolin mussels) or that feed on
external bacteria and detritus (e.g. polychaetes and gastropods)
in sulfide-laden waters [9,10,19,22,23].

In most species, sulfide oxidation capacities are associated
with specialized tissues, including the epidermis, gills and
hepatopancreas [19,24–27]. In some vent species, these tissues
exhibit distinct morphological features, including large num-
bers of electron-dense organelles termed sulfide oxidizing
bodies [28]. Furthermore, sulfide-oxidizing endosymbionts are
well known to be found in specialized tissues of vent species
[29]. Vent-dwelling organisms like the sessile tubeworm Riftia
pachyptila or some bivalve species have intracellular symbionts
that are located in specialized host cells, the bacteriocytes of
the trophosome or gill [30–32]. The host provides all substrates
necessary for chemosynthesis to the symbionts [33], and in
return, the symbionts provide fixed organic carbon to nourish
the gutless host [34]. A recent study reported a specific
microbial signature consisting of sulfur-oxidizing Epsilon-
proteobacteria and Gammaproteobacteria in several tissues of
X. testudinatus [20,35]. Epsilonproteobacteria are capable of auto-
trophic growth fueled by oxidation of reduced sulfur
compounds, and Gammaproteobacteria are known to perform
chemolithoautotrophic sulfur oxidization [36–38]. However, it
remains unknown if a specific microbial signature in X. testudi-
natus is associated with their high tolerance to environmental
sulfide and if these microbial residents may provide nutrition
to their hosts in this food-limited marine environment.

Thus, the present work aims at identifying and characteriz-
ing the cellular mechanisms of sulfide detoxification that allow
X. testudinatus to exist in sulfide-rich vent systems. By determin-
ing and localizing the microbial community in gill tissues, the
present work supports the concept that host–microbiome
interactions underlie the extraordinary sulfide tolerance of
X. testudinatus, allowing this species to occupy a unique
ecological niche in one of the most extreme marine habitats.
2. Material and methods
(a) Study area and sample collection
Kueishan Island (121°570 E; 24°500N) is a volcanic island and the
hydrothermal vents are only present near the eastern edge of
Kueishan Island, including nine larger sulfur mounds and
numerous smaller gas vents, distributed from the sublittoral to
20 m depth. The collection site (24°50.0550N; 121°57.7160E) is
located at a cluster of vents discharging a sulfide-rich venting
plume. Two perpendicular 100 m transect lines were set for the
determination of sulfide gradients in this habitat. The north–
south line was at a depth of 17 m, and the east–west line was
at a depth descending from 6 to 19 m. The fieldwork was carried
out from August 2005 to October 2019. Detailed information
about field estimations and animal sampling is described in the
electronic supplementary material.

(b) Determination of sulfur compounds
The procedure for measuring sulfide, sulfite and thiosulfate
followed previously described protocols [39]. The reacted pro-
ducts were analysed using a Waters 600E HPLC (Mildford,
MA, USA) within 2.5 h. And the sulfate concentration in SW
and haemolymph was respectively determined with a portable
photometer and 96-well plate photometer. Detailed information
about sulfur compound determinations is described in the
electronic supplementary material.

(c) Sulfide tolerance and exposure experiments
Tolerance of X. testudinatus and other marine species (including
pebble crab (crabs), marine segmented worm (annelids), short-
necked clam (molluscs), sea urchin (echinoderms) and sea
bream (teleosts)) to environmental sulfide concentrations was
investigated using a continuous flow-through system with
dissolving rinsed Na2S·9H2O as described by [40]. Besides,
X. Testudinatus was exposed to 1000 µM sulfide condition as
described previously for 7 days. Detailed information treatment
process is described in the electronic supplementary material.

(d) Hypotaurine and thiotaurine measurements
Hypotaurine and thiotaurine were extracted from haemolymph
and norvaline was added as an internal standard. The sample
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derivatives were injected in an ultra-performance liquid chrom-
atography system (UPLC) (ACQUITY UPLC H-class System,
Waters) equipped with a TUV detector and then identified and
quantified by comparing sample data with retention times and
peak areas of standards. Detailed information about hypotaurine
and thiotaurine measurements is described in the electronic
supplementary material.

(e) Purification of total RNA and reverse-transcription
Purification of total RNA and RT-PCR were performed as pre-
viously described [3]. Detailed information about molecular
sample preparation is described in the electronic supplementary
material.

( f ) Molecular cloning
To amplify the partial cDNA fragment of SLC26A11 and
Taut family genes, primers for slc26a11 and slc6a6 (encoded as
Taut) were designed, as shown in electronic supplementary
material, table S2. For PCR amplification, 1 µg of cDNA was
used as a template. Detailed information about the cloning
process is described in the electronic supplementary material.

(g) Quantitative real-time quantitative PCR
Primers of slc26a11a, slc26a11b, taut1 and taut2 genes were
designed as listed in electronic supplementary material, table
S2. Quantitative real-time quantitative PCR (qRT-PCR) was per-
formed on a Roche LightCycler System (Roche Applied Science,
Mannheim, Germany) using the LightCycler 480 SYBR Green I
Master (Roche), and the ribosomal protein L9 (rpl9) was used
as the reference gene. Detailed information about the qRT-PCR
is described in the electronic supplementary material.

(h) Transmission electron microscope
The ultrathin sections (70 nm) were prepared from the 5th pair of
gill arches and cut by Leica EM UC7, then mounted on nickel
grids, and observed by a Tecnai G2 F20 S-TWIN field emission
gun electron microscope (FEI Company, USA). Detailed infor-
mation about the transmission electron microscope (TEM) process
is described in the electronic supplementary material.

(i) Fluorescence in situ hybridization and
immunohistochemical staining

Horizontal sections (10 µm; vertical to vascular) from the 5th pair
of gill arches were collected on poly-L-lysine-coated slides for
experiments. For target gene RNA labelling, isolated plasmids
from the targeted clones were used to synthesize antisense and
sense RNA probes. For the H&E staining, sections were stained
with haematoxylin and eosin. For immunohistochemical stain-
ing, the primary antibody for Na+/K+-ATPase (NKA), H-300,
was used. For microbial communities visualization, 4 µm paraf-
fin sections were prepared as previously described [35]. The
oligonucleotide probes targeting general Eubacteria 16S rRNA
(EUB338) and thiotrophic symbiont (BangT-642) were utilized.
Detailed information about the fluorescence in situ hybridization
(FISH) and immunohistochemical staining is described in the
electronic supplementary material.

( j) DNA extraction, amplicon sequencing, data analysis
and microbiome quantification

DNA extraction was performed as previously described [35]. The
DNA tagging PCR (5 cycles) using the total genomic DNA
sample (from the 5th pair of gill arches) was used to tag the
ends of 16S RNA gene V6-V8 amplicons. The operational
taxonomic units (OTUs) were taxonomically classified according
to the SILVA database. For the quantitative PCR assay, two
primer sets were designed to target the Epsilonproteobacteria
and Gammaproteobacteria (listed in electronic supplementary
material, table S2). Detailed information about the microbiome
analysis is described in the electronic supplementary material.

(k) Protein purification and western blot analyses
Protein extractions and western blot analyses were performed as
previously described [3]. Detailed information about the protein
expression analysis is described in the electronic supplementary
material.

(l) Statistical analyses
Values are presented as the mean ± standard deviation (s.d.).
Statistical analyses were performed using Sigma Stat 10.0
(Systat Software). Student’s unpaired t-test was used to compare
thiosulfate, hypotaurine and thiotaurine contents in haemo-
lymph, RNA/protein expression in gill. One-way ANOVA
followed by Tukey’s post-hoc tests were used to compare thiosul-
fate contents in gills under different sulfide concentrations and
the microbiome abundances in gills along with the time series.
In all cases, significance was defined as p < 0.05.
3. Results and discussion
(a) Environmental sulfide concentrations of the

shallow-water hydrothermal vent system and
sulfide tolerance of X. testudinatus

The shallow-water (<25 m) hydrothermal vent system of
Kueishan Island (24°500N, 121°570E) is located at the western
edge of the Pacific Ocean, off the coast of Taiwan [13]
(figure 1a; electronic supplementary material, video S1). X.
testudinatus is the only metazoan species in the direct vicinity
of the vents usually found at high densities within sulfur-cov-
ered crevices (figure 1b and c; electronic supplementary
material, video S2). Based on our observations, X. testudinatus
do not congregate near the vent fluid directly above the vent
opening but rather in the surrounding area that is less
impacted by the heat from the vents. It has been suggested
that the extremely high and fluctuating sulfide concentrations
are the major factor for the very low biodiversity of macro-
fauna in this habitat [41,42]. In the present study, water
sulfide concentrations of the two main hydrothermal vent
areas, Site 2 and Site 6, were determined to be 762.90 ±
8.52 µM and 786.40 ± 79.52 µM, respectively (figure 1d ).
These hydrogen sulfide concentrations exceed those
measured in hydrothermal vent fields of the deep-sea that
typically range from 6–318 µM [26,43–45]. Our most recent
data also revealed that the sulfide concentrations in the
vent areas where X. testudinatus congregated fluctuated dra-
matically [35] with peak sulfide levels higher than 1000 µM
after a dramatic geological activity. The haemolymph of X.
testudinatus specimens collected from this area contained
high concentrations of sulfide derivatives, including sulfate
and thiosulfate (figure 1e), indicating that X. testudinatus uti-
lizes sulfide oxidation as a detoxification mechanism. The
oxidation of sulfide to thiosulfate is a widespread detoxifica-
tion mechanism and has been demonstrated for other
crustaceans from sulfide-rich marine sediments [46,47] and
deep-sea vent systems [26]. The evolutionary advantage of
generating thiosulfate as a detoxification metabolite lies in
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Figure 1. Landscape and physiochemical features of the hydrothermal vent system study area. (a) Picture of the surface seawater around the upper sublittoral
hydrothermal vent region of the study site at Kueishan Island (24°500N, 121°570E). Kueishan Island lies at the southern rifting end of the Okinawa Trough (inserted
panel). A large area of the sea surface has a white appearance because of sulfur particles from the volcanic vent discharge. (b) Underwater photographs of the vent
system demonstrate the low abundance of metazoans in these sub-tropical waters. (c) A high density of X. testudinatus crabs which are endemic to sulfide-rich
hydrothermal vent systems can be found in sulfide-rich crevices in the immediate vicinity of the vents. Active feeding behaviour can be observed where crabs
scavenge sulfide-rich sediments and dead zooplankton that were killed by the toxic vent discharge. (d ) sulfide concentrations were measured along two transects
in the hydrothermal vent area of Kueishan Island. The schematic illustration shows the seafloor properties at the two sampling transects. The first transect included
sampling sites 1–5 and was oriented in the north–south direction at 17 m depth. The second transect included sampling sites 6–9 with an east–west orientation
and descended from 8 m to 20 m depth. Values are presented as mean ± s.d. (n = 4). (e) Content of sulfur compounds was measured in the seawater (SW) near
Kueishan island (open bars) and the haemolymph of the native X. testudinatus ( filled bars). Values represent the means ± s.d. (n = 3–7). ( f ) Sulfide tolerance as a
function of exposure time of X. testudinatus (determined in the present study) compared to other marine species.
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the fact that it has a more efficient stoichiometry than the
synthesis of other sulfide derivates where 1 mol sulfide can
be oxidized to thiosulfate with 1.5 mol oxygen [48].

Since X. testudinatus is the only recorded metazoan
species reported in this shallow-water hydrothermal vent
system, it can be expected to exhibit an extraordinary sulfide
tolerance compared to other marine invertebrates. The
median lethal time (Lt50) of adult X. testudinatus exposed to
up to 2000 µM sulfide at normoxic conditions was about
120 h which is high compared to other marine species,
including organisms from other hydrothermal vent systems
(figure 1f ). The Lt50 value determined for X. testudinatus is
higher than those of other hydrothermal vent species includ-
ing the nematode Oncholaimus campylocercoides (108 h
hypoxia and 500 µM sulfide [8]) and the annelid Capitella
capitata (107 h hypoxia and 760 µM sulfide; [7]) (figure 1f );
moreover, X. testudinatus appears to be more tolerant to sul-
fide than mactrid clams (Mulinia lateralis) that burrow into
sediments containing sulfide concentrations that are lethal
for most aquatic organisms [49]. X. testudinatus has substan-
tial sulfide tolerance that is comparable to that of other vent
crustaceans like the hydrothermal vent crab Bythograea ther-
mydron. Bythograea thermydron has been demonstrated to
have comparatively high sulfide tolerance with unchanged
heart rates up to a sulfide concentration of 1400 µM [26].
Despite this high sulfide tolerance and a sulfide oxidation
mechanism in place, little information is available regarding
the cellular and molecular mechanisms of sulfide/thiosulfate
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handling in X. testudinatus and other deep-sea hydrothermal
vent crustaceans [26].

(b) Gill tissues and the hepatopancreas are major sites
of sulfide detoxification

The gill organ of X. testudinatus consists of seven pairs of gill
arches located within the branchial chamber (figure 2a)
and represents together with the hepatopancreas, the major
sites for sulfide detoxification indicated by high levels of thio-
sulfate (electronic supplementary material, figure S1).
Animals collected from their natural habitats and those
experimentally exposed to 1000 µM sulfide for 7 days
exhibited a high thiosulfate concentration in these tissues
and in the haemolymph. This suggests that these molecules
are generated in the gills and the hepatopancreas and trans-
ported within the organism (figure 2b). Furthermore,
hypotaurine and thiotaurine concentrations were measured
in the haemolymph and gill tissues of X. testudinatus, and
both amino acids were present in high concentrations in ani-
mals that were directly sampled from the native sulfidic
environment (figure 2c). Some deep-sea vent vesicomyid
bivalves, mytilids and vestimentiferans were shown to utilize
such sulfide-binding compounds to decrease the potential affi-
nity between sulfide and mitochondrial cytochrome c oxidase
[23]. Hypotaurine, the precursor of taurine, is one such sulfide-
binding compound. Upon sulfide binding, hypotaurine is con-
verted to thiotaurine, which is less detrimental to cellular
respiration.At vents and seeps,many invertebrateswith orwith-
out thiotrophic symbionts have high levels of hypotaurine and
thiotaurine [10,21]. This adaptation is prevalent in animals that
are sessile and that cannot avoid sulfide exposure (e.g. vestimen-
tiferans, polychaetes, vesicomyid clams and bathymodiolin
mussels) or those that feed on external bacteria and detritus
(e.g. polychaetes and gastropods) in sulfide-laden waters
[9,10,19,22,23]. The present findings are also consistent with pre-
vious laboratory studies demonstrating that thiotaurine content
increased during sulfide exposure of symbiont-bearing tissues
(e.g. gills or foot) of deep-sea clams (vesicomyid), mussels (bath-
ymodiolins), tube worms (vestimentiferans) [23] and shallow-
living solemyid clams [50]. Although thiotaurine serves as a bio-
marker for deep-sea hydrothermal vent species [9], this is the first
report that this molecule was detected in a crustacean species
associated with sulfide detoxification mechanisms [51].

(c) Sulfate and taurine transporters are stimulated in
gill tissues during exposure to sulfide

Our transcriptomic and gene expression analyses identified
the sodium-independent sulfate anion transporters
(slc26a11a and slc26a11b) as well as the taurine transporter
(taut2) that are expressed in gill tissues at a relatively high
level (figure 2d ). sulfide exposure stimulated expression
levels of these sodium-independent sulfate anion transporters
(figure 2e,g; electronic supplementary material, figure S2). In
live-bearing Poecilia mexicana fish collected from river drai-
nage, slc26a11 was associated with H2S tolerance in a
population living near a sulfide spring [27]. In X. testudinatus
the sulfate and taurine transporters were mainly expressed in
epithelial principal and pilaster cells (figure 2f,h), with par-
ticularly high expression of SLC26A11 homologues in the
3rd, 5th, 6th and 7th pairs of gill arches. Na+/K+-ATPase
(NKA)-rich cells of the posterior gills are the major sites for
ion- and pH regulatory capacities [3,52], and indicates that
X. testudinatus also utilizes NKA-rich cells of posterior gills
for the shuttling of sulfide derivates and detoxification.
These observations suggest that the SLC26A11 sulfate anion
transporter plays a pivotal role in the sulfide/sulfate metab-
olism of animals including those from hydrothermal vent
systems.

Regulation of hypotaurine transport across the cell mem-
brane depends on the taurine transporter (Taut) SLC6A6
[53,54], which couples sodium and chloride transport with
that of taurine and hypotaurine [55]. We found that
X. testudinatus had high expression levels of taut2 in gill tissues
(figure 2d) which is in accordance with observations made in
the vent-endemic mussel Bathymodiolus septemdierum that also
has particularly high expression levels of Taut in gill and
gonad tissues [55]. Expression levels of Taut2 in gills of X. tes-
tudinaus were elevated in animals collected from the native
sulfide-rich environment (figure 2i; electronic supplementary
material, figure S2) compared to those kept under sulfide-
free conditions. Furthermore, histological analyses using fluor-
escence in situ hybridization in posterior gills revealed that the
taut2 mRNA signal is co-expressed with NKA-rich principal
and pilaster cells (figure 2j). This colocalization pattern
suggests that X. testudinatus may use the electrochemical
sodium gradient generated by the NKA to energize cellular
hypotaurine accumulation for the detoxification of sulfide to
thiotaurine. Notably, increased slc26a11 and slc6a6 mRNA
expression levels do not perfectly mirror statistically higher
protein levels in this study. However, higher mRNA levels of
these transporters under high sulfide conditions correlate
with the accumulation of their putative substrates, which
could still promote transporter activity and influence turnover
rate through posttranslational modifications.

(d) Structure of the gill microbiome depends on
environmental sulfide concentrations

Thiotaurine has been proposed to play a dual role in vent-
dwelling organisms. On one hand, it is used to detoxify
sulfide compounds, and on the other hand, it can be used
as an energy source by symbiotic sulfide-oxidizing bacteria
[56]. Synthesis of thiotaurine from hypotaurine has been pro-
posed to serve as a reversible non-toxic mechanism for
sulfide storage in cells that can fuel endosymbionts during
reduced sulfide availability [10]. For example, marine che-
moautotrophic bacteria (e.g. Beggiatoa sp.) use sulfide and
other reduced sulfur compounds for carbon fixation, with
energetic efficiencies of 21–37% [57,58]. Furthermore, symbio-
tic sulfide-oxidizing bacteria have been shown to generate a
large fraction of the energy requirements of their metazoan
hosts in sulfidic habitats [59]. The present work, as well as
a previous study [20], demonstrated a high abundance of
Epsilonproteobacteria and Gammaproteobacteria within gill
tissues of X. testudinatus crabs (figure 3, electronic sup-
plementary material, figure S3). Epsilonproteobacteria are
capable of autotrophic growth fueled by oxidation of reduced
sulfur compounds, and Gammaproteobacteria are known to
perform chemolithoautotrophic sulfur oxidization [36–38].
TEM (figure 3a–e) and fluorescence in situ hybridization
(FISH) (figure 3f,h) analyses indicate the presence of symbio-
tic bacteria within gill tissues (figure 3g) of X. testudinatus.
The symbiotic bacteria are not found on the surface of gill
filaments/lamella but are located within epithelial cells
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(electronic supplementary material, figure S4). Ultrastructural
analyses indicate the presence of coccoid-like symbiotic
bacteria underlying the apical microvilli within principal
cells of the gill (figure 3a–c). In addition, bacillus-like
symbiotic bacteria clusters were observed in epithelial pila-
ster cell (figure 3d,e). Under fluorescence excitation light,
crossed-sectioned gill tissue targeted with probes for bacteria
(EUB338) displayed strong fluorescent signals within epi-
thelial principal- and pilaster cells (figure 3f ), suggesting
the presence of endosymbionts within branchial cells. The
morphology and tissue localization of microbial symbionts
resemble those found in gill tissues of mytilid species from
hydrothermal vent habitats [32]. In these bivalve species,
coexistence of different bacteria species within one



Figure 2. (Overleaf.) Thiosulfate, hypotaurine and thiotaurine content and related transporter expression levels in X. testudinatus gill tissues. (a) Morphology
of the branchial chamber of X. testudinatus. X. testudinatus has eight thoracic sternal segments and seven-gill pairs (aside to the hepatopacrease (Hep)) of
which gill 1–3 (G1 to G3) are podobranchs, and G4 to G7 are arthrobranchs. (b) Thiosulfate contents were analysed in the haemolymph of X. testudinatus
collected from the native high-sulfide field (black bar; n = 4), and sulfide-free SW acclimated counterpart (white bar; n = 5) (left panel). Whole gill tissue of
X. testudinatus sampled from the high-sulfide field (black bar; n = 8), sulfide-free SW (white bar; n = 8), and 1000 µM [S2−] SW (slashed bar; n = 7) were
used for thiosulfate concentration measurements (right panel). (c) Hypotaurine (left panel) and thiotaurine (right panel) contents were analysed in the
haemolymph of X. testudinatus collected from the high-sulfide field (black bar), and sulfide-free SW acclimated counterparts (white bar). (N.D. represents
non-detected; n = 10). Due to the distinction between haemolymph and gill sample types, the representative value units for the contents on the y-axis of
panels (b) and (c) were displayed in different formats. (d ) Semi-quantitative RT-PCR analysis of the solute carrier family (SLC) 26 member 11 (slc26a11a and
slc26a11b) and solute carrier family (SLC) 6 member 6 (taut1 and taut2), was performed in gill (G), heart (H), ganglion (Ga), muscle (M), stomach (S),
intestine (I), hepatopancreas (Hep), testis (T) and ovary (O) tissues of X. testudinatus. Ribosomal protein L9 (rpl9) was used as the internal control. Relative
mRNA expression of slc26a11a (e) slc26a11b (g) and taut2 (i) among different pairs of gill arch under the native high-sulfide hydrothermal vent environ-
ment (black bar) and sulfide-free SW (white bar). mRNA expression of the candidate genes was normalized to the mean value from ribosomal protein L9
(rpl9) (n = 4–6). Values are expressed as mean ± s.d. *, Significant differences between high-sulfide and sulfide-free conditions. (Student’s t-test, *: p <
0.05, **: p < 0.01, ***: p < 0.001). Different letters indicate significant differences among different treatment groups (one-way ANOVA, Tukey’s pairwise
comparisons). The same horizontal gill section (the 5th pair of gill arch) of X. testudinatus was double-labelled with ( f ) slc26a11a-specific ,
(h) slc26a11b-specific or ( j) taut2- specific RNA probe for fluorescence in situ hybridization (red signal) and Na+/K+ ATPase (NKA, green signal) antibody
for immunohistochemical staining. Scale bars correspond to 10 µm.
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bacteriocyte was demonstrated [32]. Interestingly, it seems
that X. testudinatus maintains different endosymbionts
within at least two cell types of the gill, including principal
cells that face the seawater as well as pilaster cells that are
in contact with the haemolymph.

In the next step, 16s rRNA analyses were used to investi-
gate the temporal differences in gill tissue microbial
community structure between crabs living in the native sul-
fide-rich vent system and those kept under sulfide-free
conditions. Beta-diversity analysis using nMDS with Bray–
Curtis similarities identified a distinct commensal bacteria
community composition after transferring X. testudinatus
from the high-sulfide field to sulfide-free seawater in the lab-
oratory (figure 3i). Significance of clustering was tested with
ANOSIM (R = 0.846, p < 0.05). Epsilonproteobacteria were the
most dominant bacterial class from the phylum Proteobacteria,
accounting for 34.79% to 89.31% of total sequences in the gills
of X. testudinatus from native sulfide-rich vent systems (six
independent samples) (figure 3j ). This result is similar to a pre-
vious report where 16S rRNA gene amplicon pyrosequencing
and full-length LoopSeq sequencing using tissues from
X. testudinatus demonstrated the presence Gamma- and
Epsilonproteobacteriathat are usually associated with deep-sea
hydrothermal systems [20,35,60,61]. Furthermore, the ident-
ified bacteria species are capable of autotrophic growth by
oxidizing reduced sulfur compounds and a potential trophic
symbiotic relationship was suggested [20,35]. Interestingly,
after transfer from the native sulfide-rich vent system to the
sulfide-free conditions for 72 h (five independent samples),
Gammaproteobacteria became the most abundant class (14.27–
42.33%) in gills. Crabs acclimated to sulfide-free seawater for
two months had Gammaproteobacteria (10.62–49.20%) and
Alphaproteobacteria (31.22–65.53%) as their dominantly associ-
ated bacterial classes with a relatively low fraction of
Epsilonproteobacteria (0.04–3.88%) (figure 3j ). Despite not
reaching statistical significance due to a large degree of vari-
ation in the data, the alpha diversity analysis revealed that
the microbial communities in the 5th pair of gill arches from
the native sulfide-rich vent had lower microbial diversity
( p = 0.086) and evenness ( p = 0.170) than the samples from
the acute 72 h sulfide-free treatment (figure 3k). When com-
pared to 72 h of acute sulfide-free treatment, two months of
exposure to sulfide-free SW resulted in a decrease in Shannon
diversity index ( p = 0.086) and evenness ( p = 0.110) (figure 3k).
In animals from the native sulfide-rich environment, the domi-
nant groups within the proteobacteria classes were sulfur
oxidizers, including Sulfurovum and Thiotrichaceae. After trans-
fer to sulfide-free conditions, the relative abundance of
Sulfurovum and Thiotrichaceaewas decreased, withVibrionaceae
and Pseudoalteromonas becoming more dominant bacterial
groups (electronic supplementary material, figure S3), which
were described as potential symbiotic or pathogenic bacteria
groups in aquatic organisms [62–64]. The relative expression
levels of V6 to V8 hypervariable regions of Epsilonproteobacteria
and Gammaproteobacteria, the key chemolithotrophic sulfur-
oxidizing bacteria (SOB) at the deep-sea hydrothermal vent
systems [65,66], 16S rRNA in the 5th pair of gill arch were
further examined along a time course from several hours up
to four months. We observed a decrease in 16S rRNA gene
copy numbers for both Epsilonproteobacteria and Gammaproteo-
bacteria at 6 h after transfer of the crabs from the native sulfide-
rich vent system to sulfide-free conditions (electronic sup-
plementary material, figure S5). After acclimation to sulfide-
free seawater for more than 4 months, Epsilonproteobacteria
were not detected in the 5th pair of gills, whereas Gammapro-
teobacteria relative abundance remained constant (figure 3j;
electronic supplementary material, figure S5). FISH images
utilizing a specific probe for thiotrophic symbionts further
confirmed the absence of SOBs in gill epithelial cells
(figure 3h). These findings further support the potential role
of gill-associated microbial symbionts in handling sulfide
and its metabolites in gill tissues of X. testudinatus. Based on
our microbiome analyses and biochemical examination of
sulfur compounds in gill tissues and/or haemolymph,we pro-
pose that the endosymbiotic bacteria in gills of X. testudinatus
contribute to the breakdown of thiotaurine synthesized by the
host. As such, reduced sulfur from the host cells could be used
by the symbiotic bacteria as an energy source and in turn may
provide the host with energy equivalents (summarized in
figure 4). We cannot exclude the possibility that the gill micro-
biome is also affected by other environmental factors
including pH and CO2. However, the strongest changes in
abundance were detected for sulfide metabolizing microbial
residents upon transfer from the native field to sulfide-free
conditions suggesting that sulfide is the major factor for the
differences observed in the microbial composition of the
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gills. Furthermore, very different microbial signatures were
documented for organisms from sulfide-rich hydrothermal
vent systems and CO2-enriched habitats [67,68]. This further
underlines our conclusion that changes in the microbial signa-
ture ofX. testudinatus observed in this work are predominantly
related to environmental sulfide.

4. Conclusion and perspectives
In the shallow-water hydrothermal vent ecosystem of
Kueishan Island, weak predator–prey relationships and low
trophic complexity were observed. This is mostly because
of the low species variety in this extreme and nutrient-poor
vent habitat, which results in the sporadic feeding behaviour
of X. testudinatus on marine snow [69]. This work provides a
line of evidence demonstrating that the shallow-water
hydrothermal vent crab, X. testudinatus, has evolved bio-
chemical and cellular pathways of sulfide detoxification
mechanisms associated with endo-symbiotic bacteria in
their gill tissues. Understanding inter-kingdom interactions
in ancient marine vent systems require understanding the sul-
fide-transport and -binding detoxifying processes by which
the metazoan host interacts with endosymbiotic bacteria in
sulfide-rich vent habitats. This is of particular significance
given that hydrothermal vent systems are regarded to be
the cradle of life on Earth [70] and hence may provide insight
into the origins of host–microbe interactions [71]. Metabolic
substrates generated by symbiotic bacteria or the bacteria
itself may provide important additional energy sources for
this crab population (figure 4). This trophic interaction
between host and microbes in crustacean holobionts may
explain the high concentration of (n-7) monounsaturated
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fatty acids (MUFAs) in midgut tissues of X. testudinatus [72].
(n-7) MUFAs serve as trophic markers of bacterial origin and
dominate the fatty acid profiles of many deep-sea hydrother-
mal vent species [73,74]. Accordingly, this work provides the
first understanding of the cellular detoxification processes
and physiology of host-microbe interactions that allowed a
crustacean holobiont to thrive in ecological niches of the
most extreme environments on our planet.
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