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Abstract

Shallow-water hydrothermal vents have garnered growing attention due to their
complex characteristics, influenced by various epipelagic factors such as insolation,
tides, currents, and seasonal changes, in contrast to their deep-sea analogues. Kueishan
Island, which harbors both shallow-water hydrothermal and coral ecosystems, provides
an exceptional natural laboratory for investigating hydrothermal environmental
interactions. We captured sporadic fluid discharges at the vent site by monitoring water
quality and soundscape features. Sulfide (HS/S?), dissolved inorganic carbon (DIC),
and pH levels were identified as key indicators for habitats differentiation around
Kueishan Island, especially during active venting periods, which highlights the
profound spatial and temporal dynamics of hydrothermal activity in shallow water
marine environments.

The brachyuran vent crab Xenograpsus testudinatus, a dominant metazoan
inhabiting Kueishan Island hydrothermal vent system, has developed robust
physiological mechanisms to sustain homeostasis in this extreme environment.
However, the interactions between its symbiotic bacteria and environmental fluctuations
remain incompletely understood. Through the application of full-length 16S rRNA gene
sequencing and alpha diversity analysis, we observed strong correlations between water
bacterial community and hydrothermal-associated physicochemical parameters at the
vent site. The relative abundances of Campylobacteria and Gammaproteobacteria
exhibited inverse temporal patterns, where Thioreductor, a sulfur-reducing bacteria, was
the most abundant genus within Campylobacteria, while the sulfur-oxidizing
Thiomicrorhabdus predominated among Gammaproteobacteria, indicating a potential
link between environmental dynamics and microbial resource availability. In X.

testudinatus, gill-associated bacteria showed greater correlations with water quality
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compared to those present on the carapace surface. While Sulfurovum
(Campylobacteria) was predominant in both the gills and carapace surface, the carapace
surface demonstrated higher bacterial diversity. Furthermore, fluorescence in situ
hybridization (FISH) and functional prediction analysis supported the branchial
predominance of Sulfurovum, which performs sulfur oxidation and denitrification
processes. Given that Sulfurovum is not abundant in the ambient seawater, the gills may
serve as an enclave for sulfur-oxidizing bacteria (SOB) such as Sulfurovum, facilitating

sulfide detoxification and organic production to the host.

The intermittent nature of hydrothermal venting repeatedly exposes X. testudinatus
to transitions between normal seawater and extreme environmental conditions. To
investigate their adaptive responses, we reintroduced lab-acclimated X. testudinatus to
their native habitat and analyzed their gill tissue for bacterial microbiota, transcriptome,
amino acid compositions, and fatty acid profiles. During the period, 0, 1, 2, and 4 hours
(H) post-reintroduction, bacterial diversity showed a significant reduction in observed
taxa numbers and Chao 1 estimates at the genus level at 2H. Sulfurovum had the highest
abundance at 1H, coinciding with elevated nitrogen and sulfide metabolism and reduced
heterotrophy-associated functions. Meanwhile, transcriptomic analysis revealed
upregulation of GTPase activity and actin cytoskeleton remodeling in the host tissue,
while chitin and cuticle formation pathways were suppressed. At subsequent time points
(2H or 4H), both sulfide metabolism and stress responses showed progressive
enhancement. Taurine, crucial for sulfide detoxification, significantly depleted at 2 and
4H. Additionally, nitrogen metabolism-related amino acids, histidine, arginine, and
glutamine, accumulated at the later time points, accompanied by upregulation of related
enzyme genes, including glutaminase, histidine ammonia-lyase, and alanine

transaminase. During the reintroduction, fatty acid levels did not show significant
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changes; however, correlation and fold change analyses revealed that unsaturated fatty
acids had more pronounced responses to environmental transition compared to saturated

fatty acids.

These analyses demonstrate that X. testudinatus holobiont exists in a dynamic
environment, more complicated than previously acknowledged. Our study provides a
multi-faceted examination of environmental variables, bacteria community dynamics,
and the crab host’s physiological responses, elucidating their intricate interactions and
interdependencies. Exploring hydrothermal-endemic holobionts provides valuable
insights into the remarkable resilience of life in a challenging environment, shedding

light on the mechanisms of inter-kingdom coevolution under extreme conditions,

Keywords: Crustacean-bacteria symbiosis, microbiome, transcriptome, metabolome,

sulfide-oxidizing bacteria, sulfide detoxification, denitrification, antioxidant defense
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Background and Aims

Hydrothermal vent (HV) systems are renowned as some of the world's most
extreme marine environments, characterized by underwater volcanic activity (Lonsdale,
1977; Glowka, 2003). The chemical-rich fluids that gush from the vents create acidic
and high temperature environments (Elderfield and Schultz, 1996; Fisher et al., 2007),
which are home to unique microbiota (Van Dover and Trask, 2000; Glowka, 2003). The
mixing of reduced vent fluids recharging from the magma chamber with subterranean
oxidized seawater substantially impacts the chemistry and biological distribution in the
venting area (McDermott et al., 2020). Diverse microorganisms in HVs form a
biological bridge between these extreme environments and metazoans, serving as
primary biomass sources for food webs that support endemic species of crustaceans,
polychaetes, echinoderms, coelenterates, and mollusks (Little and Vrijenhoek, 2003).
While deep-sea smokers have been the primary focus of much research since the
discovery of HVs on the Galapagos rift (Tarasov et al., 2005; Yucel et al., 2013; Lough
et al., 2019), several shallow-water HV systems have been successively identified in
recent years, including those off Panarea, Aeolian Island, Italy (Maugeri et al., 2009),
Milos Island, Aegean Sea, Greece (Thiermann et al., 1997), and Showa Iwo-jima,
Kagoshima, Japan (Oda et al., 2022). Although shallow-water HV systems are partly
distinguished from their deep-sea counterparts due to epipelagic and photic junctures,
they provide valuable opportunities for exploring organisms and environments
influenced by hydrothermal activities.

Located at the rifting end of the Okinawa Trough, the shallow-water HV system off
Kueishan Island is situated northeast of Taiwan (Jeng et al., 2004). This HV system
consists of several smokers that discharge highly acidic (pH 1.75-4.60), sulfidic and hot

fluids (65-116°C), resulting in relatively low pH (5.4-7.3) and dissolved oxygen (3.9-4.9
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mg/L) levels compared to normal seawater (Jeng et al., 2004; Han et al., 2014; Chan et
al., 2016). Previous studies have identified brachyuran crab species, Xenograpsus
testudinatus, as the dominant metazoan near these hydrothermal vents, along with 13
mollusk species (Jeng et al., 2004; Chen et al., 2018a). These vent-endemic crabs have
been reported to possess strong acid-base regulatory abilities to cope with low pH
challenges (Hu et al., 2016; Allen et al., 2020). In addition, symbiotic fungi and bacteria
have been found in X. testudinatus (Yang et al., 2016; Shaumi et al., 2021), suggesting
that X. testudinatus functions as a holobiont inhabiting this extreme environment.

To understand how this X. festudinatus holobiont adapts to the shallow-water
hydrothermal vent system, we aimed to investigate the interactions between the
environment, the microbiome, and the crab host. Kueishan Island, located within 10 km
of the coastline, serves as an accessible platform for this research. The experiments were
designed to achieve three major objectives:

1. To characterize the spatial and temporal effects of shallow-water hydrothermal vents
on the submarine environments surrounding Kueishan Island (Chapter 1)

2. To investigate the bacterial communities involved in the interactions between the
hydrothermal vent environment and the endemic crabs X. testudinatus (Chapter 2).

3. To examine the responses of X. testudinatus holobiont to hydrothermal venting,
focusing on the microbiome, transcriptome (RNA-seq), and metabolome (including

amino acids and fatty acids) (Chapter 3).

x1
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Chapter 1

Spatial and Temporal Effects of Shallow-Water

Hydrothermal Venting on the Surrounding Environments
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1.1 Introduction

Since the first discovery of HV on the Galapagos rift (Tarasov et al. 2005), deep-
sea smokers were the primary focus within the majority of related research (Lough et al.
2019; Yucel et al. 2013). Broadly, knowledge of HV systems is primarily based on deep-
sea or short-term observations (Price and Giovannelli, 2017), leaving much to be
studied about how venting dynamics spatiotemporally influence the submarine
environments around shallow-water HVs. With epipelagic and photic junctures,
shallow-water HV systems potentially support both chemosynthetic and photosynthetic
communities (Price et al., 2013; Chang et al., 2018). Insolation, tidal variation, wave
effects, atmospheric precipitation, and air-sea exchange are important factors
differentiating them from their deep-sea counterparts (Price and Giovannelli, 2017,
Vaucher et al., 2021). Therefore, the natural settings in the traits of primary producers
and biological composition may distinguish shallow-water and deep-sea HV systems in
certain respects, such as basal resource utilization and trophic structures (Tarasov et al.,
2005). The abiotic-biotic interaction between vent fluids, prokaryotes, and eukaryotes
serves as a driving force of hydrothermal activity, establishing a specialized biota
through incorporative processes and evolution (Perner et al., 2011). While some studies
have depicted the geochemical and biological characteristics of shallow-water HV
systems, further observations are still needed to assess spatial and temporal variations in
environmental conditions influenced by chemically enriched vent fluids (McKenna et
al., 2021).

Hydrothermal emissions fundamentally shape oceanic chemistry, crust-lithosphere
interactions, and the development of unique chemosynthetic ecosystems (Kadko et al.,
1995). These systems exhibit remarkable diversity in geological settings and biological

distributions (Tunnicliffe, 1991), creating complex environmental gradients at spatial
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scales. The physicochemical conditions within these systems are dynamically influenced
by interactions between vent fluids and the up-flow system, as well as the precipitation
of minerals, which collectively drive organic production and nutrient cycling
(McCollom and Shock, 1998; Martin-Diaz et al., 2024). These geochemical processes
regulate the flux of dissolved elements and gases, establishing chemical gradients that
characterize hydrothermal fields. Furthermore, temporal variability in chemical
constituents often results from phase separation during hydrothermal venting, which can
be identified through characteristic fluctuations in temperature, pH, dissolved oxygen,
metal ion concentrations, and sulfide levels (Von Damm et al., 2003). Investigating the
spatiotemporal dynamics of vent fluids is essential for understanding the evolution of
hydrothermal geochemistry and its broader impact on oceanic and lithospheric
processes (Matabos et al., 2022).

Aside from commonly used biochemical indicators, sound has been adopted as one
of the essential ocean variables (Howe et al., 2019). Sounds from all living organisms
(biophony), atmospheric or geophysical events (geophony), and human activities
(anthrophony) create a soundscape, which reflects the overall state of an ecosystem
(Pijanowski et al., 2011; Erfanian et al., 2019). Investigating soundscapes has emerged
as a tool to complement conventional surveys of bioecological and geochemical
parameters in difficult-to-access marine ecosystems (Staaterman et al., 2014; Bertucci et
al., 2016). Owing to their great speed and distance traveled in water, sounds, compared
to other chemical, optic, or physical cues, are particularly effective in the study of
marine ecosystems, “speaking out” for marine organisms and environments (Duarte et
al., 2021; Minello et al., 2021). Soundscape research has been conducted in various
marine ecosystems such as reefs, estuaries, submarine canyons, and seamounts (Kasaya

et al., 2015; Putland et al., 2017; Havlik et al., 2022), but remains limited in HV
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systems. To fully interpret the environmental dynamics of HVs, sound recording offers a
non-invasive method to assess both the biotic and abiotic components (Lin et al., 2019;
Chen et al., 2021), which complement the measurement of water quality in our research.
At Kueishan Island, vents located offshore the southeastern tip create one of the
most extreme marine environments in the world. In contrast, the submarine areas around
the western tip of the island exhibit a non-reefal coral ecosystem with relatively high
biodiversity (Chan et al., 2016). Active volcanic features, climate disturbances from
typhoons, winter monsoons, and the Kuroshio currents make this island a unique natural
laboratory. The shallow-water HV field and surrounding habitats act as an exceptional
platform to study the impacts of hydrothermal activity on ambient environments. Here,
we investigated the physicochemical and acoustic parameters of Kueishan Island waters
on a quarterly basis. Measuring water quality allowed us to understand subsurface
mixing driven by atmospheric and geodynamic forces, while characterizing habitat-
specific soundscapes revealed the bio-geophysical interactions between HV and coral
ecosystems. The spatiotemporal analysis demonstrated the environmental variability

associated with shallow-water hydrothermal venting.
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1.2 Materials and Methods

Study locations and data collection

Seawater samples and audio data were collected by SCUBA divers from Kueishan
Island during daytime. Between August 2020 and October 2022, seawater samples were
collected from six sampling sites, including VN (site near the vent), VF (site farer from
the vent), C (CO; vents without sulfide), S (south), N (north), and T (tail) sites (Fig. 1).
Physicochemical conditions were assessed according to temperature, pH value,
dissolved oxygen (DO), sulfide (HS/S*) concentration, alkalinity (Alk), and dissolved
inorganic carbon (DIC). Temperature, pH, and DO were measured using a multi-
parameter meter (Multiline® Multi 3620 IDS, WTW, Weilheim, Germany) equipped
with an IDS pH electrode (SenTix® 940, WTW) and an optical IDS dissolved oxygen
sensor (FDO® 925, WTW). Alkalinity was determined by following a previously
published method (Sarazin et al., 1999). Sulfide concentration was measured by a
spectrophotometric method modified from a previous study (Cline, 1969), using a
mixed diamine reagent specific for sulfide sulfur, containing N, N-Dimethyl-p-
phenylenediamine sulfate and ferric chloride in 50% hydrochloric acid. DIC was
analyzed using an analyzer (AS-C3, Apollo SciTech, Newark, DE, USA) and quantified
via a non-dispersive infrared (NDIR) CO»/H>0 analyzer (LI-7000, LI-COR, Lincoln,
NE, USA). Bicarbonate (HCO5") and carbonate (COs*") concentrations were calculated
using a CO2SYS module within Microsoft Excel according to DIC, temperature, and
pH (Pierrot, 2000).

A SoundTrap recorder (ST300 STD, Ocean Instruments, New Zealand) was used in
audio data collection. The recorder has a built-in hydrophone with a sensitivity of -175
dB re 1 V/pPa and a working bandwidth of 20 Hz to 60 kHz (£3 dB), which is ideal for

capturing most underwater sounds from biological and environmental sources. The
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SoundTrap recorder was set to continuous operation with a frequency of 96 kHz,
providing broadband recordings at up to 48 kHz. Metrics of sound pressure levels
(SPLs) were extracted to characterize soundscapes. At first, we manually listened to the
recordings and removed any fragments that were heavily interfered with by noises
generated from divers and passing vessels. After noise removal, recordings were divided
into 90-sec fragments. Each fragment produced a spectrogram using a discrete Fourier
transform with a window size of 9600 without overlapping and subsequently converted
to a spectrum by finding the median for each frequency bin. Based on the median
spectrum, we calculated frequency band-specific SPLs by integrating the power spectral
densities from frequencies 20-200 Hz, 200-2k Hz, and 2k-20k Hz. This approach
ensures that our acoustic data accurately reflects the biophonic and geophonic sounds
that dominate the local soundscapes and ignore the influence of high-intensity transient
signals, such as rare biological sounds or tapping noises produced during fish-
instrument interactions (Lin et al., 2021). For each survey, three 90-sec recording
fragments were randomly selected from each site to ensure a consistent sampling effort

with the physicochemical data.

Spatiotemporal analysis

Firstly, to evaluate the variability of hydrothermal activity, we used the breakpoints
function from the R package strucchange (Zeileis et al., 2002), examining temporal
changes in pH levels at the VN site, which has been identified as a tracer for HV fluids
(Le Bris et al. 2001). The trend line was estimated for each time interval by applying
ordinary least squares regression.

Due to the measurement of multiple parameters, we applied dimension reduction

algorithms to analyze the physicochemical and acoustic datasets across time and

doi:10.6342/N'TU202500809



sampling sites. DIC, Alk, HCOs", COs*, and S*, which have right-skewed distributions,

were transformed to logarithmic scales. During the logarithmic transformation, CO3*
and S* values were increased by one to avoid issues with zero values. After the data
transformation, both physicochemical and audio datasets were normalized to a scale of
zero to one according to the minimum and maximum values of each parameter.
Principal component analysis (PCA) was then conducted to identify the key parameters
contributing to the observed environmental fluctuations, using the Python package pca.
The density distribution of PC1 was presented for the entire, active, and silent periods.
The first two principal components, PC1 and PC2, which typically explain most of the
total variance, were used in permutational multivariate ANOVA (PERMANOVA) based
on Euclidean distances, incorporating the factors Period (active vs. silent), Site, and
MonthYear, using the adonis2 function from the R package vegan (Dixon, 2003). A total
of 999 permutations were performed to determine the significant contribution of each
factor to the PCs.

Uniform manifold approximation and projection (UMAP) was applied to visualize
spatiotemporal dynamics of physicochemical and soundscape conditions, projecting the
multidimensional dataset into a two-dimensional space while retaining information for
exploring data structure (Mclnnes et al., 2018). The analysis was performed using the
Python package umap, with a correlation distance metric and a large neighborhood
(n_neighbors=100) to learn the global data structure. UMAP coordinates were modeled
by using cubic smoothing splines, and the coordinates from different sites were fitted
separately to ensure the reconstruction of variations in each sampling site. Equal weight
was assigned to all data points, and smoothing parameters were automatically

determined using the csaps function of the MATLAB Curve Fitting Toolbox.
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1.3 Results

Geographical settings and characterizations

Kueishan Island is situated approximately 10 km off the coast of Yilan County,
Taiwan (Fig. 2A). A shallow-water HV system is to the southeast of the island (Fig. 2B).
The island’s name, “Kueishan,” literally “Turtle Mountain” in mandarin, is derived from
its shape, which resembles a turtle (Fig. 2C). The easternmost tip of the island
resembles a turtle’s head, while the westernmost tip forms the tail. The vent site (V;
24°5029.9"N, 121°56'17.2"E, 15-17 m depth) is the primary sampling site for
collecting hydrothermal characteristics and the non-vent site, located offshore the
western “tail” (T; 24°50'02.4"N, 121°57'42.7"E, 8-10 m depth), serves as the control
site for comparing normal water conditions (Fig. 2B). White sulfur plumes are visible
on the sea surface around the V site (Fig. 2C), emanating from subsurface vents (Fig.

2D). In the vicinity of the vents, aggregations of HV crabs (X. festudinatus) inhabit the

area (Fig. 2E), with a white biofilm observed on their carapace surfaces (Fig. 2F)

Physicochemical parameters of the water quality of the whole sampling period
From 2020 to 2025, temporal variations in several physicochemical parameters at
the vent site (V) and the tail site (T) offshore Kueishan Island were measured from
August 2020 to September 2024 at intervals of 1 to 3 months (Fig. 3). According to our
long-term monitoring, the water conditions at the V site were relatively dynamic
compared to those at the T site. The parameter with the most similar trend was
temperature, which exhibited seasonal variations at both study sites, with a distinct
summer peak observed each year around August, ranging from 18.4 to 30.3°C (Fig. 3A).
The dissolved oxygen (DO) levels at the T site tended to increase at lower temperatures,

and the DO levels at the V site were generally lower than those at the T site (Fig. 3B).
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Additionally, baseline DO levels in the waters surrounding Kueishan Island have shown
slight shifts over the past few years of monitoring. The highest dissolved oxygen (DO)
level measured was 9.25 mg/L at the T site and 8.93 mg/L at the V site, while the lowest
levels were 6.19 mg/L and 4.84 mg/L, respectively (Fig. 3B). The pH levels at the V site
were lower than those at the T site throughout our monitoring (Fig. 3C). The pH levels
at the T site remained around 8.2, while the lowest recorded pH at the V site dropped to
5.8 (Fig. 3C). At the T site, almost no sulfide was measured. In comparison, sulfide
concentrations at the V site were recorded above 1000 uM on three occasions: 1185 uM
in August 2020, 3480 uM in November 2020, and 1256 uM in April 2022 (Fig. 3D). For
the CO, metrics, dissolved inorganic carbon (DIC), partial pressure of CO2 (pCO3), and
alkalinity (Alk) were measured. DIC levels at the T site were consistently around 2000
uM, while two peaks, reaching 3000 uM, were observed at the V site in November 2020
and April 2022 (Fig. 3E). Due to the large range, pCO; (patm) was log10-transformed
for display (Fig. 3F). Several extremely high pCO» readings were recorded at the V site,
with the highest being 22511 patm (log10 value: 4.35) in April 2022 (Fig. 3F). In
contrast, pCO> at the T site fluctuated from tens to hundreds of patm, once reaching the
low thousands but not exceeding 2000 patm (log10 value: 3.30). Lastly, the alkalinity
(Alk) at the V site was lower than at the T site for about half of the monitoring period
(Fig. 3G). The highest Alk values were 2813 uM at the T site and 2712 uM at the V site,

while the lowest Alk values were 1989 uM and 1425 uM, respectively.

Physicochemical and acoustic investigations surrounding Kueishan Island
From August 2020 to October 2022, we investigated the physicochemical and
acoustic conditions surrounding Kueishan Island at intervals of 1 to 3 months. During

this period, apart from the V and T sites, the study also included the south (S), north (N),
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and COz (C) sites. Additionally, a site farther from the main vents (approximately 15 m
away) was added and named the VF site, and the original V site was renamed the VN
site, which is nearer to the vents (Fig. 1). In addition to the previously mentioned
parameters, bicarbonate (HCOs"), carbonate (CO3%), and sound pressure levels (SPLs)
across three different frequencies 20200 Hz, 200-2 kHz, and 2 kHz—20 kHz were also
recorded. The comparison of water conditions between the VN and T sites is shown
over time (Fig. 4), and comparisons for the other sites are also provided, although some
data are missing (Fig. 5). As pH serves as a tracer of hydrothermal activity, we
performed breakpoint analysis to examine the temporal variation in pH levels at the VN
site (Fig. 6). Two breakpoints were identified, November 2020 and August 2021. Hence,
the entire period was divided into two active periods, including the first before
November 2020, the second beginning from November 2021, and a silent period

spanning from February to August 2021.

Indicators and factors that influence the environment

PCA was used to determine spatio-temporal variations of water conditions (Fig. 7).
PC1 accounted for 42.81% of the total variance, and the submarine conditions were
positively and largely affected by sulfide and DIC (Fig. 7A). Based on the PC1 density
distribution, water conditions varied across different sites, with the VN site showing the
most distinct differences compared to the others during both the entire and active
periods (Fig. 7B, C). However, such site-dependent variation was not observed during
the silent period (Fig. 7D). According to PERMANOVA, the factor Site significantly
explained the most (44.9%) of the PC1 variance (Table 1), suggesting the
preponderance of hydrothermal activity contributing to the dissimilarity of different

habitats. On the other hand, the interaction of Period and Site (23.2%; Table 1)
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reinforces the temporal trend of hydrothermal venting. PC2 merely accounted for
18.18% of the total variance on which temperature and SPLs at > 2 kHz of sound were
positively influential (Fig. 7A). In PERMANOVA, MonthYear explained 66.0% of the
PC2 variance (Table 1). The interaction between Site and MonthYear (12.1%) also

contributed significantly.

Temporal shifts in physicochemical conditions and soundscape in Kueishan Island
waters

According to the UMAP results, the physicochemical conditions at the VN, VF,
and C sites showed a different pattern compared to those at the S, N, and T sites before
February 2021 and after August 2021 (Fig. 8A).

Regarding the soundscape, before February 2021, the conditions of VN, VF, C, S,
and N sites were similar, except for the T site. In February 2021, the soundscape of the
N site shifted to resemble that of the T site, while the remaining sites were still
influenced by hydrothermal activity (Fig. 8B). Subsequently, as winter ended in May
2021, the rise in water temperature affected the biological activities around Kueishan
Island. During the warmer months of July and August 2021, both the N and S sites

exhibited patterns similar to the T site.
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1.4 Discussion

Research on deep-sea and shallow-water HV systems has increasingly been treated
as two independent fields in recent years. While studies of the deep-sea HVs have long
fueled curiosity about the potential of marine life, shallow-water HVs have been
receiving growing attention due to their proximity to human and atmospheric activities.
The variability of shallow-water HV systems plays a crucial role in shaping biological
and geological features. In the present study, we monitored the water quality and
soundscape off Kueishan Island, a volcanic island surrounded by shallow-water HVs
and corals, to explore the effects of hydrothermal activity on marine environments.
During our two-year monitoring, two active venting periods were observed, separated
by a silent period. Physicochemical conditions displayed a clear pattern of periodic
transitions, while the soundscape exhibited greater complexity, likely influenced by

seasonal biological activities.

Physicochemical indicators of hydrothermal activity

Previous studies have primarily identified pH as a tracer for HV fluids (Le Bris et
al. 2001). Long-term observations at Kueishan Island suggest that DIC and sulfide,
typically enriched in the fluid (Tivey, 2007), can also serve as indicators of
hydrothermal activity. Higher levels of ambient DIC and pCO> indicated increased CO»
emissions, which reduced water pH (Zeebe and Wolf-Gladrow, 2001). During active
venting periods, as defined by pH levels, the vent site of Kueishan Island exhibits
distinct environmental conditions compared to other habitats. However, these
differences were not present during the silent period. This implies that the hydrothermal

impacts on surrounding habitats are not constant, due to intermittent discharges of the
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vent fluid as well as the influence of tides and currents. Aperiodic venting has also been

observed in another shallow-water HV system at Milos Island (Yucel et al., 2013).

Variability in hydrothermal vent chemistry

Moreover, the environmental conditions influenced by hydrothermal activity were
not entirely identical. The highest recorded sulfide concentration in the first active
period was higher than that in the second. Given the rapid oxidation of sulfide in natural
environments (Houghton et al. 2019), this difference may also stem from the sampling
timing. Even daily monitoring intervals have revealed significant fluctuations (Yiicel et
al. 2013). On the other hand, the minimum levels of DO, Alk, and pH were lower in the
second active period compared to the first, while DIC concentration and pCO; were
higher. These disparities between two active periods, or even individual sampling
events, could be attributed to venting intensity, duration, fluid compositions, and
surrounding environmental factors. Therefore, high-resolution temporal monitoring is

essential for understanding the dynamics of these hydrothermal vents.

Hydrothermal influences on soundscape

Nevertheless, seasonal effects contributed to environmental variations in specific
ways. Water temperature fluctuations are crucial for investigating the sound production
of animals in subtropical coral reef ecosystems. The warmer breeding season led to
increasing high-frequency pulse noises from snapping shrimps (> 2 kHz) and low-
frequency fish sounds (0.2-2 kHz; Lin et al. 2023). These seasonal effects on the
occurrence and activity of sound-producing organisms may influence the soundscape, as
observed in coral reefs off Sesoko Island, Okinawa, Japan (Lin et al., 2021). During the

warmer seasons (July and August 2021), all habitats, except for the VN site, shared
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soundscape similarities with the T site, which hosts coral ecosystems with high
biodiversity. This may reflect contributions from fish assemblages (< 1 kHz) and mobile
invertebrates such as sea urchins (<2 kHz), snapping shrimps (> 2 kHz), and lobsters

(> 10 kHz, Elise et al. 2019; Jezequel et al. 2020). The distribution and behavior of these
organisms may change not only due to seasonal effects but also potentially in response
to hydrothermal activity (Grassle 1985), leading to variations in the soundscape.
Furthermore, peaks in SPLs <200 Hz observed in the vent area during active periods
were likely associated with venting events. Previous studies have shown that
hydrothermal vents produce sounds at frequencies of 5-15 and 10-250 Hz (Crone et al.
2006). Bubbling activity at 100—2000 Hz may also contribute to the soundscape at the
VN, VF, and C sites, where gas bubbles were observed (Longo et al. 2024). During the
silent period, SPLs at 200-2000 Hz remained high at the C site, suggesting that the CO»
vents there may not directly relate to hydrothermal activity at the VN site. Since
soundscapes encompass all geophysical and biological factors in the environment, there
could be phenomena involved that were not considered in this study, such as currents,

monsoons, and typhoons (Liang et al. 2003; Lebrato et al. 2019).

Summary

Shallow-water HV systems provide an accessible and cost-effective proxy for
studying hydrothermal activity and its effects on surrounding environments and vent-
associated holobionts (Chiu et al. 2022; Chou et al. 2023). Meanwhile, they create a
dynamic and unique marine environment throughout the entire ocean. However, their
accessibility also exposes them to anthropogenic impacts. Polycyclic aromatic
hydrocarbons, byproducts of incomplete combustion and pyrolysis of organic materials

such as coals, fossil fuels, and oil spills, have been detected in the tissues of X.
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testudinatus inhabiting Kueishan Island (Lee et al. 2023). While shallow-water HV's
have been used to simulate CO»-induced ocean acidification (Dahms et al. 2018), these
models easily overlooked potential influences of climatic and geographic factors. Given
that shallow-water HV fields are inherently dynamic and concurrently subject to human
activities, more frequent and comprehensive data collection is further required.
Deploying underwater loggers for chlorophyll A, DO, temperature, pressure,
conductivity, depth, turbidity, wave height, and tide to monitor on-site physicochemical
conditions and implementing continuous soundscape recording to enable timely and
integrated observations. These approaches will enhance our mastery of hydrothermal
activity as a driver of environmental variability while providing extensive spatial and

temporal coverage for future research.
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1.5 Tables and Figures
Chapter 1

Table 1; Figures 1-8
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Table 1. Permutational multivariate analysis of variance (PERMANOVA) results for
PC1 and PC2 values. PC1 and PC2 values were derived from principal component analysis
(PCA) of observed physicochemical and acoustic parameters. Df, degrees of freedom; SS,
sum of squares; R?, coefficient of determination; F, F value by permutation; P, P-value
obtained by 9999 permutations (significance, P < 0.05). The factors Period (active vs. silent),
Site (VN, VF, C, S, N, T), MonthYear, and their interactions were defined.

PC1
Factor df SS R2 F P
Period 1 2.316 0.0732 321.263 < 0.001
Site 5 14.201 0.4490 393.944 < 0.001
MonthYear 9 2.926 0.0925 45.099 < 0.001
Period x Site 5 7.322 0.2315 203.113 < 0.001
Site x MonthYear 29 4.144 0.1310 19.818 < 0.001
Residual 100 0.721 0.0228
Total 149 31.629 1
PC2
Factor df SS R2 F P
Period 1 0.683 0.0508 416.329 < 0.001
Site 5 1.803 0.1343 219.923 < 0.001
MonthYear 9 8.856 0.6595 600.016 < 0.001
Period x Site 5 0.297 0.0221 36.219 < 0.001
Site x MonthYear 29 1.626 0.1211 34189 < 0.001
Residual 100 0.164 0.0122
Total 149 13.429 1
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Figure 1. Water sampling and sound recording conducted around Kueishan Island.
Sampling was conducted at six sites surrounding Kueishan Island from August 2020 to
October 2022 at intervals of 1 to 3 months. VN, site near the vents, 15-17 m depth; VF, site
far from the vents, 15-17 m depth; C, CO> vents without sulfide, 20-23 m depth; S, south
site, 13-15 m depth; N, north site, 13-15 m depth; T, tail site, 8-10 m depth.
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Figure 2. Kueishan Island with a shallow-water hydrothermal vent system. Maps show
Kueishan Island located off the northeastern coast of Taiwan, indicated by an arrow (A).
Relative positions, latitude and longitude coordinates of the sampling sites, the V site, and T
site are presented (B). The photos show the southeastern tip of Kueishan Island, where white
sulfur plumes are visible on the sea surface (C), which emanated from the subsurface
hydrothermal vent system (D). A large number of hydrothermal vent crabs (Xenograpsus
testudinatus) inhabit the area (E), and a white biofilm can be observed on the carapace
surface of the crab (F). MRS, Marine Research Station, Institute of Cellular and Organismic
Biology, Academia Sinica, Yilan, Taiwan; V, the vent site; T, the tail site.
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Figure 3. Physicochemical parameters of water quality at the vent and tail sites offshore
Kueishan Island. Temp, temperature (A); DO, dissolved oxygen (B); pH (C); Sulfide (D);
DIC, dissolved inorganic carbon (E); Log(pCO>), base-10 logarithm of the partial pressure of
carbon dioxide (CO2) measured in patm (F); Alk, alkalinity (G). Data are presented as mean

+ standard deviation (SD), based on triplicate measurements.
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Figure 4. Parameters of water quality and soundscape at the VN and T sites. pH (A);

Temp, temperature (B); DO, dissolved oxygen (C); DIC, dissolved oxygen (D); Sulfide (E);
Alk, alkalinity (F); pCOz, the partial pressure of CO2 (G); HCOs*, bicarbonate (H); COs*,

carbonate (I); SPL <200 Hz, sound pressure level (SPL) at frequencies of <200 Hz (J); SPL
at frequencies of 200-2k Hz (K); SPL at frequencies of > 2k Hz (L). VN, site near the vents;

T, tail site. Data are presented as mean, based on triplicate measurements.
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Figure 5. Parameters of water quality and soundscape at the other sites. pH (A); Temp,
temperature (B); DO, dissolved oxygen (C); DIC, dissolved oxygen (D); Sulfide (E); Alk,
alkalinity (F); pCOz, the partial pressure of CO> (G); HCOs>, bicarbonate (H); COs*,
carbonate (I); SPL <200 Hz, sound pressure level (SPL) at frequencies of <200 Hz (J); SPL
at frequencies of 200-2k Hz (K); SPL at frequencies of > 2k Hz (L). VF, site far from the

vents; C, CO; vents without sulfide; S, south site; N, north site. Data are presented as mean,

based on triplicate measurements.
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Figure 6. Structure change analysis of temporal variations in pH level at the VN site.
The black solid line represents the raw data. The blue solid line represents the trend line
estimated using Ordinary Least Squares (OLS), and the red dashed line represents the

breakpoints.
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Figure 7. Principal component analysis (PCA) of the physicochemical and acoustic
parameters. Contribution of PC1 and PC2 to the total variance and the correlation of each
physicochemical and acoustic variable to PC1 and PC2 (A). The contribution coefficients for
the variables are shown in the heatmap, where a diverging color scale from red to white to
blue indicates values ranging from 0.237 to 0 to -0.211. Density distribution plots of PC1
values grouped by study sites for different periods, including the entire (B), active (C), and
silent periods (D).
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25
doi:10.6342/NTU202500809



Chapter 2
Bacterial Communities Dynamics at the Environment-

Host Interface in the Hydrothermal Vent System
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2.1 Introduction

The extraordinary metabolic versatility of microorganisms drives biogeochemical
cycles on a global scale, sustaining ecosystem functions across diverse habitats,
including HV systems (Falkowski et al., 2008; Dick, 2019). HV fluids are typically
enriched in dissolved metals, inorganic carbon, ammonium, nitrogen, methane, and
hydrogen sulfide (Butterfield et al., 1990; Levin et al., 2016). High sulfide
concentrations in the HV fluids are particularly significant, as microorganisms that can
perform sulfur metabolism may utilize sulfide or sulfur derivatives accompanied by
needed materials as energy sources (Tunnicliffe, 1991; Akerman et al., 2013). Several
prominent sulfur-oxidizing bacteria (SOB) have been identified in shallow-water HV
areas, including Vulcano, Eolian Islands, Italy (Maugeri et al., 2009), Milos Island,
Greece (Giovannelli et al., 2013), Espalamaca, Faial, Azores (Rajasabapathy et al.,
2014), and El Hierro, Canary Islands, Spain (Gonzalez et al., 2020). Advances in
sampling and sequencing techniques have facilitated research on the spatial distribution
of microbial communities in HV systems (Reveillaud et al., 2016; Trembath-Reichert et
al., 2019), especially in shallow-water ones due to their accessibility (Arcadi et al.,
2023; Barosa et al., 2023; Pérez-Barrancos et al., 2025). Despite growing research on
HV-associated microbiomes, studies of their temporal dynamics remain limited,
emphasizing the need for further investigation.

Microbiomes in HV ecosystems serve as an exceptional model for understanding
fundamental ecological principles such as “functional redundancy” and “niche
differentiation”. The presence of a variety of microbial taxa in these extreme
environments indicates specialized ecological functions and metabolic partitioning of
resources (Sievert and Vertriani, 2012; Dick, 2019). Functional redundancy, wherein

multiple species perform similar ecological or metabolic functions, may enhance
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resilience to environmental variability (Galand et al., 2018; Louca et al., 2018). This is
particularly pertinent in dynamic HV systems characterized by sporadic fluid discharge.
Meanwhile, niche differentiation allows microorganisms with overlapping metabolic
capabilities to partition resources, mitigating competition and facilitating cohabitation
within an ecosystem (Macalady et al., 2008; Martens-Habbena et al., 2009). These
mechanisms contribute to the stability and adaptability of microbial communities in
hydrothermal fields, enabling them to withstand extreme and fluctuating environmental
conditions.

Invertebrates are the metazoans dominant in HV ecosystems, which rely on the
chemosynthesis of their bacterial symbionts for survival. Chemoautotrophic bacteria
have been found in a variety of vent-endemic invertebrates, such as the vent shrimp
Rimicaris exoculate, the yeti crab Kiwa hirsute (Goffredi et al., 2008; Zbinden et al.,
2008), the galatheid crab Shinkaia crosnieri (Tsuchida et al., 2011), and gastropods
Alviniconcha and Ifremeria (Breusing et al., 2022). These symbiotic bacteria are crucial
in primary production and life-sustaining detoxification processes, especially within the
gills of their hosts (Fialamedioni et al., 1986; Jouin and Gaill, 1990; Ponsard et al.,
2013). However, the interactions between vent-endemic invertebrates and their
symbiotic microbiome, particularly how these relationships react to environmental
perturbations, have not been sufficiently investigated. There is a critical gap in our
understanding of microbial communities in more variable shallow-water hydrothermal
systems, as most studies have concentrated on either free-living microbial communities
or stable symbiotic relationships in deep-sea HVs (Fortunato et al., 2018).

The vent crabs, X. testudinatus, which thrive in the Kueishan Island shallow-
water HV system, have primarily been studied for their acid-base regulation. Functional

ion channels, Na'/K'-ATPase (NKA) and V-type H'ATPase (VHA) in the gills might
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play an important role in excess proton excretion and help the crabs cope with the acidic
habitat (Hu et al., 2016). Another study demonstrated that X. testudinatus maintained
homeostatic pH through HCO; /CI™ exchange and the retention of extracellular
ammonia (Allen et al., 2020). However, acid-base homeostasis in such extreme
environments represents just one component of numerous adaptive strategies. The
interplay between host physiology and microbial symbionts likely forms an integrated
system that enhances survival in hydrothermal environments. The gill structure of
aquatic organisms features a large surface area and extensive vascularization, optimized
for gas exchange and ion regulation (Henry and Wheatly, 1992; Evans et al., 2005),
which may create an ideal habitat for specific microbial communities. In turn, the
microenvironment in the gills may also provide a condition characterized by regulated
pH, oxygen gradients, and a consistent nutrient supply for microbes. Previous studies
have suggested that gill-associated microbes contribute to host physiological
homeostasis by enhancing ion regulation capacity through microbial metabolites (Lai et
al., 2022; Francois-Etienne et al., 2023). Additionally, sulfur-oxidizing bacteria may aid
in acid-base regulation by consuming sulfide and producing energy-rich compounds
advantageous to the host (Oeschger and Vetter, 1992; Goftredi et al., 2002). The
abundance of NKA-rich cells in the gills may generate localized pH and ion
concentration gradients, favoring the selection of bacterial taxa adapted to these
conditions. While bidirectional interactions have been documented in other crustacean-
microbe symbioses, they remain largely unexamined in HV crustaceans (Goftredi,
2010). Studies have identified symbiotic bacteria with varying compositions across
different tissues of X. testudinatus (Ho et al., 2015; Yang et al., 2016). In the wild, a
white hairy microbial mat is often observed on the carapace of X. testudinatus, (Wang et

al., 2014; Fig. 2F). A previous study found that the microbial community on the
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carapace of fiddler crabs (Uca panacea) closely resembled that of the surrounding
sediments (Cuellar-Gempeler and Leibold, 2019). The carapace-associated microbial
communities of deep-sea squat lobsters (Munidopsis alvisca) were interpreted as a
mutualistic adaptation for epibiotic habitation and sulfide detoxification (Leinberger et
al., 2022). The adaptability of vent-endemic X. testudinatus holobiont may be further
enhanced by the presence of diverse microbial communities, which provide ecological
plasticity in response to environmental fluctuations through complementary metabolic
processes.

In this chapter, we investigated the bacterial communities in the gills and carapace
surface of X. testudinatus, as well as the surrounding water, to better understand the
interactions between the HV environment and the crustacean host. To achieve an in-
depth understanding of the bacterial composition associated with X. testudinatus
holobiont, we used full-length 16S rRNA gene sequencing and performed functional
annotation to predict the metabolic roles of dominant bacteria. Additionally, we
analyzed water quality alongside microbiome data to explore how environmental
changes influence microbial communities. Finally, we applied fluorescence in situ
hybridization (FISH) to identify the localization of dominant gill-associated bacteria.
Based on our knowledge of HV ecosystems and host-microbe interactions, we
developed three testable hypotheses: (1) The bacterial communities in the surrounding
water would directly respond to fluctuations in hydrothermal activity, with sulfur-
metabolizing bacteria predominating during active venting periods; (2) The bacterial
communities symbiotic with X. testudinatus would reflect their physiological functions
and degree of environmental exposure, with gill-associated communities showing a
stronger correlation with water chemistry than those on the carapace surface; and (3)

The localization of dominant bacteria within gill tissues would correspond to areas most
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exposed to water flow, optimizing both sulfide access for bacteria and detoxification
benefits for the host. These hypotheses provide a framework for comprehending the
intricate interactions between the environment, microbiome, and host tissue in this

extreme ecosystem.
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2.2 Materials and Methods

Sample collection

Water samples were collected every 1 to 3 months by SCUBA divers in the vent
area (V site; 24°5029.9"N, 121°56'17.2"E) and the non-vent area (T site; 24°50'02.4"N,
121°57'42.7"E) of Kueishan Island (Fig. 1B). Water quality data from each sampling
time were averaged from triplicate samples. Then the water samples were filtered
through 0.2 pm/47 mm membrane filters (mdi Membrane Technologies, NY, USA)
using a 47 mm PES Filter Holder (ROCKER, Taiwan) to capture bacterial DNA in the
environment. The filtered membranes were wrapped in aluminum foil, sealed in zip-
lock bags, and frozen in liquid nitrogen. HV crabs X. testudinatus were collected from
the V site. The 5th gills were excised, and the carapace surface was applied using sterile
cotton swabs. Gill tissues and cotton swabs were placed into 1.5 mL and 5 mL tubes
(Eppendorf, Hamburg, Germany), respectively, and frozen in liquid nitrogen aboard the
fisheries craft. Upon arrival at the laboratory, all samples were stored at -80°C until

DNA extraction.

Measurements of water quality

Water quality was assessed, including temperature (Temp), dissolved oxygen (DO),
pH, sulfide concentration, dissolved inorganic carbon (DIC), pCO., and alkalinity (Alk).
The temperature, DO, and pH levels were measured using a multiparameter portable
meter (Multiline® Multi 3620 IDS, WTW, Weilheim, Germany) equipped with an IDS
pH electrode (SenTix® 940, WTW) on the fisheries craft. Sulfide concentration was
determined by a spectrophotometric method modified from (Cline, 1969), using a
sulfide sulfur specific mixed diamine reagent containing N, N-Dimethyl-p-

phenylenediamine sulfate and ferric chloride in 50% hydrochloric acid. The alkalinity
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was spectrophotometrically assayed following a previously published method (Sarazin
et al., 1999). DIC contents were detected in triplicate using a DIC analyzer (AS-C3,
Apollo SciTech, Newark, DE, USA) with nitrogen as an inert gas, followed by
quantification via a nondispersive infra-red (NDIR) Li-7000 CO2/HCOs3™ analyzer (LI-
COR, Lincoln, NE, USA). pCO; was calculated based on temperature, pH, and DIC

using the CO2SYS module in Microsoft Excel (Pierrot, 2006).

DNA extraction

DNA extraction was performed in a laminar flow hood to prevent contamination.
All tools, including scissors, tweezers, pipettes, and tips, were soaked in 10% bleach for
10 minutes to eliminate residual DNA, followed by UV exposure for at least 30 minutes.
The filter was cut into small pieces and placed into a 2 mL microcentrifuge tube
(Eppendorf). Total DNA was extracted using the Wizard Genomic DNA Purification Kit
(Promega, Madison, WI, USA) according to the manufacturer’s protocol.

DNA from the crab gills was extracted using the Wizard Genomic DNA
Purification Kit (Promega), and DNA from the carapace surface (cotton head) was
extracted using the QIAamp DNA Microbiome Kit (QIAGEN, Hilden, Germany). Both
extractions followed the manufacturers’ instructions. The quantity and quality of
extracted DNA were assessed using a NanoDrop 2000™ spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE, USA). DNA samples were then stored at -20°C until

further use.

Full-length 16S rRNA gene sequencing
Bacterial full-length 16S rRNA amplicons were amplified using specific primers,

27F: AGRGTTYGATYMTGGCTCAGPCR and 1492R: RGYTACCTTGTTACGACTT
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with barcodes, referring to the guidelines for PacBio SMRT sequencing (PacBio, Menlo
Park, CA, USA). PCR was performed with approximately 10 ng of DNA using 2X
KAPA HiFi HotStart ReadyMix PCR Reagent (Kapa Biosystems, Woburn, MA, USA),
containing 2.5 uM of both forward and reverse primers in a total volume of 25 pl. The
amplification was conducted with an initial denaturation at 95°C for 3 min, followed by
30 cycles of 95°C for 30 sec, annealing at 57 °C for 30 sec, and elongation at 72 °C for
1 min, with a final extension at 72 °C for 1 min. PCR products were examined on 0.8%
agarose gels and quantified using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific).
The qualified PCR products were mixed in equal amounts and purified using AMPure
PB beads (PacBio). The pooled 16S amplicons (600 ng) were then used to prepare the
library with the SMRTbell prep kit 3.0 (PacBio), according to the manufacturer’s
instructions. After damage repairing, end repairing, and A-tailing, the inserts were
ligated to adapters. SMRT sequencing was performed on a SMRT 8M Cell (PacBio)
using chemistry version 2 on PacBio Sequel Ile sequencer. A primary filtering analysis
was achieved on the Sequel Ile System, followed by a secondary analysis using the

SMRT analysis pipeline version 11.0.0.

Sequence processing and data analysis

Sequences were analyzed using CLC Genomic Workbench 24.0.1 (CLC Bio,
QIAGEN, Aarhus, Denmark). Adapter sequences were trimmed and reads shorter than
1200 bp or longer than 1600 bp were removed. Amplicon Sequence Variants (ASVs)
were obtained with a fixed read length of 1200 bp, a maximum expected error rate of
2.0 per read, and the removal of detected chimeric sequences. Taxonomic classification
was assigned to ASVs using the SILVA SSU 138.1 database, applying a sequential

similarity threshold of 97%, 90%, 85%, and 80%. Previously assigned taxonomies with
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a higher similarity were retained. Relative abundance was calculated as the number of
reads assigned to each taxon divided by the total number of qualified reads in each
sample. The number of bacterial samples varied at different time points based on
sampling conditions and the results of sequence qualification (Table 2).

Alpha diversity was assessed using the observed taxa number (Observed), Chao 1
richness estimates (Chao 1), Simpson’s index (Simpson), and Shannon entropy
(Shannon) at the class and genus level, calculated within the CLC Genomic Workbench.
Beta diversity was evaluated through principal coordinate analysis (PCoA) and
permutational multivariate analysis of variance (PERMANOVA) based on Bray-Curtis
distances, using the R packages vegan (Dixon, 2003) and ade4 (Dray and Dufour, 2007)
in RStudio (2024.04.1+748). The Bacterial relative abundances were depicted as bubble
plots using the ggplot2 (Valero-Mora, 2010) and reshape2 (Wickham, 2020) packages.
Pairwise Pearson’s correlation analyses between water parameters and bacterial alpha
diversity metrics were performed using the R package psych (Revelle and Revelle,
2015) and the resulting correlation matrix was visualized using the corrplot package
(Wei et al., 2017). A Venn diagram was generated using the web-based tool
InteractiVenn (Heberle et al., 2015) to illustrate the overlap between the top 20 genera
identified in the water, gill and carapace samples.

To predict the potential functions of bacterial communities, the taxonomic
abundance table was used to retrieve functional annotations of identified prokaryotic
taxa (FAPROTAX 1.2.10). FAPROTAX provides an informative database that
categorizes prokaryotic taxa (e.g., classes, genera, or species) into putative metabolic
groups based on experimentally characterized representatives from culture-based

studies (Louca et al., 2016). Visualization was performed using the R package ggplot?.
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Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) was employed to detect bacteria in the
gills of X. testudinatus. The gill tissue was fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) and temporarily stored on ice aboard the fishing craft. In the
laboratory, the fixed gills were embedded in paraffin wax, sectioned at 8 pm, mounted
on slides, and stored at 4°C. To perform FISH, paraffin sections were dewaxed using
Histo-Clear (National Diagnostics, Atlanta, GA, USA) and Histo-Clear was removed
through a graded ethanol series (100%, 75%, 50%, and 25%). The sections were then
rehydrated in 20 mM Tris-HCI and treated with proteinase K (5 pg/mL) and lysozyme
(5 mg/mL) to permeabilize bacterial cell walls. Hybridization was performed using the
Sulfurovum-targeted probe EP1653, 5’-ATCTTCCCCTCCCASACTCT-3’ (Watsuji et
al., 2010), and the universal bacteria probe EUB338, 5’-GCTGCCTCCCGTAGGAGT-
3’ (Amann et al., 1990). Fluorescence signals were visualized using an Olympus
FV3000 confocal laser scanning microscope (Olympus Corporation, Tokyo, Japan) at

wavelengths of 488 and 640 nm.
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2.3 Results

Bacterial community dynamics in the water

Water quality parameters, including temperature, DO, pH, sulfide, DIC, pCO», and
Alk, at the V and T sites were collated from February 2021 to April 2024 (Fig. 9).
Troughs in DO, pH, and Alk were observed in December 2021 (Fig. 9B, C, G), and the
peaks in DIC and pCO> were observed during the same period (Fig. 9E, F). Meanwhile,
the highest sulfide concentration was recorded in August 2022 (Fig. 9D).

Alpha diversity results indicate that at the T site, peaks in observed taxa number
(Observed) and Chao 1 richness estimates (Chao 1) at the class level occurred in
December 2021 (Fig. 10A, B), and those at the genus level occurred in August 2022
(Fig. 10E, F). Simpson’s index (Simpson) and Shannon entropy (Shannon) did not show
clear peaks or troughs (Fig. 10C, D, G, H). At the V site, troughs in all four indices at
both the class and genus levels were observed in December 2021. The correlogram (Fig.
11A) indicates that at the V site, all water parameters were significantly correlated with
alpha diversity indices at the genus levels. Temperature, DO, pH, and Alk showed
positive correlations, whereas sulfide, DIC, and pCO- were negatively correlated. At the
T site, only pCO2 was positively correlated with diversity indices, and meanwhile,
sulfide and Alk showed negative correlations (Fig. 11B).

The bacterial compositions at class and genus levels are presented as bubble plots
for the V site (Fig. 12) and the T site (Fig. 13). In V site water, Campylobacteria and
Gammaproteobacteria were the two dominant bacterial classes, exhibiting opposite ebb
and flow patterns over time (Fig. 12A). Within Campylobacteria, the most abundant
genus was Thioreductor, primarily driving the temporal variations in the class.
Relatively, Thiomicrorhabdus reflected the variations within Gammaproteobacteria

(Fig. 12B). On the other hand, Alphaproteobacteria and Gammaproteobacteria were the
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two dominant classes in T site water, while other classes, such as Acidimicrobiia,
Bacteroidia, Campylobacteria, and Cyanobacteriia, also showed observable variations
over time (Fig. 13A). At the genus level, several genera belonged to
Alphaproteobacteria, and Thiomicrorhabdus remained the most abundant genus within
Gammaproteobacteria (Fig. 13B). Notably, Thioreductor and Lebetimonas were not
detected within Campylobacteria here.

According to the functional analysis, nitrogen cycle (except for denitrification),
sulfur respiration, and hydrogen oxidation were prominent between November 2021 and
January 2023 (Fig. 14), a period with relatively low pH (< 7.5) and high sulfide
concentrations (Fig. 9C, D). Subsequently, denitrification and sulfur oxidation were
detected in small proportions. In contrast, phototrophic functions were observed at the T
site but were either absent or present at very low levels at the V site (Fig. 14). Notably,

sulfur- and nitrogen- related functions were observed once at the T site in August 2021

Bacterial compositions in the gills and on the carapace surface of X. testudinatus
Water quality data for the X. testudinatus microbiome are limited to the period
from August 2020 to November 2021 at 3-month intervals, with data from only the V
site presented (Fig. 15A-G). This limitation is due to sampling challenges, such as
weather conditions and specimen preservation issues. During this period, troughs in pH
and Alk were recorded in November 2020, alongside peaks in sulfide, DIC and pCO,.
Alpha diversity results show that the bacterial diversity at both the class and genus
levels on the carapace surface was generally higher than in the gills (Fig. 15H-O).
Furthermore, all four indices at both taxonomic levels in the gills showed troughs in
November 2020. The correlogram (Fig. 16) shows that, except for DO, water parameters

were significantly correlated with alpha diversity indices in the gills at the genus level.
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Basically, temperature, pH and Alk had positive correlations, while sulfide, DIC, and
pCO: had negative correlations with gill bacterial diversity. In contrast, only Simpson
and Shannon indices on the carapace surface were correlated with water quality (Fig.
16). On the other hand, the patterns of correlation between water quality and bacterial
diversity in the gills were opposite to those on the carapace surface.

The bacterial compositions at the class and genus levels are presented as bubble
plots for the gills (Fig. 17) and the carapace surface (Fig. 18). In the gills,
Campylobacteria was the dominant class, comprising around 70% of relative abundance
across all time points, followed by Gammaproteobacteria and Bacteroidia (Fig. 17A).
Within Campylobacteria, Sulfurovum was the most abundant genus and almost
dominated the bacterial community in the gills (Fig. 17B). Also, Campylobacteria was
the dominant class on the carapace surface (~50%; Fig. 18A), with Bacteroidia,
Alphaproteobacteria, and Gammaproteobacteria being abundant as well. Similarly, at
the genus level, Sulfurovum had the greatest abundance within Campylobacteria and
even comprised nearly half of the bacterial community on the carapace surface across
all time points (Fig. 18B).

The functional analysis shows that sulfur oxidation, denitrification and hydrogen
oxidation had relatively high proportions both in the gills and on the carapace surface of
X. testudinatus (Fig. 19). Throughout the entire period, these functions had the highest
proportions in the gills in November 2020 (Fig. 19A). Additionally, the functional
proportions on the carapace surface were generally lower than those in the gills,
possibly reflecting a lower abundance of Sulfurovum (Fig. 19B).

The Venn diagram (Fig. 20) illustrates the top 20 bacterial genera across the gills,
carapace surface, and surrounding water of X. testudinatus. The water contained 17

unique genera, represented by Thioreductor from Campylobacteria, one of the most
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abundant genera in the samples (Fig. 20A). The carapace surface harbored 12 unique
genera and appeared to share none with the water, suggesting that the bacteria adhering
to the carapace may not necessarily be the most abundant in the surrounding water. The
gills contained 11 unique genera and shared one genus Sulfurimonas with the water and
six genera with the carapace (Fig. 20B, C). Among the bacterial communities, two
genera were shared across all three compartments, Sulfurovum from Campylobacteria
and an uncultured genus from the family Rhodobacteraceae within the class
Alphaproteobacteria (Fig. 20D). These two bacteria may play important roles in the X.
testudinatus holobiont, linking the microbial communities at two key interfaces (the

gills and carapace) that interact with the external environment.

The distribution of Sulfurovum in the gills of X. testudinatus

Using fluorescence in situ hybridization (FISH), the localization of bacterial
communities in the gills of X. festudinatus was identified (Fig. 21; Fig. 22). The images
clearly show the transverse section of the branchial structure, and the elongated
structures on both sides are lamellae (L; Fig. 21). The universal bacteria probe EUB338
generated signals primarily distributed in the afferent vessel (AV; Fig. 21B). The signals
from Sulfurovum-targeting probe EP1653 signals almost completely overlapped with
those from EUB338, confirming that detected signals originated from bacteria and
further supporting our finding that Sulfurovum is the dominant genus in the gill samples
(Fig. 21D). Additionally, a few signals were also observed in the epithelial principal
cells and pilaster cells of the lamella. The magnification images (Fig. 22D-F) reveal the
subcellular localization within a single cell. The EUB338 signals occupied over half of
the cell volume, while the EP1653 signals were more concentrated near the nucleus,

possibly corresponding to the location of the endoplasmic reticulum.
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2.4 Discussion

Shallow-water HVs create dynamic ecosystems where primary production is
sustained by both chemosynthesis and photosynthesis due to their epipelagic juncture.
The hydrothermal activity at Kueishan Island exhibits temporal variability, driven by
monsoons, typhoons, ocean currents (the Kuroshio), and seismic activity (Lebrato et al.,
2019; Chiu et al., 2024). This dynamic system provides an ideal setting for investigating
the temporal effects of hydrothermal venting on microbial communities, which act as a
bridge between the environment and metazoans. In nature, microbes mediate energy
flow, responding to environmental fluctuations and nutrient availability, especially
essential in resource-limited extreme environments such as HV systems (Reysenbach
and Shock, 2002). Unique HV microbial communities are potentially shaped by fluid
chemistry (Barosa et al., 2023; Pérez-Barrancos et al., 2025). Using the X. testudinatus
holobiont inhabiting the Kueishan Island HV system, we explored interactions between

environmental factors, symbiotic bacteria, and crustacean host.

Bacterioplankton composition varies in response to hydrothermal activity

At the vent site, active venting periods between November 2021 and January 2023
during water bacterial sampling were indicated by drops in pH levels (< 7.5), coinciding
with increases in sulfide content, DIC, and pCO;. Although bacterial diversity was not
consistently low, the lowest observations occurred within this period. Furthermore,
correlations between physicochemical parameters and alpha diversity metrics suggest
that temporal variations in water quality influence bacterial composition in the venting
area. Hydrothermal fluids led to a decrease in bacterial diversity, with Campylobacteria
(previously Epsilonproteobacteria) becoming dominant in the water, which is a class

primarily associated with the utilization of sulfur compounds (oxidation and reduction)
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in HV environments (Takai et al., 2003; Campbell et al., 2006; Akerman et al., 2013). In
the Panarea shallow-water HV system, Campylobacteria were also found in the
surrounding water as well as the sediments (Maugeri et al., 2009). Within
Campylobacteria, the four representative genera were all hydrogen-oxidizing, including
Sulfurimonas and Sulfurovum, which are also sulfur-oxidizing (Wang et al., 2023);
Thioreductor, a sulfur-reducing bacterium (Nakagawa et al., 2005); and Lebetimonas,
which has been isolated from deep-sea HVs (Takai et al., 2005). Unlike Thioreductor,
which became dominant with increasing sulfide levels, phylogenetic analysis revealed a
large 16S rRNA sequence cluster related to Sulfurovum spp. in the sediments of
shallow-water HV fields at Milos Island, Greece (Giovannelli et al., 2013).

During relatively silent venting periods (pH > 7.5), Gammaproteobacteria became
abundant, which has also been reported to play important roles in some deep-sea HV
fields, while utilizing sulfur-oxidizing pathways distinct from Campylobacteria
(Yamamoto et al., 2011). The representative genus, Thiomicrorhabdus, is sulfur-
oxidizing but basically not hydrogen-oxidizing (Liu et al., 2020). These observations
suggest that bacterial cooperation in the ambient water involves not only sulfur
oxidation but also sulfur reduction and hydrogen oxidation under sulfide (HS/S?)-
supplemented conditions. Despite the absence of hydrothermal venting, this habitat still
retained sulfur compounds, such as elemental sulfur (S°) or thiosulfate (S203%), which
were available for sulfur oxidation by local bacterial communities. Although no
temporal literature is available for comparison, a previous study indicated that
sediments farther from the vents contained fewer Campylobacteria and were instead
contributed by Gammaproteobacteria (Giovannelli et al., 2013). However, a relatively
stable environment, such as the non-reefal coral ecosystem at the western tip of

Kueishan Island (T site), may not support correlations similar to the hydrothermal
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habitat. Notably, a negative correlation between sulfide and bacterial diversity was still
observed, likely due to east-to-west currents transporting hydrothermal fluids from the
vents to the coral fields. In contrast, the correlations between bacterial diversity and
both pCO; and alkalinity were opposite to those observed in the vent area. Higher pCO>
and lower alkalinity corresponded to higher bacterial diversity. However, during our
sampling, these two water parameters remained substantially consistent and were not
correlated with ambient pH. The increase in pCO2 here may not be sufficient to impact
pH levels, but instead provides additional carbon sources for bacterioplankton, which in
turn alters their metabolic potential and composition (James et al., 2019).

Accordingly, the functional analysis revealed temporal shifts in bacterial
metabolic states. Active hydrogen oxidation and the reduction/respiration of nitrogen
and sulfur compounds were concentrated between November 2021 and January 2023,
reflecting the bacterial compositions. Subsequently, as previously discussed, residual
substances or byproducts may drive bacterioplankton to adjust their metabolic
strategies, involving denitrification, nitrogen respiration, sulfur and hydrogen oxidation,
and other related processes. In contrast, higher bacterial diversity in the coral field
resulted in a broader range of bacterial functions. Bacterioplankton in this non-vent
habitat exhibited active photosynthesis-associated processes and chemoheterotrophy

compared to those in the venting region.

Gill microbiome better reflects water quality compared to carapace surface

Similar to the bacterioplankton in the HV field during the active venting period, the
dominant bacterial class in both the gills and carapace surface of X. testudinatus was
Campylobacteria, which are known to be a major group of symbiotic bacteria in HV-

endemic invertebrates, including yeti crabs K. hirsute, galatheid crabs S. crosnieri, and
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vent gastropods Cyathermia naticoide (Goffredi et al., 2008; Tsuchida et al., 2011;
Zbinden et al., 2015). Unlike bacterioplankton, Sulfurovum was the dominant
Campylobacteria associated with X. festudinatus. Our FISH results showed that
Sulfurovum was abundantly labeled in the X. testudinatus gills. As a sulfur-oxidizing
bacterium, Sulfurovum is capable of oxidizing reduced sulfur (S* or S205%) into less
toxic forms (S, sulfite SO3%, and SO4%), mitigating the toxicity of hydrogen sulfide
from HV fluids (Nelson et al., 1995; Akerman et al., 2013; Wang et al., 2023). On the
other hand, bacterial diversity on the carapace surface was higher than that in the gills
and appeared to be more stable over time. The bacterial diversity on the carapace was
also more resembled to that of the bacterioplankton in the surrounding water. However,
the gill-associated bacterial diversity showed a stronger correlation with
physicochemical parameters compared to the carapace. Both the gills and carapace are
in direct contact with the environment, implying that gills may have greater selectivity
for symbiotic bacteria. Furthermore, considering that crabs are benthic organisms and
Sulfurovum dominated the sediments rather than the water, the influence of water
quality and bacterioplankton on gill microbiome may not be direct. It might first affect

the sediments and then the gills.

Potential metabolic processes of symbiotic bacteria in X. testudinatus

The predominance of sulfur-oxidizing bacteria (SOB) in the X. testudinatus gills
is reminiscent of findings in the gills of vesicomyid clams (Cruaud et al., 2019), mytilid
mussels (Halary et al., 2008; Szafranski et al., 2015; Duperron et al., 2016), and bresiliid
shrimps (Tokuda et al., 2008) from HV habitats. Serving as an interface between an
aquatic animal’s internal circulatory system and the external environment, the gills

provide an enclave for SOB to carry out sulfide detoxification and organic production
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for the hosts (Felbeck and Somero, 1982). Compared to bacterioplankton, the symbiotic
bacteria performed active denitrification and sulfur oxidation, with sustained nitrogen
respiration and hydrogen oxidation, but weaker sulfur respiration. The high functional
contribution of hydrogen oxidation was probably due to Sulfurovum spp., which possess
hydrogenase enzymes (Nakagawa et al., 2007; Wang et al., 2023). Previous studies have
shown that H> can serve as an energy source in HV systems, fueling chemosynthetic
symbioses (Petersen et al., 2011). In the process of denitrification, Sulfurovum may
utilize nitrate (NO3") as an electron acceptor while oxidizing reduced sulfur compounds
as electron donors (Cardoso et al., 2006). Sulfurovum spp. from HV habitats contain
genes required for the complete denitrification pathway (Wang et al., 2023). Amino acid
sequences of nitrate reductase (NapA) measured in HV fluids near the East Pacific Rise
were primarily derived from Sulfurovum spp. (Smith et al., 2007; Vetriani et al., 2014).
These findings suggest that sulfide or hydrogen oxidation-associated denitrification
could also occur in the X. festudinatus holobiont (Huang et al., 2019; Wang et al., 2023).
The metabolic functions of Sulfurovum are likely essential for the physiological
adaptations of X. testudinatus to hydrothermal environments. Previously documented
acid-base regulatory ability through NKA, VHA, and HCOs7/Cl~ exchange could be
reconsidered within the context of host-microbe interactions (Hu et al., 2016; Allen et
al., 2020). The sulfide oxidation capacity of Sulfurovum helps detoxify sulfide from the
hydrothermal fluids, which could otherwise inhibit cytochrome ¢ oxidase (COX,
complex IV) in the mitochondria, generating less toxic sulfur-oxidized derivatives such
as thiosulfate (Chou et al., 2023; Wang et al., 2023). The acid generated through sulfide
oxidation (HzS + 202 — 2H" + SO4*) and hydrogen oxidation (H, — 2H" + 2¢) could
be buffered by strong acid-base regulatory mechanisms of X. testudinatus, indicating an

evolved tolerance co-adapted with bacterial metabolism (Dick, 2019). The
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denitrification activities of Sulfurovum may supply nitrogen sources, complementing the
ammonia excretion of X. festudinatus, which increased under acidified conditions (Allen
et al., 2020). Furthermore, chemosynthetic products from Sulfurovum, including organic
carbon compounds (McGonigle et al., 2020), may contribute to the host's energy budget
during periods of limited food availability, as X. testudinatus experience episodic
feeding opportunities (Jeng et al., 2004). This complex physiological integration
suggests that host ion transport mechanisms have evolved not only to mitigate
environmental acidity but also to exploit benefits for bacterial metabolism. Additionally,
Thiothrix, identified within Gammaproteobacteria in the X. tesdutinatus gills, is also a
well-documented sulfur oxidizer. These large filamentous bacteria are known to
colonize rocks and sediments around hydrothermal vents, contributing to sulfur
oxidation (Stein, 1984; Moyer et al., 1995). White filamentous microbial films observed
in HV fields are often associated with Thiothrix spp. (Kalanetra et al., 2004), whereas
they were not detected on the carapace of X. testudinatus as an abundant genus, despite
the presence of a white hairy biofilm.

Overall, the carapace surface exhibited slightly higher functional proportions of
fermentation and chemoheterotrophy compared to the gills, while chemoautotrophic
processes such as sulfur and hydrogen oxidation were less prevalent. This suggests
microniche differentiation occurring within the HV system, where nutrient availability
shapes microbial interactions through cooperation or competition (Hoek et al., 2016).
The distinct microbial communities in the gills and carapace likely reflect differences in
the microenvironmental characteristics of these two interface tissues. The gills create a
specialized microhabitat that facilitates gas exchange and water flow while being
adjacent to the hemolymph, establishing oxygen and metabolites gradients (Farrelly and

Greenaway, 1994). This continuous influx of seawater, enriched with dissolved
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inorganic compounds, provides an optimal environment for chemoautotrophic bacteria,
which rely on reduced sulfur compounds and oxidants from hydrothermal fluids
(Ponsard et al., 2013). The physical structure of the gills, including filaments, lamellae,
and specialized epithelium, may serve as attachment sites or filters for the selective
colonization of specific microbes (Silverman et al., 1996; Freitas et al., 2022; Fusi et al.,
2023). In contrast, the carapace surface is directly exposed to ambient water but lacks
the active water flow and gas exchange capacity found in the gills. The carapace
microenvironment is characterized by ambient O: concentrations, pH levels, and
nutrient compositions, likely favoring heterotrophy and fermentation rather than
chemoautotrophy. Additionally, the carapace, composed primarily of chitin, may
selectively promote the colonization of microorganisms capable of degrading chitin or
its derivatives (Yurgel et al., 2022). This is supported by the presence of Bacteroidia,
Clostridia, and Gammaproteobacteria, which possess chitin degradation genes (Shu et
al., 2019). Bacterial communities within the gills and carapace demonstrated metabolic
flexibility and unique adaptation mechanisms, allowing them to thrive in distinct host-
associated niches. The persistent predominance of Sulfurovum in both tissues, with
varying abundances correlated with physicochemical parameters, suggests its metabolic
or physiological significance beyond sulfide detoxification, which reinforces its

interdependence with the X. testudinatus host.

Evolutionary selection of environmental microorganisms on metazoan hosts
The substantial disparity in the relative abundance of Sulfurovum between

ambient seawater, where it is not prominent, and the X. festudinatus gills, where it

prevails, hints at the evolutionary pathways and ecological processes that drive

microbial transitions from environmental to symbiotic states. This phenomenon extends
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beyond intuitive environmental acquisition, involving complex processes such as host
filtering and microbial adaptation (Brooks et al., 2017). The habitat of X. testudinatus
likely exerts considerable selective pressures favoring Sulfurovum over other sulfur-
metabolizing bacteria through mechanisms such as specific recognition molecules,
immune tolerance, or the establishment of specialized metabolic niches (Chaston and
Goodrich-Blair, 2010). The presence of Sulfurovum across various host tissues and in
the surrounding environment, albeit in lower abundance, indicates its adaptability to
environmental conditions while benefiting from host association, suggesting a
facultative rather than obligate symbiosis (Blow et al., 2020). This flexibility may
represent an intermediate stage in the evolutionary transition from environmental
microbes to specialized symbionts (Sachs et al., 2011). In extreme environments like
HV system, selective pressures for these associations are significant, as both the
symbiotic microbes and metazoan host derive adaptive benefits. The host gains
detoxification capabilities and potential nutritional supplementation, while the microbes
secure a stable habitat with reliable access to resources (Goffredi, 2010). The
evolutionary processes likely originate from random environmental encounters,
progressively developing into genomic crosstalk that enhances symbiotic competence
and mutual fitness (Toft and Andersson, 2010). The hydrothermal environment at
Kueishan Island, marked by intermittent venting, may impose selective pressures that
promote flexible associations rather than strict obligate dependencies, allowing both
partners to endure temporal environmental fluctuations. Future comparative genomic
analyses of free-living and host-associated Sulfurovum species, or even strain-level
comparison (Breusing et al., 2022), could reveal genomic signatures indicative of this

evolutionary transition, which may encompass genes related to colonization, host
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interaction, or metabolic pathways that enhance symbiotic fitness (McCutcheon and

Moran, 2007; Sach et al., 2011).

Summary

HV systems play a crucial role in oceanic biogeochemical processes and have
been recognized as deep-sea oases of life, nourished by chemoautotrophs. (Tarasov et
al., 2005). Kueishan Island, a geologically young volcanic island located in an
earthquake-prone zone, experiences frequent volcanic and seismic activity, leading to
intermittent hydrothermal venting in its HV field (Konstantinou et al., 2013;
Deffontaines et al., 2022; Chiu et al., 2024). The episodic release of vent fluids alters the
surrounding water chemistry, contributing toward the dynamics of microplankton and
the symbiotic microbiota of resident holobionts. While most research on sulfur
detoxification mechanisms in marine organisms has focused on deep-sea HV systems
along mid-ocean ridges (Zierenberg et al., 2000; Zhang et al., 2017), shallow-water HV
systems are increasingly used as accessible and cost-effective proxies (Chiu et al., 2022;
Chen et al., 2023; Chou et al., 2023). The Kueishan Island HV system enables long-term
and continuous observations of hydrothermal microbial community fluctuations. Our
study reveals correlations between water quality and both bacterioplankton and the gill-
associated bacteria of X. testudinatus holobiont. Moreover, bacterial metabolic
functions, from ambient water to the carapace surface and gills, suggest biochemical
interactions with environmental materials. The symbiotic bacterial community is
dominated by the chemolithotrophic SOB Sulfurovum (Campylobacteria), which
performs sulfur and hydrogen oxidation and likely drives denitrification, while

Thioreductor dominates the bacterioplankton, engaging in sulfur reduction/respiration.
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Although taxonomically sound, the 16S rRNA gene sequencing approach cannot
conclusively determine metabolic capacity, phylogenetic assumptions and reference
database constraints limit functional predictions (Langille et al., 2013; Louca et al.,
2016). Future studies should incorporate advanced techniques to further investigate
hydrothermal holobiont interactions. Metagenomic and metatranscriptomic analyses
could identify genetic potential and active microbial pathways (Aguiar-Pulido et al.,
2016), and metabolomic profiling could clarify host-microbe chemical interactions
(Phelan et al., 2012). Comparative genomics may uncover symbiotic adaptations
between free-living and host-associated Sulfurovum spp. or other related microbes.
Additionally, stable isotope probing could provide evidence of metabolic activities at
the tropical level within specific microenvironments of the host tissues (Kleiner et al.,
2018). While further research is needed to fully elucidate these associations, this chapter
offers profound insights into the adaptation of HV-endemic holobionts, highlighting the
role of microbes in shaping inter-domain co-evolution in extreme and dynamic

ecosystems.
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2.5 Tables and Figures
Chapter 2

Table 2; Figures 9-22
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Table 2. The sample size of bacterial samples. The sample sizes of bacterial samples
collected from the water, gills and carapace are listed along with the corresponding dates.

Due to variations in sampling conditions and sequence quality, the sample numbers varied

across dates.

52

Water Date Number| Tissue Date |Number
2021 Feb 2 2020 Aug 9
2021 Aug 1 2020 Nov 4
2021 Nov 1 . 2021 Feb 11
Gills
2021 Dec 3 2021 May 16
V 2022 Aug 3 2021 Aug 15
ent — oot 3 2021 Nov| 16
2023 Jan 3 2020 Aug 9
2023 Oct 3 2020 Nov 12
2024 Apr 11 3 Carapace 2021 Feb 14
2024 Apr 30 3 2021 May] 12
2021 Feb 5 2021 Aug 11
2021 Aug y 2021 Nov 13
2021 Nov 1
2021 Dec 2
. 2022 Aug 3
Tail
2022 Oct 3
2023 Jan 2
2023 Oct 3
2024 Apr 11 3
2024 Apr 30 3
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Figure 9. Water quality of the V and T sites based on the bacterial community in the water.

Temp, temperature (A); DO, dissolved oxygen (B); pH (C); sulfide (D); DIC, dissolved

inorganic carbon (E); Log(pCO,), base-10 logarithm of the partial pressure of carbon dioxide

(CO2) measured in patm (F); Alk, alkalinity (G). V, site near the vents; T, tail site. Data are

presented as mean + standard deviation (SD), based on triplicate measurements
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Figure 10. Temporal dynamics of bacterial alpha diversity in the water. Temporal dynamics

in alpha diversity indices for water bacterial communities at the vent (V) and tail (T) sites are

presented. The indices presented include observed taxa number, Chaol richness estimates,

Simpson's index, and Shannon entropy, all calculated at both the class (A-D) and genus (E-H)

taxonomic levels. V, site near the vents; T, tail site.
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Figure 11. Correlations between water parameters and bacterial diversity in the water. The
correlations at the vent site (A) and tail site (B) are shown. Circle size and color scale indicate
correlation coefficients ranging from -1 (blue) to 1 (red), with weak or negligible correlations in
shades of blue and yellow. Only significant correlations are shown (Pearson’s correlation,
followed by Bonferroni correction, p < 0.05). Temp, temperature; DO, dissolved oxygen; DIC,
dissolved inorganic carbon; pCO, base-10 logarithm of the partial pressure of carbon dioxide

measured in patm; Alk, alkalinity.
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Figure 12. Bacterial composition of the water at the vent site. Bubble plots show vent site
bacterial composition at the class (A) and genus (B) levels. Circle size represents the relative

abundance (%) of taxa at each time point.
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Figure 13. Bacterial composition of the water at the tail site. Bubble plots show tail site
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abundance (%) of taxa at each time point.
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Figure 14. FAPROTAX functional analysis of the water bacterial community. Temporal
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(B). Circle size represents the functional proportion (%) at each time point. V, site near the vents;

T, tail site.
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Figure 15. Water quality and bacterial alpha diversity of the gills and carapace surface.
Water parameters, including temperature (Temp; A), dissolved oxygen (DO; B), pH (C), sulfide
(D), dissolved inorganic carbon (DIC; E), Log(pCO») (F), and alkalinity (Alk; G), are shown.
Bacterial alpha diversity indices, including observed taxa number (Observed), Chao 1 richness
estimates (Chao 1), Simpson’s index (Simpson), and Shannon entropy (Shannon), are presented
at the class level (H-K) and genus level (L-O). G, gills; C, carapace surface. Data are presented

as mean = SD, based on triplicate measurements.
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Figure 16. Correlation between water parameters and bacterial diversity of the gills and
carapace surface. Circle size and color scale indicate correlation coefficients ranging from -1
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significant correlations are shown (Pearson’s correlation, followed by Bonferroni correction, p <
0.05). G, gills; C, carapace surface. Temp, temperature; DO, dissolved oxygen; DIC, dissolved
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natm; Alk, alkalinity.
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Figure 17. Dynamics of bacterial composition in the gills. Bubble plots show gill bacterial

composition at the class (A) and genus (B) levels. Circle size represents the relative abundance

(%) of taxa at each time point.
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Figure 18. Dynamics of bacterial composition on the carapace surface. Bubble plots show
carapace bacterial composition at the class (A) and genus (B) levels. Circle size represents the

relative abundance (%) of taxa at each time point.
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Figure 19. FAPROTAX functional analysis of the bacterial community in the gills and on
the carapace surface. Temporal dynamics of potential functions of the bacterial communities at
in the gills (A) and on the carapace surface (B). Circle size represents the functional proportion

(%) at each time point.
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Figure 20. Venn diagram showing the Top20 genera in the gills, carapace, and the

surrounding water. The Venn diagram shows the numbers of shared and unique genera among
gills, carapace, and surrounding water (A). The bacterial genera common to both the carapace
and gills are highlighted (B). The bacterial genera common to both the water and gills are
highlighted (C). The core genera shared across the water, carapace, and gills are highlighted (D).
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Figure 21. Fluorescence in situ hybridization (FISH) of the transverse section of gill
filaments. The fluorescence images show representative Cy5 signals (far-red, universal bacteria
probe EUB338) and Alexa 488 signals (green, genus Sulfurovum-targeted probe EP1653) on the
transverse section of gill filaments. The universal EUB338 signal showed the distribution of
bacteria within the gills (A), which overlaps on a bright-field image, revealing the anatomical
distribution primarily around the afferent vessel (B). The genus-targeted EP1653 signal (green)
showed the distribution of Sulfurovum (C). The co-localization of EUB338 and EP1653 signals

were presented (D). Scale bars = 100 um. L, lamella; AV, afferent vessel.
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Figure 22. Fluorescence in situ hybridization (FISH) magnification images. Representative
Alexa 488 signals (green, Sulfurovum probe EP1653) and CyS5 signals (far-red, universal bacteria
probe) in the transverse sections of gill filaments. The Sulfurovum-targeted EP1653 signal (green,
A) and universal EUB338 signal (far-red, B) showed the distribution of bacteria within the gills
The signals of Sulfurovum and universal bacteria overlap on a bright-field image (C). The
magnification of EP1653, EUB338, and merged images were presented (D-F). Scale bars = 50
um (A-C) and 5 um (D-F), respectively. AV, afferent vessel.
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Chapter 3
Sequential Strategy Underlies Xenograpsus testudinatus
Holobiont Resilience in Extreme Hydrothermal

Environments
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3.1 Introduction

Life relies on the production of chemical compounds for metabolic processes,
enzymes to catalyze biochemical reactions, biological membranes to compartmentalize
cell structure, and energy sources essential for these properties. Several theories have
been proposed to explain the origin of life, including the “primeval soup” hypothesis, in
which basic organic compounds formed from inorganic precursors such as CO2 and
ammonia, with lightning providing the necessary energy (Wills and Bada, 2001).
Another hypothesis assumes that amino acids could have been synthesized in the
atmosphere via long- wavelength UV radiation (Miller, 1953), while others proposed
that organic compounds were delivered by carbonaceous meteorites and cosmic dust
(Miller and Urey, 1959). However, HV systems appear to be the only environment
capable of providing a constant and substantial energy source to sustain life and drive
evolution. Smokers release reduced compounds such as hydrogen sulfide (H2S),
hydrogen (Hz), and ferrous iron (Fe?"), which could have fueled the earliest metabolic
pathways, while CO; served as the backbone for biomolecules (Olson, 2019).
Furthermore, the “iron-sulfur world” hypothesis suggests that the formation and
derivation of iron sulfide (FeS) from hydrothermal fluids may have supported a
chemoautotrophic origin of life under the restrictive conditions of early Earth
(Wiéchtershauser, 1998).

To this day, hydrothermal vent systems continue to supply chemicals that sustain
life and shape ocean chemistry. However, these environments also impose considerable
physiological stress on organisms and thus serve as natural laboratories for exploring
fundamental evolutionary principles governing adaptation to extreme environments,
particularly the interplay between ecological succession, microbial symbiosis, and

organismal responses. Understanding how organisms have adapted to survive under
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such extreme and dynamic conditions remains a compelling scientific issue. In their
daily life, environmental stressors affect energy balance due to the additional demands
required to maintain homeostasis. Maximizing energy efficiency is crucial for survival
in resource-limited environments and is considered a key factor in the evolutionary
interactions between organisms and their habitats (Parsons, 2005). Energy availability,
transformation, and storage are fundamental to the fitness of an organism (Sokolova et
al., 2012). Consequently, energy utilization plays a vital role in physiological adaptation
and stress tolerance in response to environmental fluctuations. The hydrothermal vents
offshore the northeast coast of Kueishan Island create an extreme and stressful
environment that hosts unique inhabitants, including the dominant metazoan X.
testudinatus (Jeng et al., 2004). The strong ion and acid-base regulatory mechanisms of
X. testudinatus have been demonstrated, which enable its physiological adaptation to
acidic conditions (Hu et al., 2016; Allen et al., 2020). In terms of nutrient utilization, a
study reported high proteolytic enzyme activity and significant lipid storage in the
midgut gland of X. testudinatus, with some unsaturated fatty acids possibly derived
from microbial contributions (Hu et al., 2012). These traits may relate to irregular food
availability (zooplankton debris), exposure to toxic compounds such as hydrogen sulfide
(H2S/S%), and inhabitation of an environment where the survival and function of
metazoans closely rely on microorganisms (Bang et al., 2018).

Previous studies have shown that survival in fluctuating marine environments
relies on holobiont systems, which are integrated host-microbe relationships with
collective adaptive capabilities (Webster and Taylor, 2012; Bordenstein and Theis,
2015). Chemosynthetic symbiosis has been widely documented in various vent-endemic
organisms. For example, the giant tubeworm Riftia pachyptila depends entirely on

endosymbiotic sulfur-oxidizing bacteria within a specialized organ called the
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trophosome for its nutritional needs (Hinzke et al., 2019). Deep-sea hydrothermal vent
mussels (Bathymodiolus spp.) host methanotrophic and thiotrophic bacterial symbionts
in their gills, enabling them to metabolize methane and H-S (Ikuta et al., 2016). The
vent shrimp Rimicaris exoculata harbors filamentous episymbionts within its gill
chamber, which contribute to sulfide detoxification and carbon source supplements
(Ponsard et al., 2013). Beyond nutrition, symbiotic relationships play crucial roles in
detoxifying hazardous compounds (Chou et al., 2023), enhancing host physiological
mechanisms (Kleiner et al., 2012), and influencing gene expression through metabolite
signaling, which can affect environmental adaptation pathways (Shi et al., 2023).
Moreover, studies on eukaryotic responses to H>S have uncovered intriguing metabolic
remodeling involving electron transport chain plasticity (Olson, 2021). The competition
between sulfide oxidation and Complex IV activity induces mitochondrial reductive
stress, triggering metabolic shifts such as accelerated aerobic glycolysis, glutamine-
dependent reductive carboxylation, and lipogenesis (Hanna et al., 2023). The bacterial
communities identified in the gills and the white biofilm on the carapace provide
preliminary evidence of potential symbiotic associations between X. festudinatus and
microorganisms (Yang et al., 2016; Chiu et al., 2022). While previous studies suggest
the presence of symbiosis in hydrothermal vent ecosystems, the specific physiological
mechanisms, functional significance, and potential host-microbe interactions remain
unclear. This points out the necessity for a thorough examination of microbial
community dynamics, host transcriptional regulation, and metabolic adjustments in
response to hydrothermal environments to better understand these intricate adaptive
pathways.

In this chapter, we investigated the physiological and microbial responses of X.

testudinatus to hydrothermal vent exposure. Individuals collected from the Kueishan
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Island vent field were acclimated to normal seawater in the laboratory and subsequently
reintroduced to their natural habitat in a time-course experiment (0, 1, 2, and 4 hours).
Based on existing evidence of host physiological regulation and symbiotic bacterial
communities in X. festudinatus, three primary research aims are established: (1)
Characterize time-dependent changes in gill-associated bacterial communities during re-
exposure to hydrothermal conditions; (2) Identify key transcriptional pathways activated
in response to environmental shifts, particularly those involved in sulfide metabolism
and cellular homeostasis; and (3) Explore metabolic adjustments underlying amino acid
and fatty acid profiles, that may reflect regulatory requirements against hydrothermal
stress. We anticipated that X. testudinatus would exhibit a phased strategy that ranges
from rapid shifts in bacterial community composition favoring sulfide-oxidizing taxa, to
enhancements in host detoxification and stress response pathways, culminating in the
reprogramming of metabolic networks to sustain survival in this dynamic environment.
The integration of microbiota, transcriptome, and metabolome (including amino acid
and fatty acid profiles) will provide valuable insights into the perennial adaptation of the
X. testudinatus holobiont to hydrothermal vent ecosystems, a co-evolution process that

has likely occurred over thousands of years (Chen et al., 2001).
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3.2 Materials and Methods

Habitat reintroduction experiments

The vent crabs X. testudinatus were collected from the hydrothermal venting area
at Kueishan Island and reared in a transparent tank with a flow-through system filtered
fresh seawater under 12 hours:12 hours light-dark cycle at the Marine Research Station,
Institute of Cellular and Organismic Biology, Academia Sinica. After a two-month
acclimation, the crabs were immersed in aerated seawater and transferred back to their
original habitats at Kueishan Island using nets for positioning. For time-course
observations, crabs were re-collected at 1, 2 and 4 hours (H) post-reintroduction, while
lab-acclimated crabs were sampled as controls (OH). The 5% and 6™ pairs of gills were

sampled and stored at -80°C for molecular and metabolomic analyses.

Bacterial full-length 16S rRNA gene sequencing and analysis

The 6' pair of gills (n = 8) on one side was used for DNA extraction using the
Wizard Genomic DNA Purification Kit (Promega) according to the manufacturers’
instructions. The quantity and quality of extracted DNA were assessed using a
NanoDrop 2000™ spectrophotometer (Thermo Fisher Scientific). DNA samples were
then stored at -20°C until further use.

Bacterial full-length 16S rRNA amplicons were amplified using specific primers,
27F: AGRGTTYGATYMTGGCTCAGPCR and 1492R: RGYTACCTTGTTACGACTT
with barcodes, referring to the guidelines for PacBio SMRT sequencing (PacBio, Menlo
Park, CA, USA). PCR was performed with approximately 10 ng of DNA using 2X
KAPA HiFi HotStart ReadyMix PCR Reagent (Kapa Biosystems, Woburn, MA, USA),
containing 2.5 uM of both forward and reverse primers in a total volume of 25 pL. The

amplification was conducted with an initial denaturation at 95°C for 3 min, followed by
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30 cycles of 95°C for 30 sec, annealing at 57 °C for 30 sec, and elongation at 72 °C for
1 min, with a final extension at 72 °C for 1 min. PCR products were examined on 0.8%
agarose gels and quantified using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific).
The qualified PCR products were mixed in equal amounts and purified using AMPure
PB beads (PacBio). The pooled 16S amplicons (600 ng) were then used to prepare the
library with the SMRTbell prep kit 3.0 (PacBio), according to the manufacturer’s
instructions. After damage repairing, end repairing, and A-tailing, the inserts were
ligated to adapters. Sequencing was performed on a SMRT 8M Cell (PacBio) using
chemistry version 2 on the PacBio Sequel Ile sequencer. A primary filtering analysis
was achieved on the Sequel Ile System, followed by a secondary analysis using the
SMRT analysis pipeline version 11.0.0.

Sequences were processed using CLC Genomic Workbench 24.0.1 (CLC Bio).
Adapter sequences were trimmed and reads shorter than 1200 bp or longer than 1600 bp
were removed. ASVs were obtained with a fixed read length of 1200 bp, a maximum
expected error rate of 2.0 per read, and the removal of detected chimeric sequences.
Taxonomic classification was assigned to ASVs using the SILVA SSU 138.1 database,
applying a sequential similarity threshold of 97%, 90%, 85%, and 80%. Previously
assigned taxonomies with higher similarity scores were retained. Relative abundance
was calculated as the number of reads assigned to each taxon divided by the total
number of qualified reads in each sample.

Alpha diversity was assessed using the observed taxa number (Observed), Chao 1
richness estimates (Chao 1), Simpson’s index (Simpson), and Shannon entropy
(Shannon) at the class and genus level, calculated within the CLC Genomic Workbench.
Beta diversity was evaluated through principal coordinate analysis (PCoA) and

permutational multivariate analysis of variance (PERMANOVA) based on Bray-Curtis
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distances, using the R packages vegan (Dixon, 2003) and ade4 (Dray and Dufour, 2007)
in RStudio (2024.04.1+748). Bacterial relative abundances at the class and genus levels
were depicted as bubble plots using the ggplot2 and reshape? packages (Valero-Mora,
2010; Wickham, 2020). FAPROTAX (database version 1.2.10) was used to predict the
potential functions of bacterial communities (Louca et al., 2016). Visualization was

performed using the R package ggplot2 (Valero-Mora, 2010).

RNA-seq transcriptome analysis

The 6' pair of gills on one side (n = 6) was prepared for total RNA extraction
using RNeasy Plus Universal Kit (QIAGEN, Germany). The extracted RNA was
treated with DNase I (Promega, WI, USA) to remove genomic DNA. Directional
cDNA libraries were constructed for 2x150 paired-end sequencing using an Illumina
NovaSeq 6000 platform (San Diego, CA, USA), and 6-Gb data was acquired for each
sample. Raw sequences were demultiplexed and trimmed to remove non-target and
low-quality reads using the CLC Genomics Workbench 22.0.1. The remaining
sequences were subsequently utilized for de-novo assembly of transcripts. The quality
of all the obtained pair-end reads was estimated by fastQC (v0.12.1). Based on the
fastQC reports, the first and last bases, the adaptors, and reads with quality lower than
Q30 were removed by fastp (v0.12.1). Sequences not belonging to invertebrates were
removed by Kraken2 (v2.1.3). The RNA de novo assembly was performed by Trinity
(v2.15.1) with default setting. The output assembled transcripts were then clustered
and filtered by EvidentialGene (v2020.02.25) to remove redundancy. The filtered
transcripts were also translated to amino acid sequences by EvidentialGene as well.
For functional annotation of assembled transcripts, the transcripts and amino acid

sequences from EvidentialGene were searched by blastx and blastp against UniProt
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databases, respectively. The ontology was predicted by EggNog-mapper (v2.1.12)
against the database of bilateria taxa. The output results of blast and eggnog were
integrated and a database was generated by the AnnotationForge package in Rstudio
(Carlson and Pages, 2024). The differential expression of transcripts was performed
by the R package DESeq?2 (v1.44.0; Love et al., 2014). Transcripts with expression
counts less than 10 and appeared in fewer than 3 samples were excluded from the
downstream analysis. The batch effect between sample batches was estimated and
corrected by the sva package (v3.52; Leek et al., 2012). The corrected log fold change
of the differentially expressed gene (DEG) shrunk using the apeglm shrinkage
estimator by the R package clusterProfiler (v4.12; Yu et al., 2012) was then utilized
for Gene Set Enrichment Analysis (GSEA; Subramanian et al., 2005). The sequence
read count was used to calculate transcripts per million (TPM). Z-scores for each
gene were calculated by subtracting the mean TPM value across all individuals and
dividing by the standard deviation. PCoA of TPM, followed by PERMANOVA, were
performed based on Bray-Curtis distances, using the R packages vegan (Dixon, 2003)

and ade4 (Dray and Dufour, 2007) in RStudio.

Free amino acid derivatization and determination

The 6™ pair of gills on one side (n = 8) was homogenized in 4 mL 100%
ethanol with 10.6 uL 12.5 mM norvaline (served as an internal standard). The
homogenate was centrifuged at 4300 x g for 10 min, and 1.5 mL supernatant was
transferred into a new tube for vacuum drying. The dried samples were dissolved with
100 pL of 8 mM HCI and extruded through a 0.2-um syringe filter (Millipore Syringe
Filters, Millipore Millex, MA, USA). Following the manufacturer’s method, 10 puL of

the filtrate was derivatized with AccQ Tag Ultra Derivatization Kit (Waters, MA,
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USA). Determination of free amino acids (FAAs) was conducted using ultra-
performance liquid chromatography (UPLC; ACQUITY UPLC H-Class System,
Waters) via an ACCQ-TAG ULTRA C18 column equipped with a TUV detector and a
FLR detector. Amino acid profiles were identified and quantified by comparing peaks
with the retention times and peak areas of standards (WAT088122, Waters). PCoA of
amino acid profiles, followed by PERMANOVA, were performed based on Bray-
Curtis distances, using the R packages vegan and ade4 in RStudio. The amino acid
content was normalized by gill wet weight as pmol/g and presented in bar charts
using GraphPad Prism 10 (GraphPad Software, San Diego, CA, USA). The fold
change of the 1H, 2H, and 4H groups was calculated relative to the OH control group

and visualized using GraphPad Prism 10.

Fatty acid extraction and measurement

The 6™ pair of gills on one side (n = 7 or 8) was homogenized with 0.1%
tricosanoic acid (C23:0; Sigma-Aldrich) in chloroform and 0.25 M methanolic
trimethylsulfonium hydroxide solution (TMSH; Sigma-Aldrich). Tricosanoic acid was
used as an internal standard for further quantification. The homogenate was sonicated
for 30 min at room temperature, then mixed with n-Hexane (EBR12R, Hettich,
Germany). The mixture was centrifuged at 3000 xg for 3 min at room temperature, and
the supernatant was collected as the measured sample. Measurement of fatty acids (FAs)
was performed using an Agilent 7890A-5975 GC/MS system (Agilent Technologies,
CA, USA) equipped with a DB-5MS column (30 m x 0.250 mm, 0.25 pm film
thickness, J] & W Scientific). Helium served as a carrier gas with a 50 mL/min flow rate.
The GC settings were programmed as follows: 70 °C for 2 min, then rise to 240 °C at a

rate of 20 °C/min, and finally to 270 °C. The temperature of the injector was 250 °C in a
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splitless mode, and the mass range was 50550 amu. FAs were identified and quantified
by comparing peaks with the retention times and peak areas of internal standards. PCoA
of fatty acid profiles, followed by PERMANOVA, were performed based on Bray-
Curtis distances, using the R packages vegan and ade4 in RStudio. The fatty acid
content (relative to C23:0) was normalized by gill wet weight (g) and presented in bar
charts using GraphPad Prism 10 (GraphPad Software, San Diego, CA, USA). The fold
change of the 1H, 2H, and 4H groups was calculated relative to the OH control group

and visualized using GraphPad Prism 10.
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3.3 Results

The hydrothermal vent crabs X. testudinatus collected from the venting area were
acclimated to normal seawater in the laboratory before being reintroduced (0, 1, 2, 4H)
to their original habitats. Symbiotic bacteria, transcriptome, free amino acid profile, and

fatty acid composition were analyzed in the gills.

Changes in microbiome of the X. testudinatus gills

PCoA revealed dissimilarity in bacterial composition across time points (0, 1, 2,
and 4H) following a perturbation at different levels. At the ASV level (Fig. 23A),
significance was observed between time points (PERMANOVA, F = 2.4087, R? =
0.2051, p = 0.0001). Pairwise comparisons show that 2H significantly differed from OH
(p =0.0021), 1H (p = 0.0062), and 4H (p = 0.0021). At the class level (Fig. 23B), a
significance was also detected (PERMANOVA, F =2.3284, R?>=0.1997, p =0.0064),
with OH differing from 1H (p = 0.0408) and 4H (p = 0.0480), while 1H differed from
4H (p = 0.0102). At the genus level (Fig. 23C), a significance was also observed
(PERMANOVA, F =2.5270, R =0.2131, p = 0.0001), with significant differences
detected between all the time points. These results indicate a temporal shift in bacterial
composition, with the most pronounced variations at the genus level. However, except
for the observed taxa number and Chao 1 estimates at the genus level between OH and
2H (one-way ANOVA followed by Bonferroni post hoc analysis p < 0.05; Fig. 24E, F),
alpha diversity did not show significant differences between time points at either the
class or genus levels (Fig. 24).

Bacterial compositions at the class and genus levels are presented as bubble plots
(Fig. 25). Bacteroidia, Alphaproteobacteria, and Gammaproteobacteria were the three

dominant classes, with Campylobacteria showing a higher abundance at 1H compared

78
doi:10.6342/NTU202500809



to other time points (Fig. 25A). At the genus level, Ruegeria and Sulfitobacter from
Alphaproteobacteria, along with Halioglobus from Gammaproteobacteria, were the
most abundant genera (Fig. 25B). Notably, Sulfurovum from Campylobacteria, the
dominant genus in wild X. testudinatus gills, was also among the top 20 genera during
reintroduction, showing the highest abundance at 1H. According to the functional
analysis (Fig. 26), chemoheterotrophy had the highest proportions in the gills, with a
decrease at 1H, coinciding with an increase in sulfur oxidation and
denitrification/nitrogen respiration.

Changes in transcriptomic profiling of the X. testudinatus gills

The PCoA (Fig. 27A) indicates that transcriptomic profiles (TPM) varied across
time points (PERMANOVA, F = 4.4771, R? = 0.3242, p = 0.0001), with significant
differences detected between all the time point groups. Differentially expressed genes
(DEGs) were analyzed at 1, 2, and 4H compared to OH (Fig. 27B-D). At 1H, more genes
were significantly upregulated, while at 4H, more significantly downregulated genes
were detected. At 2H, gene regulation was generally balanced.

Gene set enrichment analysis (GSEA) based on DEG results revealed several
upregulated and downregulated pathways. At 1H, pathways related to GTPase activity
and actin cytoskeleton were predominantly upregulated (Fig. 28A), while chitin-related
pathways were downregulated (Fig. 28B). At 2H, pathways related to chitin/cuticle
constitution, actin cytoskeleton, oxidoreduction, and GTPase activity were upregulated
(Fig. 29A), while those related to epigenetic and transcriptional regulations were
downregulated (Fig. 29B). At 4H, pathways related to chitin/cuticle formation and
oxidoreduction were upregulated (Fig. 30A), while pathways related to symbiotic
interactions, cell growth/differentiation, gene regulation, and cellular metabolism were

downregulated (Fig. 30B).
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Therefore, some of the pathways mentioned above and genes of interest were
organized into heatmaps to analyze changes across the different time point groups. For
genes involved in GTPase activity (Fig. 31), many expressed a basal level at OH. Over
time, reintroduction to the hydrothermal habitat appeared to induce several genes
encoding Rho GTPase-activating protein at 1H and 2H, which were subsequently
downregulated at 4H. In contrast, other genes encoding Rab-related proteins and
guanine nucleotide exchange factors were gradually downregulated at 1H and 2H, with
some upregulating again at 4H.

Regarding genes involved in actin cytoskeleton (Fig. 32), those encoding actin-
related proteins and dynactin subunits were gradually downregulated at 1H and 2H
compared to OH and were subsequently induced at 4H. In contrast, genes encoding LIM
domain-containing proteins were upregulated at 1H but downregulated thereafter.
Meanwhile, genes encoding actin were upregulated at later time points, 2H and 4H.

Given that GSEA indicated differential regulation of pathways related to chitin and
cuticle formation across time points, the relevant genes are presented (Fig. 33).
However, individual genes did not exhibit a clear trend of change. Only genes encoding
chitinase 6A and certain chitin-binding type-2 domain-containing proteins were
upregulated at 4H.

For genes involved in sulfide metabolism (Fig. 34), several fundamental sulfur
metabolism-related genes were expressed under normal seawater conditions (0H). At
1H, all genes were downregulated except for the one encoding Glutathione S-
transferase 11. Later, at 2H and 4H, genes encoding sulfide quinone oxidoreductase 2,
glutathione peroxidase, glutathione S-transferase, and glutathione transferase were

gradually upregulated.
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Lastly, considering the transfer from normal seawater to extreme hydrothermal
conditions, genes encoding stress response and apoptosis were addressed (Fig. 35). In
the first hour (1H) after reintroduction to the habitat, substantially all relevant genes
were downregulated. This persisted until 4H, when a few genes encoding heat shock

proteins 60/70/90 and caspase 8 were upregulated.

Changes in the free amino acid profile of the X. festudinatus gills

The PCoA (Fig. 36A) indicates that free amino acid (FAA) profiles varied across
time points (PERMANOVA, F =2.5359, R2=0.2137, p = 0.0079). Pairwise
comparisons revealed no significant difference between OH and 1H, while OH vs. 4H (p
=0.0341) and 1H vs. 2H (p = 0.0151) showed significant differences. Other
comparisons, OH vs. 2H, 1H vs. 4H, and 2H vs. 4H had p-values approaching
significance (p < 0.07). Based on PCoA, the contribution of each amino acids to the first
(PCoA1) and second (PCoA2) principal coordinates were analyzed (Fig. 36B). Serine
(Ser) and arginine (Arg) had strong positive contribution (> 0.05) to PCoA1l, while
glutamate (Glu), glycine (Gly), alanine (Ala), proline (Pro), and taurine (Tau)
contributed negatively. On the other hand, phenylalanine (Phe), histidine (His), arginine
(Arg), serine (Ser), valine (Val), leucine (Leu), and isoleucine (Ile) showed negative
contribution to PCoA2.

The bar charts presenting the original values of individual free amino acids (Fig.
37) indicate significant differences (one way-ANOVA, Bonferroni post hoc test) across
reintroduction time points for the aromatic amino acids Phe and His; the charged amino
acids Asp, Glu, and Arg; the polar amino acids Gln; as well as alpha-aminobutyric acids
AABA and taurine (Tau). The fold change (FC) analysis (Fig. 38A) reveals that certain

amino acids, such as Arg, hydroxylysine (HyLys), Ser, and Ala, tend to increase over
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time. Meanwhile, His, Gln, Pro, and methionine (Met) accumulated at 4H. However, the
levels of other FAAs generally decreased during the reintroduction. The heatmap for
genes involved in amino acid metabolism (Fig. 38B) shows that most related genes
were downregulated at 1H, except for cysteine dioxygenase. Subsequently, genes
encoding glutaminase and histidine ammonia-lyase were upregulated at 2H compared to
1H, while the former remained expressed until 4H and the latter was downregulated. At
4H, genes encoding cystathionine gamma-lyase and alanine transaminase were

upregulated.

Changes in the fatty acid composition of the X. testudinatus gills

The PCoA (Fig. 39A) indicates that fatty acid (FA) compositions did not vary
across time points (PERMANOVA, F = 1.3851, R?>= 0.1334, p = 0.2029), and no
significant differences were observed in pairwise comparisons. The contribution
analysis (Fig. 39B) reveals strong positive contributions of unsaturated FAs to PCoAl.
In contrast, unsaturated FAs showed slight or negative contributions to PCoA2, while
saturated FAs 16:00 and 18:00 positively contributed to PCoA2.

The bar charts presenting the original values of individual FAs show no
significant differences between time points, as determined by one way-ANOVA and
Bonferroni post hoc test (Fig. 40). Nevertheless, trends in FA changes could still be
observed through FC analysis (Fig. 41). During the reintroduction, saturated FAs
(16:0 and 18:0) appeared to remain stable. Hypogenic acid (16:1n-9) levels increased
at 1H, followed by a slight gradual decrease at subsequent time points. In contrast,
the levels of vaccenic acid (18:1n-11), arachidonic acid (20:4n-6), and

eicosapentaenoic acid (EPA, 20:5n-3) tended to increase over time, while linoleic

82
doi:10.6342/NTU202500809



acid (18:2n-6), oleic acid (18:1n-9), and docosahexaenoic acid (DHA, 22:6n-3)

initially decreased at 1H before gradually accumulating at 2H and 4H.
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3.4 Discussion

Hydrothermal fluids are toxic and stressful for most organisms (Dahms et al.,
2017), shaping their distribution, diversity, and activity (Tarasov et al., 2005; Mantha et
al., 2013). Ven-endemic organisms must have evolved effective strategies to survive
these extreme and dynamic environments. At Kueishan Island, vent fluids contain high
concentrations of sulfide, reduced gases, and metal ions (Peng et al., 2011; Chan et al.,
2016), creating a chemically challenging habitat. An in situ observational study reported
increased activity of the vent crabs X. testudinatus under low-pH conditions, suggesting
behavior adaptation to venting events (Chan et al., 2024). The intermittent nature of
fluid discharge exposes X. testudinatus to repeated transitions between normal seawater
and hydrothermal conditions, requiring continual physiological and microbial
adjustments. The crustacean host and symbiotic microbes would coordinate to cope with
environmental perturbations, where X. festudinatus can prioritize essential rapid-
response mechanisms derived from extremophiles to tolerate acute stress before
reaching their homeostatic threshold. Through time-course reintroduction experiments,
progressive responses of the X. testudinatus holobiont to such environmental

perturbations were explored.

Rapid shifts in the bacterial community in response to hydrothermal conditions
Bacterial analyses revealed that even in the absence of hydrothermal fluids, X.
testudinatus still retained a subset of hydrothermal-associated bacteria in their gills.
Upon re-exposure to hydrothermal conditions, Sulfurovum emerged as an early bacterial
responder within Campylobacteria, the dominant symbiotic bacterial class in wild vent
crabs. The abundance of Sulfurovum peaked at 1H post-reintroduction and then declined

over the next 3 hours. Similar transient trends were observed in Ruegeria
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(Alphaproteobacteria) and Halioglobus (Gammaproteobacteria). Ruegeria has been
identified in corals inhabiting Kueishan Island HV systems (Girija et al., 2024) and
potentially involved in sulfur and nitrogen cycling within coral hosts (Doering et al.,
2023). Halioglobus, recognized as an environmentally relevant bacterium, includes
species previously isolated from seawater (Park et al., 2012) and costal sediments (Han
et al., 2019). Our initial hypothesis proposed a continuous accumulation of the dominant
genus Sulfurovum in X. testudinatus gills over time, but this was not observed. Instead,
we interpret these findings as potential evidence of a “bet-hedging” strategy employed
by the symbiotic bacteria. In a complex and erratic environment, such a strategy may
minimize the risk of drastic shifts in microbial community composition during the
critical establishment of symbiosis with the host (Cao and Goodrich-Blair, 2017).
Furthermore, functional analysis revealed an initial decrease followed by an increase in
the proportion of chemoheterotrophy. The early contribution of Sulfurovum and
associated metabolic processes, such as denitrification, nitrogen respiration, and
sulfide/hydrogen oxidation, may indicate a period of hydrothermal input and chemical
fluxes favoring chemoautotrophy. As the interaction between the environment and X.
testudinatus symbiosis progressed, the decline in Sulfurovum abundance, along with the
resurgence of chemoheterotrophs such as Maribacter, Chishuiella, Blastopirellula,
Amylibacter, Roseovarius, Ruegeria, Sulfitobacter, and Halioglobus, may reflect
organic matter accumulation or the availability of electron acceptors in the gills,
probably derived from the prior activity of chemolithoautotrophic Sulfurovum (Burgin
etal., 2011; Wang et al., 2023). Additionally, the diminished phototrophic functions
suggest that phototrophy may not be essential as an immediate response in vent-

endemic holobiont encountering hydrothermal conditions. These processes demonstrate
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the delicate regulation of microbial functional groups in response to environmental

fluctuations within hydrothermal vent ecosystems.

Cytoskeleton stabilization as an initial response to hydrothermal exposure

Actin polymerization and reorganization are critical for early cellular responses to
extracellular stimuli, with Rho GTPases playing a key role in modulating actin filament
dynamics (Papakonstanti and Stournaras, 2008; Bement et al., 2024). Transcriptomic
analysis revealed the activation of pathways related to actin cytoskeleton remodeling
and GTPase functions in X. testudinatus gills at 1H post-reintroduction. Several genes
encoding Rho GTPase-activating proteins were upregulated, while those encoding actin
and actin-related proteins remained unchanged or even downregulated. However, genes
encoding actin-binding LIM proteins and LIM-domain containing proteins were
upregulated, which may contribute to cytoskeleton stabilization by inhibiting actin
depolymerization to reduce the formation of branched cytoskeleton filaments (Khurana
et al., 2002). This suggests that, during early exposure to vent fluids, branchial cells
prioritize the construction of a rigid and stable cytoskeleton framework, potentially
limiting cell motility to mitigate stress from large amounts of chemicals. As LIM-related
gene expression declined at 2H, actin gene expression was upregulated, likely preparing
for subsequent cytoskeleton remodeling. By 4H post-reintroduction, upregulation was
observed in genes encoding Ras GTPase-activating proteins, Ras-related proteins, actin-
related proteins, and dynactin subunits. Their interactions may enhance intracellular
transport of substances, while facilitating the reestablishment of regular cell division
and differentiation (Wittinghofer et al., 1997; Urnavicius et al., 2015). These processes
suggest that after prolonged exposure to the hydrothermal environment, intracellular

activity in X. testudinatus gills gradually returned to a functional state, whereas the
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initial response primarily involves cytoskeletal stabilization to withstand abrupt
environmental challenges. The stabilization of the host cytoskeleton, along with the
rapid recruitment of sulfide-oxidizing bacteria, may indicate a coordinated mechanism
that provides immediate protection against toxic substances.

Consistent with the observations in actin cytoskeleton regulation, chitin formation
and chaperon functioning appeared to be suppressed during the early response. It was
not until 4H post-reintroduction that genes encoding chitinase 6A, chitin-binding type-2
domain-containing proteins, and heat shock proteins (HSPs) were upregulated.
Chitinases hydrolyze chitin, a major component of the crustacean exoskeleton, tissue
cuticle, and fungal cell walls, as well as peptidoglycan, which constitute bacterial cell
walls (Arakane and Muthukrishnan, 2010; Dworkin, 2018). Therefore, crustacean
chitinases are believed to be involved in development, growth, and pathogen defense
(Nikapitiya et al., 2015). It suggests that at this time point, X. testudinatus may begin
preparing for molting or remodeling the gill structure while simultaneously
strengthening pathogen defense, and these processes could play a crucial role in
symbiont selection. Furthermore, chitin synthase expression remained unchanged,
which may indicate its involvement in new epidermis synthesis at a later stage (Rocha
et al., 2012). During this critical period of poised cellular activity and protein
functioning, the chaperone function of heat shock proteins became significant (Becker
and Craig, 1994; Feder and Hofmann, 1999), reflecting the upregulation of multiple
HSP genes. While all act as molecular chaperones, HSP60 primarily aids mitochondrial
protein folding, HSP70 assists in nascent protein folding and prevents aggregation
(Jebara et al., 2017), and HSP90 maintains the stability of signaling proteins in the
cytoplasm (Prodromou, 2016). The protective role of HSPs against environmental stress

has also been documented in marine organisms, including mussels (Hamer et al., 2004),
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ascidians (Pineda et al., 2012), fish (Deane et al., 2002), and shrimps (Giffard-Mena et
al., 2024). Notably, a previous study reported delayed upregulation of HSP70/90
expression between 3-6 hours in the gills of milkfish exposed to hypotonic stress
(Umam et al., 2020), which supports the transcriptomic response of HSPs observed in

X. testudinatus reintroduced to the hydrothermal habitat.

Essential mechanisms against sulfur toxicity and oxidative stress

The minimal changes observed in genes associated with mitochondrial sulfur
oxidation may indicate the fundamental importance of these functions. Key enzymes,
including sulfide: quinone oxidoreductase (Sqr), rhodanese (Rhod), persulfide
dioxygenase (Pdo), and sulfite oxidase (So), catalyze a series of sulfide oxidation
reactions, converting sulfide (HS/S%) to glutathione persulfide (GSSH), then to
thiosulfate (S203%"), or alternatively, the oxidation of sulfite (SOs%) to sulfate (SO4%;
Hildebrandt and Grieshaber, 2008; Libiad et al., 2014). Despite a brief downregulation,
genes encoding glutathione peroxidases, glutathione S-transferases, and glutathione
synthetase were upregulated at 4H post-reintroduction. In hydrothermal fields, sulfide is
a prevalent compound capable of generating reactive oxygen species (ROS) that snatch
electrons from cellular molecules, which mostly exist in the reduced state, thus causing
oxidative stress (Joyner-Matos et al., 2010). The upregulation of glutathione peroxidase
genes suggested an enhanced capacity to neutralize ROS by catalyzing their reduction
using glutathione, protecting cellular components from oxidative damage (Hayes and
McLellan, 1999). In addition, the increased expression of glutathione S-transferases
indicated an elevated ability to conjugate glutathione with electrophilic compounds,
such as metal ions, ROS, nitrate, and sulfide-derived metabolites, facilitating their

detoxification and excretion (Salinas and Wong, 1999). Simultaneously, glutathione
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synthetase may replenish depleted glutathione storage, ensuring sustained antioxidant
processes (Lu, 2001). These enzymes collectively contribute to cellular defense against
sulfur toxicity and oxidative stress, highlighting the adaptation of X. testudinatus to
sporadic venting activity in hydrothermal environments. Similar oxidative stress
compensatory mechanisms have been reported in other organisms, including polar and
temperate fish and invertebrates, and species inhabiting environments with fluctuating
pH and salinity, where enhanced antioxidant defenses serve as a primary adaptive
strategy (Abele and Puntarulo, 2004; Tomanek, 2015). These pre-existing detoxification
systems can be further co-opted and enhanced to cope with emerging ecological
pressures (Tiiziin et al., 2020). Additionally, a previous study has shown that the
hydrothermal vent mussel Bathymodiolus azoricus retained the capacity for regulating
genes critical for physiological adaptation to their natural habitats even after months of
laboratory acclimation (Bettencourt et al., 2011), suggesting an inherent preparedness
for extreme conditions. Such adaptive strategies may also be modulated by microbial
symbionts, which contribute to host resilience through metabolic and nutritional

interactions (Sun et al., 2023).

Potential metabolic reestablishment triggered by ETC inhibition

On the other hand, mitochondrial sulfide oxidation potentially induces atypical
metabolic processes for nutrient utilization. The inhibition of complex IV by sulfide
oxidation may reduce ATP production and cause a reductive shift in NADH/NAD" pool
(Libiad et al., 2019). An increased NADH/NAD" ratio can drive NADPH generation
through nicotinamide nucleotide transhydrogenase (NNT; Vitvitsky et al., 2021).
NADPH, in turn, may facilitate the reductive direction of the TCA cycle, where

isocitrate dehydrogenase 2 (IDH2) catalyzes the conversion of a-ketoglutarate (a-KG)
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to citrate, supplying substrates for fatty acid synthesis/lipogenesis (Carballal et al.,
2021). Additionally, glutaminolysis might be stimulated to provide the final product a-
KG due to its increased usage (Yoo et al., 2008). During the reintroduction, most genes
related to nutrient metabolism were suppressed at 1H, consistent with the observations
above, except for cysteine dioxygenase, probably due to its activity of converting
cysteine into cysteine sulfonate, an essential intermediate for sulfide detoxification
(Nagasaki et al., 2015). Also, the sustained expression of cystathionine gamma-lyase
may reduce free S>~ by generating cysteine persulfide (Cys-SSH) from cysteine (Araki
et al., 2023). While the NNT gene was upregulated at 2H, isocitrate dehydrogenase 2
(Idh2) gene remained unchanged, and the fatty acid synthase gene, which encodes a key
enzyme in lipogenesis, was downregulated. This suggests that NADPH was not utilized
to support Idh2 activity here but was instead preferentially directed towards mitigating
acute oxidative stress via the glutathione- or thioredoxin-dependent redox buffering
systems (Marty et al., 2009; Scherschel et al., 2024). However, certain shifts in amino

acid and fatty acid profiles still reflect the gene regulation of metabolic enzymes.

Possible metabolic adjustments associated with free amino acids

Downregulation of the glutamate synthase gene could result in continuous
glutamate consumption and the accumulation of glutamine (Van den Heuvel et al.,
2004), potentially stimulating the glutaminase gene to degrade glutamine for
ammoniagenesis as a mechanism of acid elimination in response to acidic stress
(Chuang et al., 2023). Serving as crucial precursors for glutathione synthesis, the
fluctuations in glutamine and glutamate levels are also linked to oxidative stress
(Amores-Sanchez and Medina, 1999). Furthermore, as major amino acids in ammonia

metabolism, their interactions m could regulate the related metabolic pathways
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(Newsholme et al., 2003). Excessive aspartate depletion may drive the downregulation
of the aspartate aminotransferase gene, while the decreased expression of arginase gene
may indicate urea cycle inhibition, leading to a gradual accumulation of arginine
(Morris Jr, 2002). Histidine metabolism also exhibited dynamic regulation, with an
initial histidine degradation, supported by upregulation of histidine ammonia-lyase gene
at 1H and 2H, followed by a downregulation at 4H, resulting in histidine accumulation
(Brosnan and Brosnan, 2020). Given that histidine cannot be synthesized by most
animals, this accumulation was likely derived from bacterial biosynthesis (Bender,
2012). In contrast, the gradual accumulation of alanine may contribute to the
upregulation of the alanine transaminase gene at 4H, potentially reactivating the stalled
urea cycle, and the produced pyruvate could then be utilized for gluconeogenesis
(Katunuma et al., 1966). Under sulfidic conditions, the metabolism of cysteine, a sulfur-
containing amino acid crucial for cellular redox balance through the cysteine sulfinate
(CSA) pathway, was likely regulated by both cystathionine gamma-lyase and cysteine
dioxygenase (Koito et al., 2018). Cystathionine gamma-lyase upregulation and cysteine
dioxygenase downregulation at 4H after utilization of cysteine, suggests a metabolic
shift toward cysteine synthesis to maintain its homeostasis. Additionally, the initial
increase in taurine levels may also indicate the activity of the CSA pathway, where
taurine is one of the terminate products (Kohl et al., 2019), while the subsequent
consumption may reflect the utilization of taurine as a free radical scavenger to mitigate
ROS-induced damage (Zhang et al., 2014). The CSA pathway has been identified in the
gills of hydrothermal-endemic mussels Bathymodiolus septemdierum (Nagasaki et al.,
2015) as well as the human gut, where it facilitates crosstalk between the host
epithelium and the symbiotic microbiome for systemic sulfur metabolism (Hansen and

Venkatachalam, 2023).
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Possible metabolic adjustments related to fatty acids

Fatty acid composition reflects the biological state of marine organisms, and the
nutrients obtained from various sources, including internal biosynthesis, algae, and
bacteria (Monroig et al., 2013). Although lipogenesis may not have been stimulated,
shifts in saturated and unsaturated fatty acid profiles were observed. Palmitic acid
(16:0), the initial product of fatty acid synthesis and the precursor of all other fatty
acids, exhibited minor fluctuations during reintroduction, with an initial slight decrease,
followed by an increase, and then another decrease. An initial elevation in stearic acid
(18:0) levels was probably associated with elongation of very long chain fatty acid
protein (Elovl), which utilizes palmitic acid as a substrate. The subsequent depletion of
both 16:0 and 18:0 may indicate increased activity of stearoyl-CoA desaturase 1 (Scdl)
and fatty acid desaturases. The sustained expression of Scd1 gene, which catalyzes the
desaturation of saturated fatty acids into monounsaturated fatty acids (MUFA), could
have led to the progressive accumulation of oleic acid (18:1n-9) and vaccenic acid
(18:1In-11). The consumption of oleic acid at 1H for cell membrane phospholipid
biosynthesis suggests an immediate demand for maintaining cellular structural integrity
(Kurniawan et al., 2017), potentially reflecting the actin cytoskeleton stabilization, as
previously discussed. Additionally, the production of hypogeic acid (16:1n-9) via the
beta-oxidation of oleic acid provides a plausible explanation for the observed initial
elevation in hypogenic acid abundance (Bermudez et al., 2022). Nevertheless, analytical
methods may confuse palmitoleic acids (16:1n-7) and hypogeic acids due to their
similar structures. Palmitoleic acid, an isomer of hypogeic acid primarily derived from
bacterial sources, was found to accumulate in the midgut of X. testudinatus during

starvation, serving as an energy reserve (Hu et al., 2012). Vaccenic acid, which is also a

92
doi:10.6342/NTU202500809



component of cell membranes, has been suggested to function as a potential
immunomodulatory trans fatty acid through the attenuation of inflammatory responses
(Blewett et al., 2009). Polyunsaturated fatty acids (PUFAs), synthesized by fatty acid
desaturases that introduce multiple double bonds into fatty acid chains (Lee et al.,
2016), also exhibited dynamic changes during reintroduction. Linoleic acid (18:2n-6)
was initially consumed at 1H, followed by continuous accumulation. The utilization of
linoleic acid as a substrate for (Z, Z)-6,9-heptacosadiene synthesis was reported

in cockroaches for protection against environmental chemicals (Jurenka et al., 1987).
While linoleic acid is generally considered to be synthesized by bacteria, protozoa, and
plants, some studies suggest that certain invertebrates, including crustaceans,
nematodes, and mites, may possess endogenous linoleic acid synthesis mechanisms
(Malcicka et al., 2018). Arachidonic acid, conferred by its cis double bonds, is essential
for cell membrane dynamics, and its reactivity with oxygen drives both oxidative stress
and the production of bioactive eicosanoids, which play a role in innate immune
responses (Brash, 2001). The observed accumulation of arachidonic acid could
potentially be attributed to the cellular response to NADPH production by NNT,
wherein arachidonic acid functions to activate NADPH oxidase, thereby mitigating the
surplus of NADPH and restoring redox equilibrium (Dana et al., 1998).

Regarding PUFAs, eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic
acid (DHA, 22:6n-3) are two long-chain n-3 fatty acids abundant in most marine
organisms. They are widely recognized for their anti-inflammatory properties in
animals, contributing to cardiovascular and neurological health (Gorjao et al., 2009).
Due to their inherent physical characteristics, EPA and DHA have the highest capacity
among all PUFAs to modulate phospholipid membrane structure (Onuki et al., 2006).

The initial decrease in DHA levels at 1H post-reintroduction may serve as a mechanism
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to prevent excessive membrane fluidity and instability, contributing to the stabilization
of cell structure. In X. testudinatus gills, DHA was less abundant than EPA, which has
also been observed in deep-sea hydrothermal polychaetes (Phleger et al., 2005). While
EPA and DHA can be synthesized by certain marine bacteria (DeLong and Yayanos,
1986; Moi et al., 2018), they are also recognized for their potential antimicrobial effects
(Clare et al., 2024). The dual roles of PUFAs as nutrients and as modulators of the
microbiome illustrate a host-symbiont interaction. Specific fatty acids like PUFAs were
identified as biochemical signals, potentially facilitating recognition between hosts and
symbionts in chemosynthetic environments (Fujita et al., 2007; Zhukova, 2019).
Specialized membrane lipid compositions selectively facilitate colonization by
beneficial symbionts and deter potential pathogens (Jiang et al., 2017; Adigun et al.,
2021). The initial depletion and the following accumulation of DHA may play a role in
modulating the symbiotic microbiome, particularly affecting bacteria with heightened
responsiveness. This could explain the biphasic pattern observed in Sulfurovum, with an
initial increase in abundance followed by a subsequent decline. Furthermore, despite the
molecular machinery remaining unclear, EPA and DHA have been found to have greater
resistance to ROS-induced peroxidation in aqueous biological systems compared to
other fatty acids, suggesting that their incorporation into phospholipid membranes with
proper amounts may enhance oxidative stability (Araseki et al., 2002). These traits may
reinforce the significance of EPA and DHA in holobiont inhabiting hydrothermal

environments characterized by oxidative stress.

Summary
The multidisciplinary responses in X. testudinatus provide important insights into

the inter-kingdom evolutionary mechanisms that enable metazoan survival in extreme
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environments. The coordination of bacterial communities, host gene expression, and
metabolic pathways exemplifies the concept of “hologenomic evolution” (Bordenstein
and Theis, 2015; Brooks et al., 2017), acting on the integrated host-symbiont
interactions rather than individual components. The phased adaptation process, which
commences with rapid ecological and genetic modulation of the microbiome, followed
by molecular and metabolic regulation of the host, may have evolved in various
metaorganisms, including mycorrhiza in soils, corals in oligotrophic sea areas, and
invertebrates in intertidal zones and hydrothermal fields (Bang et al., 2018).

The X. testudinatus holobiont exhibits an early stress response to chemically
extreme conditions driven by hydrothermal venting through a tolerance strategy,
stabilizing cellular structures while suppressing metabolic and physiological processes
to minimize environmental perturbations. Nevertheless, the potential influx of sulfide,
various reduced chemical species, and bacteria like Sulfurovum necessitated sustained
engagement of sulfide detoxification and oxidative stress defense within the gill tissues.
Given the essential role of metabolic crosstalk in holobiont adaptation (Garg, 2021),
metabolites involved in cellular maintenance, sulfide oxidation, and ROS detoxification
revealed coordinated regulation, leveraging their intrinsic physicochemical properties to
facilitate resilience in this extreme habitat. The observed temporal dynamics indicate
distinct response phases, an initial stabilization focused on structural integrity,
succeeded by metabolic reprogramming, and ultimately leading to homeostatic
restoration. The final chapter suggests the evolutionary success of the X. testudinatus
holobiont and its specialized adaptive strategies for coping with the inherent variability
of hydrothermal habitats, which have been primarily attributed to the complex

interactions of this metaorganism with one of Earth's most challenging ecosystems.
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3.5 Figures
Chapter 3

Figures 23-41
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Figure 23. PCoA for the bacterial composition in the gills of X. festudinatus reintroduced

from the lab to the original habitat. PCoA was conducted at the ASV, class, and genus levels.

Time points OH (lab-acclimated), 1H, 2H, and 4H post transfer are represented by yellow, pink,

green, and purple dots, respectively.

97

doi:10.6342/N'TU202500809



OH=

1H-

(B) 54

20+

Chao1

10_ R

OH=-

1H -

2H -

4H-

Simpson ©

0.5

1HA

2HH

4 H -

3.5
3.0+
2.5+
2.0+
1.5

Shannon ©

1.0

4

1H=- i

2H -~

4 H -

(F)

(G)

(H)

Genus
200
a :
1504 2 .. %
100~ b %
50- @ _
(] S S S—
I T T T
o - o~ -t
250 :
2004 a - R
ab ab
1504 - .b. L
100- @
504 :
0 — .
I I I T
o - (3] <
1.004 ;
0.954 = @
0.904 -
0.854
0.80 — .
I I I T
(=] - o™ <t
7
6-
17 ed
4-
T T T T
I I I T
(=) - o~ <t

Figure 24. Comparison of bacterial alpha diversity in the gills of X. testudinatus

reintroduced from the lab to the original habitat. Alpha diversity indices presented include

observed taxa number (Observed), Chaol richness estimates (Chao 1), Simpson's index

(Simpson), and Shannon entropy (Shannon), all calculated at both the class (A-D) and genus (E-

H) taxonomic levels. Time points OH (lab-acclimated), 1H, 2H, and 4H post transfer are

represented by yellow, pink, green, and purple dots, respectively. Statistical significance was

determined using one-way ANOVA followed by Bonferroni post hoc analysis (p < 0.05).
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Figure 27. PCoA for RNA-seq TPM in the gills of X. testudinatus after reintroduction.

PCoA and PERMANOVA was performed by 9999 permutations, and the pairwise comparison
table is included (A). Differentially Expressed Gene (DEG) analysis was conducted for 1H (B),

2H (C), 4H (D) relative to OH, with the results visualized as volcano plots. Dots are colored

based on significance and expression fold change (FC): red for upregulated genes, blue for

downregulated genes, and gray for non-significant genes. Significance thresholds were set at a

false discovery rate (FDR) of 0.05, corresponding to -logiop = 1.30 and a logoFC greater than 1

or less than -1.
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Figure 28. Gene set enrichment analysis (GSEA) based on DEG results between the OH and
1H groups. Enriched upregulated (A) and downregulated (B) pathways, with dot size
representing the number of genes associated with each pathway and color indicating the adjusted
p-value (p.adjust). The GeneRatio represents the proportion of genes in the dataset associated

with each pathway.
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Figure 29. Gene Set Enrichment Analysis (GSEA) based on DEG results between the 0H

and 2H groups. Enriched upregulated (A) and downregulated (B) pathways, with dot size

representing the number of genes associated with each pathway and color indicating the adjusted

p-value (p.adjust). The GeneRatio represents the proportion of genes in the dataset

with each pathway.
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Figure 30. Gene Set Enrichment Analysis (GSEA) based on DEG results between the 0H
and 4H groups. Enriched upregulated (A) and downregulated (B) pathways, with dot size
representing the number of genes associated with each pathway and color indicating the adjusted
p-value (p.adjust). The GeneRatio represents the proportion of genes in the dataset associated

with each pathway.
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Figure 31. Expression of genes related to GTPase activity, visualized as a heatmap with Z-

score normalization. The color scale ranges from -2 (blue) to 2 (red), with intermediate values

represented in shades of blue, white, and red.
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Figure 32. Expression of genes related to actin cytoskeleton, visualized as a heatmap with
Z-score normalization. The color scale ranges from -2 (blue) to 2 (red), with intermediate

values represented in shades of blue, white, and red.
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Figure 33. Expression of genes related to chitin and cuticle formation, visualized as a
heatmap with Z-score normalization. The color scale ranges from -2 (blue) to 2 (red), with

intermediate values represented in shades of blue, white, and red.
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Figure 34. Expression of genes related to sulfide metabolism, visualized as a heatmap with
Z-score normalization. The color scale ranges from -2 (blue) to 2 (red), with intermediate

values represented in shades of blue, white, and red.
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Figure 35. Expression of genes related to stress and apoptosis, visualized as a heatmap with
Z-score normalization. The color scale ranges from -2 (blue) to 2 (red), with intermediate

values represented in shades of blue, white, and red.
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Figure 36. PCoA for the free amino acid (FAA) profile in the gills of X. testudinatus after

reintroduction. PERMANOVA was performed with 9999 permutations, and the pairwise

comparison table is included (A). The contributed correlation (B) of each amino acid to PCoAl

and PCoA2 is shown as a heatmap using a color scale ranging from 0.79 (red) to -72 (blue).
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Figure 37. Bar charts of free amino acid (FAA) content, grouped as aromatic, charged,
polar, nonpolar, and additional categories. Values are presented as mean + SD (n = 8).
Statistical significance was determined using one-way ANOVA followed by Bonferroni post hoc

analysis (p < 0.05).
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Figure 38. Fold change (FC) in free amino acid (FAA) levels 1H, 2H, and 4H post-reintroduction,

relative to OH. FC values were log2-transformed. A faint gray background line aligns each FAA, with

1H, 2H, and 4H represented by pink, green, and purple dots, respectively (A). Expression of genes

related to amino acid metabolism was visualized as a heatmap with Z-score normalization (B).
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Figure 39. PCoA of the fatty acid (FA) profile in the gills of X. testudinatus after

reintroduction. PERMANOVA was performed with 9999 permutations, and the pairwise

comparison table is included (A). The contributed correlation (B) of each FA to PCoA1 and

PCoA2 is shown as a heatmap using a color scale ranging from 0.85 (red) to -0.52 (blue).
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Figure 40. Bar charts of fatty acid (FA) content. Fatty acid names are labeled with their chain
length and saturation. Values are presented as mean + SD (n = 8). Statistical significance was
determined using one-way ANOVA followed by Bonferroni post hoc analysis (p < 0.05);
however, no significant differences were observed. EPA, eicosapentaenoic acid; DHA,
docosahexaenoic acid; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA,
polyunsaturated fatty acid.
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Figure 41. Fold change (FC) in fatty acid (FA) levels 1H, 2H, and 4H post-reintroduction,
relative to OH. FC values were log2-transformed. A faint gray background line aligns each FA,
with 1H, 2H, and 4H represented by pink, green, and purple dots, respectively (A). Carbon chain
and saturation are displayed at the top, and the corresponding fatty acids are labeled at the
bottom. EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; SFA, saturated fatty acid;
MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. Expression of genes

related to fatty acid metabolism was visualized as a heatmap with Z-score normalization (B).
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Conclusions and Perspectives

Our research demonstrates the adaptation of X. festudinatus holobiont to the
shallow-water hydrothermal vent system at Kueishan Island by examining the
interactions between environmental conditions, bacterial communities, and the
crustacean host (Fig. 42). The shallow-water hydrothermal vents create one of the most
extreme and dynamic marine environments, exerting spatiotemporal influences on
adjacent coral ecosystems. Physicochemical indicators, primarily sulfide, pH, DIC, and
pCOy, reflect fluctuations in hydrothermal activity and its impact on the surrounding
environments. This hydrothermal system serves as an ideal platform for studying
biological responses to environmental perturbations derived from vent fluids. Among
the hydrothermal-associated bacterial class Campylobacteria, sulfur-reducing
Thioreductor dominates the bacterioplankton to maintain environmental sulfur
compounds in their reduced form (HS/H»S), which can be oxidized by
chemoautotrophic sulfur-oxidizing Sulfurovum predominantly symbiotic in the gills and
carapace of X. testudinatus, contributing to essential sulfur cycling within the
hydrothermal field. The gill-associated Sulfurovum may have co-evolved with X.
testudinatus, facilitating sulfide detoxification and organic energy production to sustain
the holobiont under resource-limited conditions imposed by the chemically enriched
extreme environments.

A key aspect of this adaptation lies in the metabolic interactions between X.
testudinatus and its microbial symbiont. The host’s ion-regulatory mechanisms appear
to have evolved not only to cope with environmental pH fluctuations but also to
leverage microbial metabolism for mutual benefit. Moreover, X. festudinatus exhibits an
early stress response by stabilizing cellular structures and suppressing non-essential

metabolic processes to minimize the impacts of chemicals and oxidants derived from
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hydrothermal fluids. Changes in metabolite profiles are potentially involved in cellular
maintenance, sulfide oxidation, and reactive oxygen species (ROS) detoxification,
ensuring internal homeostasis when the holobiont is facing hydrothermal exposure.
These observations suggest that X. testudinatus holobiont may have undergone selective
pressures favoring physiological plasticity and metabolic integration. This potentially
mutualistic strategy represents an evolutionary convergence among hydrothermal vent
organisms, where metazoan-microbe co-evolution enables survival in extreme habitats.
This reveals how life can thrive under persistent environmental stress through

biochemical cooperation and physiological specialization.
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Figure 42. Environmental interactions and the adaptive strategies of the X. festudinatus

holobiont in the Kueishan Island shallow-water hydrothermal fields.
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This study provides insight into the interactive dynamics between X. testudinatus
and hydrothermal-associated microorganisms. Future research should integrate multi-
omics approaches to elucidate the genetic, metabolic, and ecological mechanisms
driving microbe-host interactions in hydrothermal vent environments. Comparative
genomics can reveal adaptative mechanisms that facilitate the transition of free-living
microbes to symbiosis (Wang et al., 2023), while metatranscriptomics and
metabolomics can identify metabolite crosstalk between the hosts and their symbionts
(Aguiar-Pulido et al., 2016). Microelectrode and biochemical measurements can further
quantify the gradients of pH, oxygen, sulfide, chemicals and metal ions, clarifying
microbial metabolic niches within the holobiont (Vitvitsky et al., 2012; Shih et al.,
2022). Stable isotope analysis can confirm microbial contributions to biogeochemical
cycles, underlying carbon, nitrogen, oxygen, and sulfur, as well as their role in host
nutrient assimilation (Ke et al., 2024). Considering the current climate and ecological
crisis, understanding extremophile adaptation not only satisfies our fascination with the
origins of life but also has broader implications for bioremediation, biodegradation, and
synthetic biology, aiding in the reduction of environmental contamination and the
development of sustainable resources (Kriiger et al., 2018). Furthermore, their survival
mechanisms and inherent evolutionary processes contribute to astrobiology, providing
information on the limits of life for habitat exploration in extreme environments, both

on and even beyond our planet (Nandhini et al., 2021).
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Shallow-water hydrothermal
vent system as an extreme
proxy for discovery of
microbiome significance in a
crustacean holobiont

Ling Chiu'?®, Min-Chen Wang?®', Kuang-Yu Tseng?,

Chih-Lin Wei', Huei-Ting Lin*, Shan-Hua Yang®

and Yung-Che Tseng™

tnstitute of Oceanography, National Taiwan University, Taipei, Taiwan, *Marine Research Station,
Institute of Cellular and Organismic Biclogy, Academia Sinica, Yilan County, Taiwan, *Department

of Life Science, Tunghai University, Taichung, Taiwan, 4Institute of Fisheries Science, National
Taiwan University, Taipei, Tawan

The shallow-water hydrothermal vent (HV) system off Kueishan Island lies at the
end of the Okinawa Trough to the northeast of Taiwan. Near its submarine vent
openings, apericdic vent discharges generate a dynamic acidic (pH 5.5-8.1) and
sulfidic (9-3000 uM) ecosystem. The dominant metazoan in this unigque
environment is the brachyuran vent crab, Xencgrapsus testudinatus, which
has developed rcbust metabcelic strategies and highly adaptive acid-base
regulatory mechanisms to maintain its physiolegical homecstasis.
X testudinatus is considered a holobiont, but the symbictic mechanisms
underlying acid and sulfur tolerance in the host-microbe system remain
largely unclear. In this study, we used LoopSeq long-read sequencing of the
full-length 165 rRNA gene to identify the bacterial communities present in the
gills and carapace surface of X testudinatus. The alpha diversity analysis, Venn
diagram, and principal coordinate analysis (PCoA) indicated that the gills and
carapace surface exhibit different bacterial constituents. Further
measurements of relative abundance, coupled with functicnal predicticns
and fluorescence in situ hybridization (FISH), revealed a predominance of
Sulfurovum sp. NBC37-1, a key bacterium that can perform sulfur and
hydrogen oxidation to support denitrification processes. Consequently, our
findings suggest that the symbictic bacteria may play a critical role in conferring
the extraordinary acid and sulfur tolerances of X testudinatus, allowing the
crustacean helebicnt te thrive in its ecological niche within one of the most
extreme marine habitats on Earth.

KEYWORDS

shallow-water hydrothermal vent, brachyuran crab, Xenograpsus testudinatus, sulfide-
rich fluids, crustacean holobiont, detoxification, Sulfurovurn, Kueishan Island
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A two-year physicochemical and acoustic observation reveals
spatiotemporal effects of earthquake-induced shallow-water
hydrothermal venting on the surrounding environments

Ling Chiu®,"? Min-Chen Wang 1),"* Chih-Lin Wei'©),? Tzu-Hao Lin®),** Yung-Che Tseng ") *
!Marine Research Station, Institute of Cellular and Organismic Biology, Academia Sinica, Yilan County, Taiwan; Institute
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Kiel, Germany; 4]3.i<)diversity Research Center, Academia Sinica, Taipei, Taiwan

Scientific Significance Statement

Stadies of hydrothermal vents have typically been constrained to occasional observations. This approach is less effective in
capturing the dynamic nature of shallow-water hydrothermal vent systems. Our 2-yr study revealed phase transitions in
shallow-water hydrothermal activity associated with shallow earthquakes, specifically those occurring near the vents. These
transitions are marked by shifts in physicochemical and acoustic conditions of the vent area, resulting in different impacts on
the surrounding marine habitats during active and silent venting periods. These findings underscore the importance of higher
temporal resolution and consideration of multiple ocean variables in monitoring shallow-water hydrothermal fields, which
exhibit significant variability and are concurrently atfected by anthropogenic activities, aiding researchers in developing essen-
tial strategies for better understanding, managing, and conserving these unique and precious natural resources.

Abstract

Shallow-water hydrothermal vents have gained growing attention for their inftricate characteristics caused by
various epipelagic factors. The shallow-water hydrothermal system offshore Kueishan Island, Taiwan, situated
in an earthquake-prone area, has prompted our exploration into the relationship between hydrothermal and
seismic activities. Our 2-yr observation uncovered that the hydrothermal venting enteted a silent period in
November 2020, followed by a resurgence of activity after September 2021, coinciding with high-frequency shallow

earthquakes occurring within 5 km of the vents. The pH level, dissolved inorganic carbon, alkalinity, pCO,, CO%‘,
and sulfide served as indicators of hydrothermal activity, contributing to environmental changes in habitats

*Correspondence: lintzuhac@gate.sinica.edu.tw; yctseng@gate.sinica.edu. tw
Associate editor: Henrietta Dulai
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