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1. Introduction

The Earth’s oceans are vast, mysterious, and replete with environments that test the
limits of biological survival. Among these, extreme marine environments such as the polar
regions, deep-sea abyssal plains, and hydrothermal vent systems stand out for their chal-
lenging physical and chemical conditions. Temperatures plunge below freezing in polar wa-
ters, hydrostatic pressures in the deep sea crush unprotected structures, and hydrothermal
vents spew fluids exceeding 350 °C loaded with toxic chemicals. Despite these formidable
obstacles, marine organisms have evolved extraordinary physiological, biochemical, and
behavioral adaptations, not only to survive but also to thrive and reproduce [1,2].

Understanding how marine animals adapt to such extremes is not merely a matter
of academic interest. These adaptations provide insights into evolutionary resilience, the
limits of life, and the potential for life in extraterrestrial settings [2]. Moreover, in an era
of accelerating climate change, understanding the mechanisms that underlie resilience
and adaptation becomes crucial for forecasting the responses of marine ecosystems to
global perturbations [3,4].

This Special Issue brings together seven studies that collectively deepen our un-
derstanding of adaptation strategies employed by marine organisms inhabiting extreme
environments. The contributions span polar ecosystems, deep-sea habitats, hydrothermal
vent communities, and rare pelagic intrusions, employing a combination of molecular,
physiological, and ecological approaches. In the following sections, we synthesize the main
findings of each paper and contextualize them within the broader landscape of marine
adaptation research.

2. Adaptations in Polar Environments
2.1. Antarctic Amphipods: Stability Amid Change

Ahn et al. (2022) provide a rare glimpse into the trophic ecology of Gondogeneia
antarctica, a gammarid amphipod inhabiting the rapidly warming fjord systems of the West
Antarctic Peninsula. Unlike krill, which dominate much of Antarctic research, amphipods
have received comparatively little attention despite their ecological importance [5]. This
year-long study in Marian Cove employed stable isotope (5'>C and 5!°N) and fatty acid
profiling to examine seasonal dietary shifts.

Surprisingly, the authors found minimal seasonal variation in the amphipod’s diet.
Fatty acid composition remained relatively stable between spring-summer (64%) and fall-
winter (58%) periods, and isotopic shifts in 5'3C were modest. The data suggest a consistent
reliance on benthic primary producers, particularly red algae and diatoms, throughout the
year. This dietary stability in the face of seasonal change highlights the species” adaptation
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to a relatively predictable benthic environment and underscores its potential role in energy
transfer within Antarctic coastal ecosystems.

The implications of this study are far-reaching. As global temperatures rise and
seasonal cycles become more erratic, organisms with stable dietary patterns may be better
positioned to endure environmental shifts [3,5]. Their foraging behavior was also found
to change in response to other factors, such as decreased pH and salinity [5]. However,
dependence on benthic sources also renders them vulnerable to bottom-up changes in the
ecosystem, such as declines in benthic primary production due to increased glacial input
or sedimentation.

2.2. Limpet-Algae Interactions: Parasitism or Mutualism?

Cho et al. (2022) explored the interaction between the Antarctic limpet Nacella concinna
and its epibiotic partner, the coralline algae Clathromorphum obtectulum. Through a com-
bination of laboratory experiments and field observations, the study painted a complex
picture of symbiosis under environmental stress.

Limpets with algal cover exhibited higher mortality and heavier shells but showed no
significant change in condition factor. Fatty acid analyses revealed an increase in saturated
and a decrease in polyunsaturated fatty acids, indicating altered lipid metabolism. Inter-
estingly, limpets with algae experienced less shell surface erosion, likely due to protection
from endolithic boring organisms. The study concluded that while the interaction is largely
parasitic under current conditions, it could shift toward mutualism as ocean temperatures
and acidification progress.

This nuanced perspective is critical for understanding how species interactions may
be reshaped by climate change [3]. Previous research has shown that N. concinna shells
are susceptible to corrosion in seawater with reduced pH or salinity—conditions that may
be caused by glacial meltwater input [6]. However, compensatory mechanisms may exist.
For example, in the Antarctic clam Laternula elliptica, shell dissolution under reduced pH
was mitigated by thickening of the periostracum layer [7]. These findings highlight the
importance of investigating the plasticity and dynamic nature of symbioses to better predict
species adaptation in a rapidly changing climate.

3. Hydrothermal Vent Ecosystems: Dispersal, Genomics, and Evolution
3.1. Vertical Dispersal of Vent Larvae

Minju Kim et al. (2022) tackled one of the enduring questions in deep-sea biology: how
are isolated hydrothermal vent communities connected? Using MOCNESS net tows above
vent fields in the Central Indian Ridge, they identified a diverse assemblage of gastropod
and bivalve larvae in the upper 200 m of the water column. Many of these larvae exhibit
morphological traits consistent with those of hydrothermal vent fauna, including species
resembling Bathymodiolus spp.

The findings suggest that vent-associated larvae are capable of vertical migration
from depths of ~2000 m, challenging the notion that vent systems are isolated biological
islands. Such vertical transport likely enhances genetic connectivity and colonization
potential across disjointed vent habitats, offering a mechanistic explanation for observed
biogeographic patterns [1,8].

This discovery is vital for conservation biology. If vent larvae can indeed travel
vertically and disperse over large distances, then marine protected areas for vent ecosystems
must be designed with connectivity in mind [8].
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3.2. Range Expansion and Genetic Continuity

In a complementary study, Hwang et al. (2022) reported the first discovery of the
squat lobster Munidopsis lauensis in the Indian Ocean. Previously thought to be restricted
to the southwest Pacific, the Indian Ocean specimens showed a 99.4-100% genetic match
with Pacific populations based on mitochondrial COI barcoding. Phylogenetic divergence
dating estimated the split to have occurred around 15 million years ago.

Structural analysis of COX1 proteins revealed conserved heme-binding regions,
suggesting functional stability of oxygen-binding mechanisms [1]. These results imply
a previously unrecognized biogeographic dispersal corridor between the Pacific and Indian
Oceans, possibly facilitated by larval drift along mid-ocean ridges.

The broader implications extend to paleobiogeography and plate tectonics. If vent
species can disperse across vast oceanic expanses, then the history of deep-sea fauna may
be more continuous and interconnected than previously assumed [8].

3.3. Genomic Adaptations in Parasitic Polychaetes

Choi et al. (2022) focused on the deep-sea parasitic polychaete Branchipolynoe onnurien-
sis, which inhabits hydrothermal vent bivalves. Using whole-genome sequencing, the
authors identified seven chitin synthase (CHS) genes, which were classified into two Type
1 and four Type 2 subgroups (A-D). Phylogenetic analysis revealed lineage-specific gene
expansions, particularly in Group C.

Conserved motifs such as “EDR” and “QRRRW” were found across CHS genes,
indicating functional conservation. The expansion and diversification of CHS genes may be
key to the worm’s adaptation to its parasitic lifestyle in chemically harsh environments. This
study represents the first genomic insight into CHS diversity among parasitic annelids in
hydrothermal ecosystems, highlighting molecular pathways of adaptation. Further research
on CHS genes can also reveal the exceptional properties of exoskeletons of crustaceans
found in the deep-sea hydrothermal vents [9-12].

4. Deep-Sea Adaptation and Pelagic Intrusion
4.1. Deep-Sea Pressure Adaptation: The Role of TMAO

Liu et al. (2022) explored how two hadal amphipods—Hirondellea gigas and Alicella
gigantea—adapt to crushing deep-sea pressures. They measured concentrations of trimethy-
lamine (TMA) and its oxidized form, trimethylamine N-oxide (TMAO), across eight tissues
and compared them with those of the shallow-water shrimp Penaeus vannamei.

TMADO levels were significantly elevated in the hadal species, especially in external
tissues such as the eyes and exoskeleton. A strong positive correlation was observed
between TMA and TMAO in hadal species, but not in the shallow-water control, sug-
gesting a pressure-regulated transformation process. Furthermore, the FMO3 enzyme
responsible for this conversion displayed positively selected mutations in A. gigantea,
potentially enhancing its catalytic efficiency under extreme pressure. These findings
confirm TMAQ's critical role in maintaining protein structure and cellular function in
deep-sea environments [2,13].

This research also holds relevance for hydrothermal vent ecosystems, which are like-
wise situated in the deep sea. To understand the adaptations of marine animals inhabiting
hydrothermal vents, comparative studies that decouple the influences of pressure and
temperature are essential. Investigating key physiological and molecular features such as
TMAO accumulation and chitin synthase (CHS) gene expression across both hadal and
vent-endemic species could provide new insights into how marine organisms adapt to the
specific challenges of deep-sea environments [10,12].
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4.2. Pelagic Intrusion of Deep-Sea Species: A Case of Biogeographic Shift

Sung Kim et al. (2022) reported the first detection of the oceanic lightfish Vinciguerria
nimbaria in Korean waters, based on high-throughput sequencing of 266 mixed fish egg
samples collected from 78 coastal stations. COI barcoding and phylogenetic analysis
identified 20 eggs of V. nimbaria across six samples.

Previously unrecorded in the region, V. nimbaria is a tropical mesopelagic species
known for its diel vertical migrations and the formation of dense nighttime schools. Its
presence in Korean waters may signal a northward range expansion potentially driven by
ocean warming. This study exemplifies the power of DNA metabarcoding in detecting
rare or cryptic species, highlighting the importance of molecular surveillance in tracking
biogeographic shifts in response to climate change.

5. Conclusions

Together, these seven contributions underscore the remarkable adaptability of marine
organisms to some of the most extreme environments on Earth. From the dietary stability of
Antarctic amphipods and the complex symbiosis between limpets and algae, to the vertical
dispersal of hydrothermal vent larvae and the molecular intricacies of chitin synthesis
and pressure adaptation, each study adds a valuable piece to the puzzle of life under
extreme conditions.

Several overarching themes emerge. First, molecular tools such as DNA barcoding,
high-throughput sequencing, and genome analysis are revolutionizing our ability to detect,
identify, and understand marine life in hard-to-access environments. Second, larval disper-
sal appears to be a key mechanism connecting isolated populations, facilitating gene flow
and biogeographic expansion. Third, the impacts of climate change are not uniform; they re-
shape species interactions, distributions, and potentially even evolutionary trajectories [3].

Furthermore, the ecological and biogeographic revelations presented in this Special
Issue have practical implications for marine conservation. As climate change accelerates,
understanding the mechanisms of adaptation will be essential for designing effective
marine protected areas, managing fisheries, and preserving biodiversity hotspots. In sum,
the adaptations described in this Special Issue not only illuminate the resilience of marine
life but also serve as sentinels of ecological change.
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Abstract: The amphipod Gondogeneia antarctica is among the most abundant benthic organisms, and
a key food web species along the rapidly warming West Antarctic Peninsula (WAP). However, little
is known about its trophic strategy for dealing with the extreme seasonality of Antarctic marine
primary production. This study, using trophic markers, for the first time investigated seasonal
dietary shifts of G. antarctica in a WAP fjord. We analyzed 5'C and §'°N in G. antarctica and its
potential food sources. The isotopic signatures revealed a substantial contribution of red algae to
the amphipod diet and also indicated a significant contribution of benthic diatoms. The isotope
results were further supported by fatty acid (FA) analysis, which showed high similarities in FA
composition (64% spring-summer, 58% fall-winter) between G. antarctica and the red algal species.
G. antarctica 8'3C showed a small shift seasonally (—18.9 to —21.4%), suggesting that the main
diets do not change much year-round. However, the relatively high 515N values as for primary
consumers indicated additional dietary sources such as animal parts. Interestingly, G. antarctica
and its potential food sources were significantly enriched with §'°N during the fall-winter season,
presumably through a degradation process, suggesting that G. antarctica consumes a substantial
portion of its diets in the form of detritus. Overall, the results revealed that G. antarctica relies
primarily on food sources derived from benthic primary producers throughout much of the year.
Thus, G. antarctica is unlikely very affected by seasonal Antarctic primary production, and this
strategy seems to have allowed them to adapt to shallow Antarctic nearshore waters.

Keywords: Gondogeneia antarctica; seasonal dietary shift; macroalgae; benthic diatoms; C and N
stable isotopes; West Antarctic Peninsula; King George Island; Marian Cove (62°13 S; 58°47' W)

1. Introduction

Antarctic marine ecosystems are rapidly changing, particularly along the West
Antarctic Peninsula (WAP), due to regional warming and glacier melt [1-4]. The changes
are most prominent in shallow coastal waters where marine-terminating glaciers have
been rapidly retreating over the last half-century [5]. Aside from the ongoing climate
impacts, ice disruptions are prevalent year-round in the intertidal and shallow subtidal
zones, and benthic communities end up with low abundance and low diversity [6-8].

Amphipods are one of the few benthic fauna frequently observed in highly disturbed
shallow habitats. Vagile amphipods aggregate in gravel or macroalgal beds, utilizing
them as shelter and/or potential food sources [9-15]. Amphipod crustaceans are among
the most specious fauna, with more than 800 species in the Southern Ocean; >500 are
strictly endemic to the Antarctic [16] and remarkably abundant along the Antarctic
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Peninsula [9,17,18]. Amphipods also show a highly diverse lifestyle associated with a
variety of food sources and habitats [13,19-21].

The gammaridean amphipod Gondogeneia antarctica (Chevreux, 1906) is one of the
most abundant species, particularly in shallow (<40 m) nearshore habitats, and is usu-
ally associated with macroalgal beds, which frequently form dense canopies in shallow
waters along the WAP [9,11,22-26]. Nearshore Antarctic benthic communities rely on
various food sources obtained through multiple pathways from both pelagic and ben-
thic primary producers [27-31]. G. antarctica feeds primarily on benthic diatoms and
macroalgae [10,13,32,33], although its gut contents indicated that it also consumes some
animal parts (e.g., crustacean parts and sponge spicules) [9,10,13,34]. In turn, this species
is preyed upon by various benthic invertebrates and demersal fishes, among other taxo-
nomic groups [26,35-40]. Thus, G. antarctica plays an important role in shallow Antarctic
marine food webs [40]. Therefore, the trophic response of G. antarctica to climate change
and consequent constraints may be a good indication of the adaptability of this species,
as well as of trophically related key organisms.

However, little is known about the trophic strategy of G. antarctica for dealing with
the extreme seasonality in primary production of the Antarctic marine environment,
and almost all feeding studies have been carried out during the summer when food
availability is highest. A prerequisite to evaluate the adaptations or constraints of a key
species to climate change is to understand its seasonal trophic characteristics (e.g., feeding
preferences and the ability to mobilize energy during food-constrained periods). The
Antarctic marine environment is characterized by small seasonal variations in seawa-
ter temperature and salinity, whereas primary phytoplankton production is extremely
seasonal with explosive blooms occurring during a relatively short time in summer [41].

In this study, using trophic markers, we for the first time investigated dietary shifts
in G. antarctica over 1 year in Marian Cove, a typical nearshore habitat for this species
in the WAP. We analyzed carbon and nitrogen stable isotopes (SIs) and fatty acids (FAs)
of G. antarctica along with its potential food sources (macroalgae, benthic diatoms, and
suspended particulate organic matter (SPOM)), and examined any seasonal shifts in their
trophic signatures. The findings from this study will enhance our understanding of the
G. antarctica trophic strategy to deal with extremely seasonal food availability in its habitat
and provide insight into likely future changes in the trophic relationships of nearshore
benthic communities in the WAP.

2. Materials and Methods
2.1. Study Area

The King Sejong Station (62°13" S, 58°47" W) is located in Marian Cove, which
is a glacial embayment (4.5 km long, ~1.5 km wide, ~130 m deep) within Maxell Bay
bounded by the Weaver Peninsula and Barton Peninsula (Figure 1). Surface seawater
freezes frequently in winter, although not every year, with variable cover of drifting ice
throughout much of the year. Seawater temperature varies seasonally, from a maximum
of ca. +1.5 °C in February to a minimum of ca. —1.8 °C in August; salinity varies much
less, from 33.8 to 34.1 psu [42]. Further details of the hydrographic features and other
environmental conditions of this area have been described elsewhere [43,44].
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Figure 1. Study area. (a) Location of King George Island and Maxwell Bay. (b) Bathymetry of Maxwell Bay and its tributary

embayments. Bathymetric contours are drawn based on information from the Atlas Hidrografico Chileno Antarctica of the

Instituto Hidrografico de la Armada, Chile (1982). The gray area indicates glacial cover. (c) The sampling site in Marian

Cove (hatched area) and glacier lines since 1956. The figure was adapted from [45] and the glacier lines were updated to
December 2017.

Tidewater glaciers are well developed along the fringe of the inner cove, and the
glaciers retreated by approximately 1.7 km from 1956 to 2013 [45]. Recent satellite images
show that these glaciers have been continuously retreating since then [42]. Glacial retreat
is accompanied by a series of processes (e.g., glacier calving and melting), introducing
large volumes of ice, fresh meltwater, and terrigenous sediment to the cove, and eventually
generating distinct environmental gradients along with glacial runoff [44,46-49]. Recent
studies conducted in the cove have shown that these processes following the glacial
retreats have impacted the marine inhabitants, particularly the benthic communities [42,
45,49]. These previous studies have suggested Marian Cove as a model ecosystem for
climate-related studies.

2.2. Selection of Potential Food Items for Analysis

G. antarctica has been known to predominantly rely on macroalgae and microphy-
tobenthos for its main diets [10,13,32,33], despite the presence of a diverse array of food
items (e.g., crustacean parts and sponge spicules) in its gut content [9,10,13,34]. Macroal-
gae, benthic diatom, and suspended particulate organic matter (SPOM) were selected
primary food sources of G. antarctica for this study.

Four species of red algae (Iridaea cordata, Palmaria decipiens, Gigartina skottsbergii, and
Curdiea racovitzae) and two species of brown algae (Phaeurus antarcticus and Desmarestia sp.),
which are very common in this area [50-53], were collected. The red algae are known
to be palatable to many herbivores, detritivores, and omnivores [10,34,54-56]. Benthic
diatoms were reported as a primary food source for G. antarctica and other shallow-water
amphipod species during austral summer [13,57]. Previous studies in this area have re-
ported widespread and intense benthic diatom blooms in shallow waters, and the benthic
diatoms were consumed by a variety of common benthic fauna [30,58]. Other studies in
the peninsula region also reported that benthic diatoms associated with macroalgae were
consumed selectively or randomly by herbivores, such as amphipods [13,59].
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In addition to macroalgae and benthic diatom, SPOM was also selected as a potential
food source, as it likely reflects organic detritus on the bottom, which are available to
the amphipods in the study area. In general, SPOM, the most important form of organic
particulate matter in the water column, is indicative of pelagic primary production. SPOM
eventually settles to the bottom after bloom and constitutes part of sedimentary organic
deposit, which is available to benthic fauna. In shallow nearshore waters, however,
organic detritus settled on the bottom can be easily resuspended by tides or waves.
Previous studies in this area reported that a substantial portion of SPOM in the shallow
nearshore waters (<30 m) was frequently derived from benthic sources, such as benthic
diatoms detached from their biotic and abiotic substrates and resuspended by wind-
generated vertical mixing [60]. SPOM §'3C values reported in a previous study in the
same area during austral summer (—24.1 = 0.2%0, n = 6) [61] were even close to the
benthic diatom values (—23.3 £ 0.3%. in [30]), while the reported SPOM 613C values
derived from phytoplankton ranged from —28.0 to —30.4%. [59]. Thus, findings from
previous studies suggest that SPOM in shallow nearshore Antarctic waters could consist
of a mixture of organic matter derived from various sources resuspended from the sea
floor, and it reflect organic detritus on the bottom available to the amphipods.

2.3. Sample Collection and Processing

G. antarctica, SPOM, and macroalgae were collected between January and November
2015 from intertidal and shallow subtidal waters (<0.5 m below low tide level) adjacent to
the station. To obtain the SPOM, surface seawater was collected using 2 L sterile LDPE
collapsible water bottles (DAIHAN, Wonju, South Korea), and the collected water was
filtered (300-500 mL for each 5'C replicate and 700-1000 mL for each 5'°N replicate)
using a vacuum pump onto pre-combusted (450 °C, 4 h) glass fiber filters (25-mm in
diameter; Whatman, Florham Park, NJ, USA). The filters were immediately frozen.

Macroalgae stranded on the shore were randomly collected by hand in February,
March, May, and October but not in winter (June-September), during which the shallow
seabed was covered by pack ice. The collected macroalgae seemed to have been recently
detached by waves and were fresh at the time of collection onshore. The collected
macroalgal fronds were washed with filtered seawater. All visible encrusted fauna and
flora were removed from the surface and placed into plastic bags after being cut into
pieces, and then frozen. G. antarctica was randomly collected using a hand net (20 cm
diameter, 100 pum mesh) in the shallow subtidal zone (<50 c¢m). The collected SPOM,
macroalgae, and animals were stored at —80 °C for up to 9 months at the station and then
transported to the KOPRI for analysis. Isotopic data for benthic diatoms and additional
data for macroalgae were obtained from a previous study performed in this area [30].

2.4. Stable Isotope Analysis (SIA)

The macroalgae and amphipods were freeze-dried and ground with a mortar and
pestle into a homogenous powder at the KOPRI. Aliquots (0.60-0.80 mg each) of the
homogenized samples were used for the SIA. The amphipod samples for each sampling
time included both juveniles (body length < 0.9 cm) and adults (>0.9 cm) [10]. Among
them the samples with body size (0.5-1.5 cm) were pooled to ensure a sufficient amount
for reliable and representative composite samples.

The samples for the organic carbon isotope analysis were rapidly acidified with
two or three drops of 1 N HCI to remove inorganic carbonates, and rinsed with Milli-Q
water [62]. Because acid washing can affect the nitrogen isotope ratios of organic ma-
terial [63], samples for the nitrogen isotope analysis were not acidified. Lipids were
removed using the chloroform/methanol procedure outlined in [64]. The 513C and 51°N
analyses were performed with an isotopic mass spectrometer (Isoprime 100; Elemen-
tar, Manchester, UK) coupled with an elemental analyzer (Euro EA3028; EuroVector,
Milan, Italy) following the procedure in [30].
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The isotopic ratios were expressed in parts per thousand (%.) according to the
following equation:
X = [(Rsample /Rstandara) — 11 ¥ 10°

where X is 13C or 1°N and R is the corresponding 3C/12C or >N /N ratio. The Rtandard
values for 13C and '®N are from V-PDB and atmospheric N, respectively.

2.5. Fatty Acid (FA) Analysis in Gondogeneia antarctica and Red Algae

FAs were determined using a protocol slightly modified from those used in previous
studies [65-67]. Aliquots (approximately 15 mg) of freeze-dried and homogenized amphi-
pod and red algal samples were extracted with a mixture of dichloromethane: methanol
(3:1, v:v). The extract was separated into three fractions (neutral lipids, free fatty acids
(FFAs), and polar lipids) by column chromatography using an aminopropyl mini-column
(Waters Sep—Pak® Cartridges; Waters Inc.; Milford, MA, USA). The FFA fraction was
methylated with 20% BF3 in methanol (90 °C for 1 h), and the FAs were recovered as
fatty acid methyl esters (FAMEs). The FAMEs were analyzed by gas chromatography
(Agilent 5890 Series II; Agilent Technology Inc.; Santa Clara, CA, USA) equipped with a
flame ionization detector. The FAMEs were identified and quantified based on retention
times and a calibration curve using external standards (37 Component FAME Mix C4-C24;
Supelco, Bellefonte, PA, USA). The peaks areas of each compound were integrated using
ChromQuest 4.1 software, and total FA content (pg-mg’l) and composition (%) were
determined.

2.6. Data Analysis and Statistics

Seasonal trends in the environmental parameters were analyzed by regression anal-
ysis using PASW Statistics (version 18.0; SPSS Inc.; Chicago, IL, USA). Univariate non-
parametric (Kruskal-Wallis test and the Mann-Whitney U test) and correlation analyses
were also performed using PASW. Multivariate analyses were performed using PRIMER
version 6 [68]. We tested for differences in FA composition between the amphipod and
red algal groups, and between the amphipod groups during different seasons using the
analysis of similarity (ANOSIM). Similarities between the groups were further identified
in a non-metric multi-dimensional scaling (MDS) ordination plot based on the Bray-Curtis
similarity index. The relative contributions of the FAs to the similarity/dissimilarity iden-
tified in the MDS plot were analyzed using the similarity percentages program (SIMPER).

2.7. Supporting Data

Seawater temperature, as well as salinity and chlorophyll (Chl) data, were obtained
from year-round monitoring at the station [69].

3. Results
3.1. Seasonal Variations in Salinity, Seawater Temperature, and Chl-a Concentrations

Salinity (psu) varied slightly (32.6 to 34.4), with a small decline seen during the
summer months due to meltwater input (Figure 2a). In contrast, seawater temperature
exhibited distinct variation (+1.97 to —1.87 °C) over the year, with the lowest monthly
average occurring in September (—1.85 °C) and the highest in February (1.49 °C) (Figure
2b). The seawater was frozen (sea ice thickness up to 1.5 m, personal observation)
for approximately 3 months from June 21 through October 2. During this period, the
temperature was almost stable, remaining at the seawater freezing point (—1.8 °C).

Chl-a concentrations in the surface seawater peaked several times during summer
(January—March) with the highest monthly average occurring in January (0.64 ug-L~1)
(Figure 2c). The highest daily peak (1.28 pg-L’l) occurred on February 25. In addition,
unusually late blooms occurred in May (monthly mean = 0.48 pug-L~! with several daily
peaks of ~1.05 pg-L~!). Thereafter, Chl-a concentrations declined sharply and remained
at very low levels (<0.1 pg-L’l) during winter (June-August), with the lowest monthly
average occurring in July (0.046 ng’l ). The Chl-a values started to increase again in early
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September, reaching levels similar to summer during late November (0.64-0.67 pg~L’1).
Overall, the variation in Chl-a closely followed the variation in seawater temperature
(r=0.66, n = 66, p < 0.001), while salinity was negatively correlated with temperature
(r=—0.67, n =266, p <0.001).
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Figure 2. Seasonal variations in the surface seawater at the Marian Cove sampling site in 2015.
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3.2. Seasonal Variations in the Isotopic Signatures of Gondogeneia antarctica and Its Potential
Food Sources

Seasonal variations in 'C and §'°N values for G. antarctica and SPOM are displayed
in Figure 3a—d. The monthly average 5'3C and §'°N values for G. antarctica, and its
potential food sources during different months, are summarized in Table 1.
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Figure 3. Seasonal variations in the §'3C and §'°N values for Gondogeneia antarctica (a,b) and suspended particulate organic
matter (SPOM) (¢,d) in the surface water of the sampling site in 2015.
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Table 1. C and N stable isotopic ratios of the amphipod Gondogeneia antarctica and its potential food sources in various

months. 1, replicate numbers for the 513C and 513N analyses, except those indicated for SPOM 515N values. Numbers in

parentheses for G. antarctica indicate the total number of individuals pooled for analysis. Mean and standard deviation (SD)

values are presented. R: red algae; Br: brown algae. n: replicates of analysis. The data with * was cited from [30].

1 0 0
Specimens Month n §13C (%o) 815N (%)
Mean SD Mean SD
Feb 6 (137) —19.2 0.44 6.53 0.35
Mar 12 (174) —19.1 0.45 6.52 0.61
Apr 6 (107) —18.9 0.10 6.30 0.23
Gondogeneia antarctica May 6 (151) —194 0.42 6.85 0.23
Jun 18 (449) —19.9 0.19 7.32 0.37
Jul 11 (94) —20.6 0.42 6.78 0.55
Sep 4(27) —214 0.23 7.38 0.55
Oct 21 (598) —19.9 0.53 7.49 0.24
SPOM Feb 3 —24.8 1.17 3.32 0.29
Mar 5 —25.1 0.99 2.12 0.61
Apr 6 —24.9 0.81 3.14 0.70
May 3 —254 1.29 1.48 0.16 (n=2)
Jun 3 —26.2 0.52 5.98 1.05
Jul 8 —25.8 0.40 591 0.48 (n=7)
Aug 6 —25.6 0.68 6.50 1.69
Sep 6 —254 0.52 5.68 1.28 (n=05)
Oct 3 —26.1 0.85 5.04 1.00
Nov 3 —26.2 0.39 4.69 0.91
Macroalgae
Iridaea cordata (R) Mar 2 —194 2.69 5.21 0.26
May 4 -23.1 2.00 5.03 0.39
Palmaria decipiens (R) May 1 —19.4 5.12
Oct 2 -22.3 2.65 418 0.06
Jan* 2 -23.1 0.94 3.33 0.75
Gigartina skottsbergii (R) May 1 —21.1 4.90
Oct 1 —234 3.55
Jan* 2 —23.1 1.32 3.26 0.36
Curdiea racovitzae (R) May 1 —174 5.87
Jan* 2 —14.2 0.63 4.46 0.44
Phaeurus antarcticus (Br) May 2 -32.0 1.22 2.78 0.06
Desmarestia sp. (Br) Oct 1 —27.3 3.45
Benthic diatom Jan * 3 —23.3 0.26 3.55 0.30

The G. antarctica §'3C values (monthly averages: max = —18.9%o in April, min = —21.4%o
in September) were positively correlated with seawater temperature (Pearson’s correla-
tion coefficient, r = 0.67, n = 84, p < 0.001) and the Chl-a concentration (r = 0.62, n = 84,
p < 0.001). The overall variations were small but showed more significant enrichment
(Mann-Whitney U-test, p < 0.001) during the summer—early fall period (February—April)
(—19.1 £ 0.4%o0, n = 24) than during the fall-winter period (May-September) (—20.2 =
0.7%o, n = 39). In contrast, the G. antarctica §'°N value (6.3 %o in April to 7.5%o in October)
was negatively correlated with seawater temperature (r = —0.60, n = 84, p < 0.001) and
Chl-a concentrations (r = —0.47, n = 84, p < 0.001), with significant enrichment (p < 0001)
seen in the winter—spring period (May—October) (7.2 4= 0.5%0, n = 60) compared to the
summer—fall period (February—April) (6.5 £ 0.4%o, n = 24).

The seasonal variation patterns in SPOM §'3C and §'°N (Figure 3c,d) were similar
to those of G. antarctica. The SPOM §'3C showed a small but significant variation over
the year (monthly means = —24.8%0 to —26.2%.) and was positively correlated with
seawater temperature (Pearson’s correlation coefficient (r) = 0.43, n = 46, p < 0.01) and
Chl-a concentrations (r = 0.36, n = 46, p < 0.05). In contrast, the SPOM 515N values (1.5%o
to 6.5%0) were negatively correlated with seawater temperature (r = —0.74, n = 40, p <
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0.001) and Chl-a concentrations (r = —0.78, n = 40, p < 0.001). The SPOM 51°N value
showed a relatively large (p < 0.001) increase in the winter season (June-September) (6.1
=+ 0.9%o, n = 21) compared to the summer—fall period (February—-April) (3.0 4= 0.7 %0, n =
11). The SPOM §'°N value sharply declined in May, during which unusual Chl-a peaks
occurred.

Isotopic values of macroalgae were compared only for the two contrasting seasons
(May vs. January, March, and October), as sampling was impossible during the winter
season (June-September), due to the formation of sea ice (pack ice, fast ice) in the sampling
site. The macroalgae §'3C values varied widely among species, particularly between
red and brown algae. Within the red algal species, C. racovitzae (—15.6 to —17.4%o,)
was much more enriched with §13C (p < 0.001) than the other three species (I. cordata
—21.3 to —22.3%o, P. decipiens —19.4 to —20.5%o, and G. skottsbergii —21.1 to —23.4%o). The
brown algae Desmarestia sp. and P. antarcticus were most depleted with §'3C and 5'°N
(Desmarestia sp. —27.3%o and 3.5%o, P. antarcticus —32.0%o and 2.8 %.). The macroalgae
§13C varied little seasonally, despite the wide variation among species. On the other hand,
the macroalgae §'°N values were significantly (Mann-Whitney U-test, p = 0.008) enriched
in May (5.1 & 0.4%o., n = 7) compared to the other months (January, March, and October)
(4.0 £ 0.8%0, n =11).

3.3. Isotopic Signatures of Gondogeneia antarctica and Its Potential Food Sources

The 5'3C and 5'°N signatures of G. antarctica and its potential carbon sources are
displayed in a dual plot (Figure 4). The amphipod and groups of potential food sources
(SPOM, red algae, brown algae, and benthic diatoms) during different months were
well distinguished by their §'3C and §'°N values. The monthly G. antarctica 6'3C values
ranged from —18.9 to —21.4%., which were close to those of three red algal species (—19.4
to —23.4%o) and benthic diatom (—23.3%.). On the other hand, the SPOM (monthly
means = —24.8%o to —26.2%0) and the brown algae (Desmarestia sp. —27.3%o and P.
antarcticus —32.0%o) exhibited far more depleted 5'3C values.
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Figure 4. Seasonal variations in the §'3C and §'°N values of Gondogeneia antarctica and its potential
food sources (suspended particulate organic matter, SPOM; red algae, R, and brown algae, Br).
Sampling was conducted from February to November 2015. The data for benthic diatom and
additional data for macroalgae (* marked) were obtained from a previous study performed in the
study area [30]. Mean =+ standard deviation values are presented. Refer to Table 1 for details.
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3.4. Total FA Content and Composition in Gondogeneia antarctica and Red Algae

The FA contents and composition of G. antarctica and its presumptive major diet, red
algae are shown in Table 2. The most dominant FAs in the amphipod throughout the year
were C16:0 (mean = 26.2% in June, 33.5% in March), followed by C20:5,,.3) (14.6%~23.9%),
C18:2.6) (10.6%-15.3%), C18:1(;..9) (7.0%-11.8%), C16:1(;,.9) (4.67%-10.3%), and C22:6,,3,
(3.5%-5.5%).

The total FA contents in G. antarctica continued to increase from mid-summer (Febru-
ary) until reaching a peak in May (60.5 & 22.1 pg-mg~'dw, n = 6). The total remained at
similar levels during the winter season and then declined to its lowest level in October
(23.2+7.8 ug~mg’ldw, n = 13) (Figure 5a). Among the major FAs, C16:0 and C20:5,,.3)
showed relatively large variations. Of note, C20:5,.3) distinctly increased in the winter
period in terms of both the absolute and relative composition. (Figure 5b,c). C16:0 and
C18:1;.9), C20:5(..3), and C20:4,,.5) were the major FAs in the red algae analyzed in this
study. However, the FA composition varied among algal species. C16:0 and C18:1,,.9)
were most abundant in I. cordata and P. decipiens, while C16:0 and C20:5(,,.3) were detected
as the most dominant in G. skottsbergii and C. racovitzae, respectively.
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Figure 5. Seasonal variations in the Gondogeneia antarctica fatty acids (FAs). (a) Total contents;
(b) absolute concentration of major FAs; (c) % composition of the major FAs. Mean values are
presented. Refer to Table 2 for details.

Nonparametric MDS analysis (Figure 6) revealed that a small but distinct shift in
G. antarctica FA composition occurred from spring—summer (February, October) to fall-
winter (March, April, June, and July) (ANOSIM test: Global R = 0.17, p = 0.014). The MDS
plot also showed that the spring—summer composition was closer to the red algal FA
composition. The SIMPER analysis (Table 3) showed that the dissimilarity between the
amphipod and red algae FA compositions decreased slightly from 42% during fall-winter
to 36% during spring-summer.
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Figure 6. Non-parametric multidimensional scaling (MDS) based on the Bray—Curtis similarity matrix for the fatty acid
(FA) compositions of Gondogeneia antarctica and red algae during the two contrasting seasons. Small but distinct differences
in the FA composition were detected in G. antarctica between the spring—summer (February and October) and fall-winter
(March-July). The FA composition of G. antarctica was closer to the red algal FA composition during spring-summer than
early winter (March-May). Benthic diatom data are from [13].
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Table 3. Results of SIMPER analyses of dissimilarities in the fatty acid (FA) composition between groups. Average
dissimilarity (%) and the most discriminant FAs are presented. Spring—summer (February and October), winter (March—July).
* data for benthic diatoms are from [13].

Group Dissimilarity (%) Most Discriminant FAs (% Contribution)

Within Gondogeneia antarctica

Spring summer v fallwinter 216 20:5(25)/16:0(20)/16:1(8.3) /18:2(7.0)/18:1(6.6) / 22:6(6.3)
Gondogeneia antarctica vs. red algae 35.8 18:2(16)/20:4(15)/16:0(15),/20:5(14) /18:1(15) /16:1(5.9)
Spring-summer
Fall-winter 421 18:1(15)/18:2(14)/20:5(14) /20:4(13) /16:1(9.3)/16:0(7.9)
Gondogeneia ”g“g;“f‘;l;;?r‘thm diatom 573 16:0(26)/20:5(16)/18:2(13)/18:1(12) /14:0(12) /16:1(5.8)
pring 56.4 16:0(21),/20:5(18)/18:2(15)/18:1(10)/14:0(9.6) /16:1(9.4)

Fall-winter

The SIMPER analysis showed that the FAs contributing most to the dissimilarities in
G. antarctica between the two contrasting seasons were C20:5(,,.3) (25%) and C16:0 (20%),
followed by C16:1(,,.9y (8.3%), C18:2(;,..6) (7.0%), C18:1(,,.9) (6.6%), and C22:6,,.3) (6.3%). Of
note, C20:5(,.3) increased to its highest value in July, in terms of both the absolute and
relative compositions, while the other FAs decreased or changed slightly during the same
period. The MDS plot showed that the FA composition of red algae was much closer
to that of G. antarctica than the composition of benthic diatoms. The FA composition of
benthic diatoms was distinct from G. antarctica.

4. Discussion
4.1. Isotopic Signatures and Seasonal Dietary Shift of G. antarctica

The isotopic dual plot (Figure 4) indicated a higher contribution of red algae to G.
antarctica diet relative to the other sources investigated in the study. The G. antarctica 5'3C
values (—18.9 to —21.4%o) were close to the values of the 3 red algae (I. cordata —21.3 to
—22.3%o, P. decipiens —19.4 to —20.5%o, and G. skottsbergii —21.1 to —23.4%o0) and benthic
diatoms (—23.3%0), while the values were much heavier than those of SPOM (—24.8 %o
to —26.2%0) and brown algae (Desmarestia sp. —27.3%o and P. antarcticus —32.0%o). It
seemed that the red algae apparently contributed most to the G. antarctica diet throughout
the investigation period, considering a fractionation factor of 0.8%o in consumer §'3C
relative to its diet [59,70]. The red algae are known to be palatable to many herbivores,
detritivores and omnivores [10,34,54-56]. In particular, P. decipiens is the most preferred
by G. antarctica [10,56,71], and is one of the most common macroalgae in shallow wa-
ters adjacent to this study area and other similar environments around King George
Island [22,53,72]. As reflected in the isotopic signatures, benthic diatoms seemed to
partially contribute to the G. antarctica diet, while contribution of SPOM appears to be
relatively small.

The G. antarctica $'C and 8'°N values varied distinctly with seasonal variations in
seawater temperature, salinity, and Chl-az concentrations. However, the overall variation
was small, indicating that the main diets of the amphipod, mainly red algae and partly
benthic diatoms, did not change much throughout the year. The slight enrichment
of 8'3C in G. antarctica during the summer season (February-April) was likely due to
increased availability of a fresh red algal diet. Around King George Island and the adjacent
islands, the highest growth rates of these algal species were attained in austral spring
(October-November) (P. decipiens) or summer (December) (1. cordata and G. skottsbergii),
when the light conditions were most favorable for photosynthetic activities [24,73-75].

The G. antarctica isotopic values in this study were similar to those reported for
the same species and other amphipod species in the WAP region [13,59]. Like other
macroalgal grazers, the G. antarctica 513C are heavier than the values of herbivorous
suspension feeders whose diets are derived mainly from phytoplankton [76], and this is
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consistent with the result of this study that red algae are a primary carbon source in the G.
antarctica diet.

Thus, the results of this study revealed that the preference of G. antarctica for macroal-
gal diet persisted throughout much of the year. However, the G. antarctica $'°N values
maintained rather high (6.3~7.5%o) as for primary consumers, suggesting that dietary con-
tribution from other food sources (e.g., crustacean parts and sponge spicules) [9,10,13,34]
should be considered in future studies.

4.2. Contribution of Detrital Matter to the Gondogeneia antarctica Diet during the Fall-Winter

Our results also suggest that degrading organic matter is an important food source
for G. antarctica, particularly under subdued primary production during fall and winter.
The §'°N values increased significantly during the winter period in G. antarctica and
its presumptive main diet, red algae, and also in macroalgae and SPOM (Figure 3). In
particular, the SPOM 8'°N reached the peak values (6.1 & 0.9%o, 7 = 21) in the winter
season [June-September], which were two times higher than the values in the summer-
early fall period [February—April] (3.0 &+ 0.7%o, n = 11). This observation indicated that,
during winter, a significant portion of the diet of G. antarctica is in the form of detritus,
which was enriched with §'°N through colonization and degradation by microbes, and
sometimes also by protozoans and meiofauna [77-79].

After the growth peaks in spring-summer, macroalgal growth decrease during the
fall and winter seasons around King George Island and the adjacent islands, particularly
under the winter sea-ice cover, when light conditions for photosynthetic activities are
unfavorable [24,73-75]. Therefore, fresh algal material is likely restricted in availability
during fall-winter. G. antarctica is known to feed year-round [32,33], and there may be
other alternative food sources for G. antarctica during this period. Macroalgal fragments
seem to create a food bank for benthic communities in shallow Antarctic waters, as
degradation processes by microbes may be slow due to low temperature [79,80]. Several
studies have reported that a significant amount of carbon derived from macroalgal detritus
enters the benthic food web in nearshore waters of the WAP [9,59,81-84].

Erosion and degradation of benthic macroalgae likely occur through several pro-
cesses, such as mechanical abrasion by floating icebergs, tides, waves and storms, sea ice
formation, and grazing [81,84]. Grazing by herbivores, such as amphipods, also promotes
microbial degradation [79]. Almost all of the brown algae are unpalatable to grazers
due to their chemical defenses and/or stiff texture [34,71]. However, brown algae can be
palatable in detrital form [85].

Degrading macroalgal biomass seems to reach a peak in fall-early winter in King
George Island, and to be consumed as a main diet by shallow-water herbivores like
G. antarctica. In the adjacent Admiralty Bay, a large amount of decaying macroalgae were
present on the shore in late April-early June, and the peak abundance and biomass of
G. antarctica occurred during the same period [9]. In this study, we also observed a
large accumulation of decaying macroalgae on the shore in April-May right before the
sea water started to freeze (Figure 7). This observation supports the isotopic results; a
significant portion of the diet of G. antarctica is in the form of detritus during the fall and
winter periods. Benthic diatoms are also likely preserved as a food bank after summer
blooms and utilized as alternative food sources to support benthic communities during
winter [80,86]. In addition, sea ice may provide a habit for growth of epontic algae (mostly
diatoms), which are grazed by herbivores like amphipods. Several studies reported that
dense populations of adult and juvenile G. antarctica [33] and other amphipod species [32]
were associated with micro-algal blooms under sea ice during mid-winter in the WAP.
In the study area, the sea surface was frozen for about 3 months (late June through
September) during the investigation period (Figure 2).
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Figure 7. Macroalgal debris amassed on the shore of Marian Cove from April to early May 2015:
(a) Mostly Desmarestia spp., (b) red algal fragments, (c) Iridaea cordata, (d) Gigartina skottsbergii, and
(e) Curdiea racovitzae.

4.3. FA Composition in Gondogeneia antarctica and Its Major Food Sources

The FA results supported the isotopic results that the benthic primary producers,
preferably red algae, contributed substantially to the G. antarctica diet throughout much
of the year. The FA composition of G. antarctica showed small but distinct seasonal
variation, particularly between the spring—summer and the fall-winter periods (Table
2, Figures 5 and 6). C20:5,,.3) and C16:0 collectively accounted for most (45%) of the
dissimilarity between the two contrasting periods (Table 3). The red algal FA composition
was more similar to that of G. antarctica in spring-summer than winter (Figure 6, Table 3),
indicating that fresh red algae were more available to the amphipod during this period.

Notably, C20:5(,.3) in G. antarctica increased to its highest value in July in terms of
both the absolute and relative compositions, while the other FAs decreased or changed
only slightly during the same period. The increase of C20:5,.3) in winter may be related,
in part, to the increased contribution of benthic diatoms to the G. antarctica diet. A
previous study reported that the gut contents and FA composition of G. antarctica reveal
an important contribution of benthic diatoms [13]. It is well known that C20:5(,,.3) occurs
as a major FA in marine benthic diatoms and red algae [13,87], and has been used as a
reliable dietary tracer in various marine benthic habitats from tropical to polar regions [88].

The FA composition of G. antarctica was similar to those of most Antarctic amphipods.
Among the major FAs in G. antarctica, C16:0, C20:5,.3), C18:1(,,.9), and C22:6,,.3) occur as
major FAs in most amphipods in the peninsular region [13,89], and C16:0, C20:5,,.3), and
C18:1,,.9) were also the major FAs in the red algae analyzed in this and other studies [13].
In particular, C20:5,.3) and C16:0 predominated, constituting most (41%-57%) of the FAs
in this amphipod throughout the year.

Total FA content varied distinctly, with a peak seen in winter (Figure 5a). However,
this pattern was unlikely to be related to variations in the diet, but rather to the repro-
ductive cycle of G. antarctica, which is known to have two spawning peaks (at the end of
February and at the end of September) [57]. We also observed some brooding individuals
in July and early October samples, supporting the idea that reproductive development
proceeded during the winter, contributing to the increase in total FA content.
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4.4. Prospects for Climate Changes

The WAP is rapidly warming and deglaciating under climate change [5]. The glacial
retreats are opening up new habitats for marine benthic organisms [90], and sublittoral
rocky substrates are increasingly colonized by macroalgae [91], seemingly providing
more food for G. antarctica and other herbivores. In MC, Desmarestia spp. and the red
alga Plocamium cartilagineum, species unpalatable to most herbivores, have increased
significantly during the last 30 years, while P. decipiens, a species most preferred by G.
antarctica, has decreased [53]. In addition, a recent study indicated that climate change
could alter the biochemical composition of macroalgae, but not the feeding preference of
G. antarctica [92]. Given that only a few macroalgal species are palatable to herbivores like
G. antarctica, the decrease in the palatable algal population could affect the survival of
this species, alter food-web structures, and eventually lead to ecosystem changes.

5. Conclusions

The SI and FA results in this study revealed that Gondogeneia antarctica rely substan-
tially on food sources derived from benthic primary producers, mostly red algae and
their detrital forms and partly benthic diatoms. However, the relatively high §'°N values
in G. antarctica, as for primary consumers, indicated additional dietary sources such as
animal parts. The isotopic signatures varied with only small shifts seen throughout the
year, indicating that contribution from the main dietary sources did not change much
throughout the year. The overall results suggest that G. antarctica is not much affected by
the extreme seasonality of pelagic primary production, and this strategy seems to have
allowed G. antarctica to adapt successfully to shallow Antarctic nearshore waters. How-
ever, ongoing climate change is altering the distribution and biochemical composition of
macroalgae favored by the amphipod, which could affect its adaptation and survival.
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Abstract: The dispersal of organisms in an isolated environment of a hydrothermal vent remains
unclear. Here, we provide direct evidence that meroplanktonic larvae may migrate thousands of
meters above the ocean floor. The morphological quantitative measurements of mesozooplankton
were conducted in the Onnuri Vent Field (OVF), the Solitaire Fields (SF), and the reference site
(ref-site). Only one species of bivalve larva that appeared at the OVF and the ref-site (0-200 m) was
similar to Bathymodiolus spp. Sixteen species of gastropod larvae were distinguished, among which,
species 14, 6, and 13 had holoplanktonic features (Atlanta, Oxygrus, and Limacina), whereas species 5,
7-12, and 14-16 had meroplanktonic features. Species 5, 11, and 12 appeared only at the OVF, 9 and
10 appeared only in the SF, 14-16 appeared only at the ref-site, and species 7 and 8 appeared in all
surveyed stations. The species 5, 8, 12, 14, and 15 have morphological features similar to Vetulonia
spp., and species 7 was similar to Lepetodrilidae; species 9-11 and 16 were similar to Phymorphynchus
protoconchs. The morphologically distinguished mollusk larvae in the upper layers of the water
column (0-200 m) indicate that larvae associated with deep-sea hydrothermal vents may disperse
approximately 2000 m above the vents.

Keywords: hydrothermal vent; mesozooplankton; meroplankton; mollusk larvae; bivalve larvae;
gastropod larvae; dispersal; Central Indian Ridge; Onnuri Vent Field

1. Introduction

Benthic animals produce planktotrophic larvae, which spend weeks to months in the
pelagic environment, feeding and developing through their free-swimming stage [1-4]. Larval
dispersal is important for geographic distribution, population dynamics, and evolutionary
processes of vent-endemic organisms [1,5,6]. Planktonic larval duration (PLD) is the amount of
time larvae take to develop to the settlement stage [5]. PLD and dispersal strategies may differ
depending on the species, climate zone, and habitat types [7]. In the near-shore ecosystems,
the species living on sandy bottoms have long-distance dispersal mechanisms, whereas the
rocky-shore species that depend on a narrow strip of habitat have short-distance dispersal
mechanisms to reduce offshore loss of larvae [8]. Shanks (2009) reported that shallow-water and
coastal species are more concentrated in complex hydrodynamic and fast-speed currents than
in the deep-sea. The intertidal and shallow subtidal species are transported from inshore waters
into large-scale coastal currents and then eventually return to the inshore waters of another
location [9]. Deep-sea species also have complicated PLD, where larval transport distance
depends on the development, behavior, and physiology of the larvae [5]. For example, veliger
larvae such as limpets (e.g., Leptodrilus spp.) tend to remain near the bottom and in slower
currents [10]; tubeworms (e.g., Riftia pachyptila) are buoyant and more likely to be transported
above the bottom (e.g., ridge-controlled currents) [11]; and swimming larvae such as mussels
(e.g., Bathymodiolus childressi) migrate up into the oceanic currents near the surface [12].
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The hydrothermal vent fields have distinct and isolated communities with chemosyn-
thetic systems [13]. The majority of hydrothermal vent sites, particularly in the Pacific and
Atlantic Oceans, have been studied [14,15]. A hydrothermal vent has either a discrete or a
diffuse venting source, such as black and white smokers [16-18]. Another type of vent field
is the diffused flow from porous surfaces or fissures and cracks in basalt lavas, diluted with
cold seawater either from below or within the sea floor [19]. The benthic animals inhabiting
the hydrothermal vent ecosystems are likely to have colonization abilities, including high
rates of dispersal, growth, and reproduction [20]. The major vent fauna in the extensively
studied Galapagos vents, including tubeworms (Alvinellidae), clams (e.g., Calyptogena
magnifica), and mollusks (e.g., B. thermophilus), have symbiotic bacteria that obtain energy
from hydrogen sulfide [21].

Most species in hydrothermal vents are benthic as adults, but they spend a portion of
their lives as tiny larvae (meroplankton) in the overlying water column [5]. Previous studies on
zooplankton, including meroplankton, in the water column above the hydrothermal vents were
conducted in the East Pacific Rise (EPR), Guaymas Basin, Endeavour Ridge, Juan de Fuca Ridge,
and Mid-Atlantic Ridge [22-26]. The larval stage (meroplankton) of macrobenthic animals living
near the hydrothermal vent is an important phase of their life cycle [20,27]. The larval dispersal,
especially migration behaviors of benthic organisms in hydrothermal vents has primarily been
studied at EPR and Juan de Fuca Ridge [28-31]. Hydrodynamics and chemical and mass flux
studies in the EPR demonstrated the transport mechanisms of vent fluids and larvae, implying
eddy-driven impacts in transporting hydrothermal vent-derived heat, chemicals, and biota in a
relatively low-energy environment [32].

Meroplanktonic larvae of mollusks in the cold methane seeps, including mytilid
bivalve B. childressi and limpet gastropod Bathynerita naticoidea, have been collected from
euphotic zones (0-100 m depth), implying that they migrated to surface waters above
the ocean floor [33]. Yahagi et al. (2017) provided evidence of early life history traits and
population genetics for the surface dispersal of vent species of the gastropod Shinkailepas
myojinensis that inhabited sulfide chimneys and volcanic rocks covered by bacterial mats in
diffuse venting areas. The hatched larvae swam upwards depending on temperature, and
this migration was probably because of the high food source (high phytoplankton biomass)
that helps in their growth and development [6].

In this study, we attempted to present the vertical distribution of the holoplanktonic and
meroplanktonic larvae in the hydrothermal vents of the Central Indian Ridge. To determine the
difference in distribution patterns of larvae from the deep to the sea surface in the diffuse type
(Onnuri Vent Field, OVF) and chimney type vent (Solitaire Field, SF), we collected larvae using
a multiple opening and closing net environmental sensing system (MOCNESS).

2. Materials and Methods
2.1. Study Area and Physicochemical Analysis

The OVF (newly discovered; 11°23.86" S, 66°24.42' E) and SF (19°334’ S, 65°50.9" E) were
the two vent fields selected in the Central Indian Ridge (CIR) to be investigated during a cruise
of the R/V ISABU in June 2018 (Figure 1A,B). The CIR is known to be slow to intermediate
spreading, with spreading rates varying from <12 mm/year to 50-60 mm/year [34]. The OVF
is located at the summit of the Ocean Core Complex-3-2 and vents low-temperature fluids at
depths of 1990-2170 m [35]. The SF is located on the Roger plateau on the western ridge of CIR
segment 15 at a depth of 2634 m [15,34]. SF is characterized by chimneys that are less than 5 m
in height and with fluid emissions of high pH 4.8 and approximately 10% lower chlorine levels
than the ambient seawater [15]. The reference site (ref-site, MOCNESS tow: 09°22.4'-9°27.7' S,
67°10.8'-67°15.8' E) was selected outside of the immediate influence of the hydrothermal vent
fields. The ideal location was north of OVF as the direction of transport of meridional Ekman
flows from north to south during the boreal summer monsoon in June [36].
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Figure 1. (A) Map showing the selected survey stations at the Central Indian Ridge in June 2018. Surface
currents indicated are the South Equatorial Current (SEC), East Africa Coastal Current (EACC), and the
direction of meridional Ekman transports (Me). The major currents are cited from Hood et al. (2017).
(B) The figure on the right shows bathymetry from the start to the end of the multiple opening and closing
net environmental sensing system (MOCNESS) sampling in both study stations.

The physical properties were obtained from the conductivity (#217), temperature
(#6120), and depth (#217) sensors (Sea-bird Electronics, Bellevue, WA, USA) attached to
MOCNESS (Biological environmental sampling systems Inc., BESS, North Falmouth, MA,
USA). PVC Niskin bottles mounted on an instrumented Rosette sampler were used to
collect discrete seawater samples for chlorophyll-a (chl-2) concentration analysis. Due to
limited sampling time, water samples for chl-a concentration analysis were not collected
at the ref-site. Seawater samples (2 L) for analysis of chl-a concentration were collected
at 5 depths, including surface and subsurface chlorophyll maximum (SCM) layers, from
0-0.5 m (surface) to 200 m at OVF and SF. Seawater samples were filtered using 47 mm
GEF/F glass-fiber filters (Whatman, GE Healthcare, Chicago, IL, USA) under low vacuum
pressure (<125 mmHg). The filters were kept frozen in a deep freezer (—80 °C) before being
extracted in 90% acetone at 4 °C in the dark for 24 h. Chl-a concentration was determined
using Turner Designs 10-AU, which was calibrated using a chl-a standard solution (Turner
Designs, San Jose, CA, USA) based on the method by Parsons et al. (1984) [37].
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2.2. Mesozooplankton Including Larvae Sampling

The mesozooplankton samples were collected using a 1 m?> MOCNESS equipped
with nine nets (mesh size 200 um). To minimize sample contamination, net traps and bar
stops were employed to restrict net bar movement when the nets were opened or closed.
The system carried sensors to measure pressure, temperature, and conductivity (Sea-Bird
Electronics, Bellevue, WA, USA). The MOCNESS was attached to the deep-tow winch on
the R/V ISABU, and the speeds of the winch wire during pay-out and haul-in were 20-30
m min~!. The speed of the vessel was between 1.5 and 2.0 knots during towing. The net
angle was maintained between 35° and 55° (optimum angle: 45°; Biological Environmental
Sampling Systems Inc., BESS, North Falmouth, MA, USA) by increasing or decreasing
the speed of either the ship or the winch wire. Full depth sample collection was obtained
by oblique tows from 100 m above the bottom of the sea. The depth strata sampled
were divided into 67 layers (Table 1). The volume of filtered water was calculated using
a flowmeter mounted on the frame of MOCNESS (Biological Environmental Sampling
Systems Inc., BESS, North Falmouth, MA, USA). Mesozooplankton samples in the cod-
end bucket were transferred to 1 L sampling bottles. The samples were divided into
two groups, one sample group was immediately fixed to a final concentration of 5% with
borax-neutralized formalin for microscopic examination, and the other was fixed with ethyl-
alcohol (99.9%) for further molecular analysis. Mesozooplankton were identified into the
lowest taxonomic groups, generally species or genus, and identified and enumerated under
a stereomicroscope at 10x-80x magnification (Discovery V8, SteREO, Zeiss, Germany)
in accordance with the studies of Conway et al. (2003) [38], and Chihara and Murano
(1997) [39]. The larvae of benthic invertebrates at the hydrothermal vents were identified
using the photographic identification guide to larvae at hydrothermal vents by Mills et al.
(2009) [27]. The gastropod larvae were distinguished and divided into holoplanktonic and
meroplanktonic larvae by their morphological characteristics, which were analyzed using
the photographic guide. The photographs of mollusks were taken by the stereomicroscope
equipped with the camera at 25X, 32, 50, 63 x, and 80 x magnifications (AxioCam ICc 3,
Zeiss, Germany). The number of individuals was converted to individuals per cubic meter
(ind. 100 m~3). The species richness (Margalef species richness index) and diversity index
(Shannon-Wiener diversity index) were calculated by using PRIMER V6.1.10 statistical
package (PRIMER-E, Plymouth Marine Laboratory, Plymouth, United Kingdom).
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3. Results
3.1. Physicochemical Properties and Chlorophyll-a Concentrations

The vertical distributions of temperature and salinity in the water columns were acquired
at all survey stations. The temperature observation showed that the depth of the surface mixed
layer (SML) increased with an increase in latitude (°S) (avg. 79.2 m) (Figure 2). The deepest
SML depth was observed in the SF (100 m; with an average temperature of 25.1 °C), and the
shallowest SML depth was seen in the ref-site (63.0 m; with an average temperature of 27.2 °C).
The SML depth for OVF was 74.5 m, with an average temperature of 27.0 °C. Warmer surface
waters (avg. 27.2 °C) were observed in the ref-site and OVE while relatively cooler surface water
(avg. 25.1 °C) was observed in the SE. The temperature stratification in the SF and OVF was
stronger from the surface to 350 m, and weakly stratified with decreasing depth. At SF and OVE,
the bottom temperature was 2.7 °C (1900 m) and 4.5 °C (1300 m), respectively. The thermocline
(temperature decreases rapidly from the SML) existed between 100-900 m, below which the
temperature remained constant (avg. 3.2 °C) and reached 1.9 °C near the bottom (2500 m). The
surface water in SF was relatively more saline (avg. 35.0) than the surface waters in OVF and
ref-site (avg. 34.5). The salinity remained constant from surface to SML with increasing depth
in all surveys, except between a layer of SML and 100 m. The integrated chl-a concentration
within the SML was also higher in OVF (4.0 mg m~2) than in SF (1.8 mg m~2) (Figure 2).
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Figure 2. The vertical profiles of temperature (°C), salinity, and chlorophyll-a (g L~!) of the surveyed
stations at the Central Indian Ridge during a cruise of the R/V ISABU in June 2018.

3.2. Abundance and Taxonomic Groups of Mesozooplankton

The total mesozooplankton abundance decreased with the depth, ranging from 60

to 19,522 ind. 100 m~3 (avg. 4348 ind. 100 m~3) in SF; 19 to 71,308 ind. 100 m~3 (avg.

13,452 ind. 100 m~?) in OVF; and 483 to 77,037 ind. 100 m > (avg. 24,352 ind. 100 m ) in
the ref-site (Figure 3). It is evident that the majority of the mesozooplankton abundance is
accumulated at 0-200 m (euphotic zone) in both water columns above hydrothermal vent
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fields, which may be due to higher chl-a concentrations in the SCM (avg. 112.5 m). The
abundance at 0-200 m was approximately 11 times higher than in other layers (200-1300 m)
at the ref-site.
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Figure 3. The vertical distribution of total and relative abundance of the mesozooplankton community
in the surveyed stations during a cruise of the R/V ISABU in June 2018 at the Central Indian Ridge.

Most of the mesozooplankton community was composed of copepods (immature
and adults) for all water columns of the surveys (Figure 3, Table 1). At the SE, copepods
(both immature and adults) accounted for 65-86% (avg. 74%) of the total mesozooplankton
community, followed by radiolarians that accounted for 3-27% (avg. 13%) occurring
throughout the water column (0-2500 m), and ostracods and chaetognaths primarily
occurring in the upper layers (0-500 m). Taxonomic groups of crustacean larvae and others
included amphipod larvae and unidentified eggs, which appeared in the bottom layers
(2000-2500 m). At the OVE, copepods (both immature and adults) accounted for 59-83%
(avg. 71%) of the total mesozooplankton community, followed by radiolarians (avg. 13%),
foraminiferans (avg. 6%), and ostracods (avg. 5%), occurring in all water columns. At
the ref-site, copepods (immature and adult) accounted for 61-81% (avg. 74%) of the total
mesozooplankton community, followed by foraminiferans (7%), radiolarians (5%), and
Pyrocystis noctiluca (4%), occurring in all water columns. P. noctiluca accounted for 11%
and 14% of the total mesozooplankton community at OVF and the ref-site, respectively,
occurring between 0-200 m, probably due to relatively warmer surface waters (avg. 27.2 °C)
(Figure 3, Table 1).

The morphologically identified numbers in the integrated water column were 28, 45,
and 52 species in 6, 6, and 8 phyla at SE, OVF and the ref-site, respectively (Figure 4). The
phyla Retaria (Foraminifera), Protozoa (Dinoflagellata), Crustacea (Ostracoda, Calanoida,
Cyclopoida, Poecilostomatoida, Harpacticoida, Amphipoda, Euphausiacea, Decapoda),
Chaetognatha (Sagittoidae), Chordata (Thaliacea, Doliolida, Appendicularia, Ichtyoplank-
ton), and Mollusca (Gastropoda, Bivalvia) commonly appeared at both hydrothermal vents
and the ref-site, while phyla Cnidaria (Hydrozoa) and Annelida (Polychaeta) only appeared
at the ref-site (Figures 3 and 4). Both the richness and diversity of the species were highest
at the ref-site (richness: 4.8, diversity: 3.1) and lowest at SF (richness: 2.9, diversity: 2.6).
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Figure 4. The number of mesozooplankton phyla, order, and species, and indices of species richness
and diversity in the surveyed stations during a cruise of the R/V ISABU in June 2018 at the Central
Indian Ridge.

Gastropod larvae were the dominant larvae at both SF (avg. 88%) and OVF (avg.
56%) (Figure 3), followed by amphipod larvae (avg. 12%) at SF and decapod larvae (avg.
17%) at OVEF (Figure 3). Copepod nauplii (avg. 49%) was the most dominant larval group
at the ref-site, which was followed by gastropod larvae (avg. 27%). We examined the
taxonomic groups of mollusk larvae in further detail because deep-sea hydrothermal
vent communities may disperse through planktotrophic modes (Figure 5) [1]. Mollusk
larvae (bivalves and gastropods) can be holoplankton (spend entire life as plankton) or
meroplankton (spend part of their life as plankton). We identified 18 species of mollusk
larvae, including 16 unknown species of gastropod larvae, one species of bivalve larvae,
and one species of pteropod larvae (Cresis spp.) (Figure 5).

The bivalve larvae (length: 330 um) were found at both the OVF and the ref-site
between depths of 0-200 m (Figure 5). The bivalve larvae had morphological features
similar to those of the planktotrophic larvae of Bathymodiolus spp. that were reported
to be found at hydrothermal vents in the South Pacific Ocean [27,40]. Gastropod larval
species of 14, 6, and 13 have morphological features of holoplanktonic larvae such as
pelagic species of the genus Atlanta, Oxygrus, and Limacina [38]. Gastropod larval species
of 5, 7-12, and 14-16 have morphological features of meroplankton but only appear at
depths between the surface and 200 m (Figure 5). Gastropod larval species 5, 11, and 12
only appeared at the OVF; 9 and 10 only appeared at the SF; 14-16 appeared only at the
ref-site; 7-8 appeared in all surveyed stations. Gastropod larval species 5, 8, 12, 14, and
15 have similar morphological features to macrobenthic gastropod larvae of Vetulonia spp.
Gastropod larvae species 7 have morphological features similar to gastropod Lepetodrilidae
(Lepetodrilus spp.). Gastropod larval species 9-11 and 16 have morphological features
similar to those of Phymorphynchus protoconchs [27].
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Figure 5. The vertical distribution of the total and relative abundance of mollusk larvae in the
surveyed stations during a cruise of the R/V ISABU in June 2018 at the Central Indian Ridge. The
18 species of mollusk larvae, include 16 unknown species of gastropod larvae, one species of bivalve

larvae, and one species of pteropod larvae (Cresis spp.). N/ A represents not available.

4. Discussion

The abundance of mesozooplankton decreased with depth and was mainly accu-
mulated in the euphotic zone (0-200 m). In this study, the near-bottom samples were
approximately 0.02% and 0.3% of the total abundance in the euphotic zone of the SF and
OVE, respectively. Similar results were reported in the waters of the Guaymas Basin hy-
drothermal vents, where the benthopelagic zooplankton biomass was about 0.02-0.08%
of the surface biomass, and the biomass of zooplankton was 10 times lower in 100-200 m
of the bottom than in the surface waters [22,23]. The results of the present study demon-
strated that the major accumulation of mesozooplankton was at 0-200 m in the water
columns above both the hydrothermal vent fields. Among them, immature copepods of

34




J. Mar. Sci. Eng. 2022, 10, 158

Oithona (28%) and Paracalanus (16%) were dominant in SF and OVF, respectively. This
may be influenced by relatively higher temperatures (>23.7 °C) at SF and higher chl-a
concentrations in the SCM (avg. 112.5 m) at OVE. The plankton distribution was shown
to differ significantly above the hydrothermal vents of the Mid-Atlantic Ridge depending
on the productivity of the upper layers [26]. We studied the community structure of the
water columns and near-bottom mesozooplankton because the research on the copepods
among mesozooplankton in the near-bottom of hydrothermal vents has been limited. The
near-bottom dominant copepods were poecilostomatoids at both the OVF (Oncaea and
Corycaeus) and the SF (Corycaeus), and harpacticoids appeared in relatively higher abun-
dance at near-bottom of hydrothermal vents (OVF: avg. 16%, SF: avg. 25%). Interestingly,
harpacticoids did not appear at the ref-site, implying that harpacticoids may be able to feed
on chemosynthetic bacteria near or above hydrothermal vents. The near-bottom copepods
are able to feed on free-living chemosynthetic bacteria associated with vent effluents in
areas where the effluent signature is weak, playing an important role in the transfer of vent
productivity to the deep sea [41]. In addition, in chemosynthetic habitats, harpacticoids
were dominant in vent epifauna and seep epifaunal communities, showing a relatively
high dominance of copepods within the meiofauna communities [42]. Skebo (2004) studied
copepod densities in the near-bottom water layers of the Juan de Fuca (NE Pacific) and
reported densities ranging from 0.7-3.5 ind. m~3 over smoker vent and non-vent sites to
14.6 ind. m~3 over diffuse vent sites [41]. Similar results were found at the bottom plankton
tows of the Guaymas Basin, in which the copepods of siphonostomes and poecilostomes
(avg. 25% of the copepod population) and cyclopoids and harpacticoids were collected in
all bottom plankton tows [22].

The near-bottom depth strata range at OVF (1600-1900 m) and SF (1500-2500 m)
showed interesting copepod composition, distinguished from the near-bottom depth strata
of hydrothermal vents. The community analysis showed that there were distinct shallow
(<800 m depth) and deep (>800 m depth) faunal assemblages [24]. The distinct deep faunal
assemblages at OVF included Oncaea copepodites (21%), foraminiferans (11%), ostracods
(11%), and harpacticoid copepods (11%), and at SF, included radiolarians (22%), Microsetella
spp- (22%), and Oncaea copepodites (22%). The copepods can feed directly on bacteria
or dissolved organics [24]. There was a possibility of underestimation of the abundance
in smaller organisms such as nauplii, copepodites, meroplanktonic larvae and copepod
species of Oncaea and Oithona because of the mesh size used (200 pm) for MOCNESS in
this study. According to Gallienne and Robbins (2001), an 80 pm net will collect 90% of
the total zooplankton abundance and finer mesh nets may result in reduced estimates of
larger taxa, and larger mesh (200 um) are likely only to catch 7% of the total zooplankters
between 200 um and 20 pm in dimension [43].

In this study, radiolarians were the dominant zooplankton throughout the water
column above the hydrothermal vent sites (OVF and SF), except at the ref-site. Vereshchaka
and Vinogradov (1999) investigated zooplankton aggregations at the MAR Broken Spur,
finding that both gelatinous and radiolarians dominate biomass aggregation, significantly
contributing to plankton biomass throughout the water column [44]. The radiolarians
were dominant near the surface (60-90% of the total biomass), in the lower part of the
main pycnocline (10-30% of the total biomass), and near the plume (20-30% of the total
biomass) [44]. The speculation as to why radiolarians appear throughout the water column
and also near the bottom is that it may be the advantageous feeding through passive
absorption of particulate matter [44].

In this study, the holoplanktonic mollusk larvae made up approximately 74%, 61%,
and 92% of the total abundance of mollusk larvae in the integrated water columns of SF,
OVE and the ref-site, respectively. The holoplanktonic mollusk larvae including gastropod
larval species of 1-4, 6, and 13 in this study had similar morphological features with the
genus Atlanta, Oxygrus, and Limacina [38]. The holoplanktonic larvae shells are relatively
flat and coiled, and the swimming fins are well developed [21]. According to Lalli and
Gilmer (1989) [21], the heteropods have evolved a single swimming fin, whereas pteropods
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have evolved paired swimming wings, and the feeding mechanisms in open ocean differ
from those in the benthic habitat due to the availability of food [21]. The holoplankton are
widely distributed in the world’s oceans and usually inhabit the upper ocean of generally
offshore regions, where they undertake diurnal vertical migrations [21,45]. Some species of
Limacina (ranked among the most abundant gastropods) and other abundant planktonic
gastropods may have significant impacts on the epipelagic marine communities [21].

The meroplanktonic mollusk larvae including gastropod larval species of 5, 7-12,
and 14-16 and bivalve larvae appeared mostly in the near-surface waters of the euphotic
zone (0-200 m depth) of the study sites. Meroplankton, the planktotrophic larvae of
benthic organisms, have shells with diamond shaped patterns and relatively large coils as
compared with holoplanktonic larvae [27]. The planktotrophic phase is important for larval
development because it allows larvae to feed during the free-swimming stage, promoting
deep-sea community dispersal, colonization, and resilience [46,47]. The larvae interact with
oceanic circulation, ocean ridge topography, and ridge flow and exhibit vertical migration
behaviors [5,29]. Depending on the species, they spend hours to several weeks or months
dispersing and drifting in the water columns by means of water currents before setting and
metamorphosing on the sea floor [21].

The present study showed similar evidence that meroplanktonic mollusk larvae may
disperse in the surface waters by the possibility of vertical migration. The bivalve larvae,
which appeared in both the OVF and the ref-site, had morphologically similar features to
planktotrophic larvae of the deep-sea hydrothermal vent species of Bathymodiolus spp. [27].
According to Mills et al. (2007), they collected Bathymodiolus species (length 400—450 um)
from near the settlements, of brownish color. B. marisindicus (avg. 31.1%) was one of the
top-ranked microbenthic species at OVF [35]. However, we cannot be certain that the
bivalve larvae are larvae of Bathymodiolus spp. because larvae of coastal mussels (Mytilus
spp.) also have similar morphological features, thus further molecular analyses are needed
to confirm the species [48,49]. The vent mussel B. marisindicus has been previously reported
at the SF and OVF [34,35]. So, the bivalve larvae may have vertically migrated from the
hydrothermal vents of the OVF to the surface waters. Arellano et al. (2014) reported
cold methane seep species of mytilid bivalve B. childressi in the euphotic zone (0-100 m
depth) and suggested that they had migrated to surface waters from the ocean floor [33].
The possibility of bivalve larvae being transported from the coastal, intertidal, or shallow
waters maybe low because our study site is in the open ocean, approximately 1000 km
away from the coasts. The dispersal of coastal, intertidal, or shallow-water bivalve larvae is
through transport from inshore waters into larger scale coastal currents, and then eventually
returning to the inshore waters of another location [9].

The gastropod larvae (species 7) that appeared mostly in the euphotic zone (0-200 m) at
OVF and SF had morphological similarities to gastropod larvae Lepetodrilidae (Lepetodrilus
spp.), which inhabit the hydrothermal vent sites of Juan de Fuca Ridge and EPR [27,44]. The
abundance of vent gastropod larvae (Lepetodrilus sp. and two peltospirid species) is significantly
higher in the plume than away from it (mean abundance = 21.0 ind. 1000 m~2) [50]. Gastropod
larval species 5, 8, 12, 14, and 15 have similar morphological features to macrobenthic gastropod
larvae of Vetulonia spp. that were found in the hydrothermal vents and hydrothermal seeps at
the North Fiji Basin [51]. Gastropod larval species 9-11 and 16 have morphological features
similar to those of Phymorphynchus protoconchs [27]. The vent mollusk fauna in SF includes
B. marisindicus (Mitilidae), Lepetodrilus sp. (Lepetodridae), Eulepetopsis sp. (Neolepetopsidae),
Scaly-foot gastropod (Peltospiridae), Shinkailepas spp. (Phenacolepadidae), Alviniconcha spp.,
Desbruyeresia spp. (Provannidae), and Phymorhynchus spp. (Turridae) [34]. The vent mollusk
fauna in OVF includes B. marisindicus, B. sp.1, Gigantidas n. spp., Alvinocaris markensis, Par-
alepetopsis ferrugivora, and Lepetodrilus spp. [35]. Larval dispersal in the planktonic larval stage
is an important component of the life cycle of species, particularly in isolated habitats such as
hydrothermal vents [28]. Adams et al. (2012) studied and reviewed the reproductive patterns
and larval durations, behaviors and vertical distributions, and the coupling of vent topography
and hydrodynamics that affect dispersal [5]. Yahagi et al. (2017) provided evidence of early
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life history traits and population genetics for the surface dispersal of gastropod vent species
Shinkailepas myojinensis that inhabited sulfide chimneys and volcanic rocks covered by bacterial
mats in diffuse venting areas [6]. The hatched larvae swam upwards at 16.6-44.42 mm/min
depending on temperature, and were likely to migrate to surface water because of the high
food source (high phytoplankton biomass) that helps in their growth and development [6].
Therefore, in this study, the gastropod larvae in the surface waters may have dispersed or
vertically migrated from the deep-sea hydrothermal vent sites (OVF and SF).

5. Conclusions

The quantitative measurements of mesozooplankton including holoplankton and mero-
plankton were conducted in the OVE SE, and ref-site. The integrated abundance of mesozoo-
plankton over the water column was relatively higher in the ref-site (77,037 ind. 100 m~3) than
in the vent sites (avg. 53,398 ind. 100 m~3). It is evident that most of the mesozooplankton
was accumulated in the euphotic zone (0-200 m). Mollusk larvae (gastropods and bivalves)
appeared at all stations. Only one species of bivalve larva that appeared at the OVF and ref-site
(0200 m) was morphologically similar to Bathymodiolus spp. that inhabits the hydrothermal
vents. The gastropod larvae were morphologically identified as holoplanktonic and meroplank-
tonic. Sixteen species of gastropod larvae were distinguished morphologically. Gastropod
larvae species 14, 6, and 13 had holoplanktonic features (Atlanta, Oxygrus, and Limacina), while
gastropod species 5, 7-12, and 14-16 had meroplanktonic features. Gastropod larvae species
5, 11, and 12 only appeared at OVE 9 and 10 only appeared at SF, 4-16 appeared only at
ref-site, and gastropod larvae species 7-8 appeared in all surveyed stations. Gastropod larvae
species 5, 8, 12, 14, and 15 have similar morphological features to the macrobenthic gastropod
larvae of Vetulonia spp. Gastropod larvae species 7 have morphological features similar to
gastropods Lepetodrilidae, and species 9-11 and 16 have morphological features similar to
Phymorphynchus protoconchs. The morphologically identified mollusk larvae of gastropods and
bivalves in the upper layers of the water column (0-200 m) indicate that larvae associated with
the hydrothermal vents may disperse approximately 2000 m above the vents.
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Abstract: Hydrothermal vents are chemosynthetically driven ecosystems and one of the most extreme
environments on Earth. Vent communities exhibit remarkable taxonomic novelty at the species and
supra-species levels, and over 80% of vent species are endemic. Here, we used mitochondrial DNA
to identify the biogeographic distribution of Munidopsis lauensis and the heme-binding regions of
Al-type COX1 from six species (including M. lauensis) to investigate whether genetic variation in the
protein structure affects oxygen-binding ability. We verified the identity of Indian Ocean specimens
by comparing sequences from the barcoding gene mitochondrial cytochrome oxidase subunit 1 (COI)
with known M. lauensis sequences from the NCBI database. The data show that these are the first
recorded specimens of M. lauensis in the Indian Ocean; previously, this species had been reported
only in the southwest Pacific. Our findings support the hypothesis that vent fauna in the Pacific and
Indian Oceans can interact via active ridges. In the case of the mitochondrial DNA-binding site, the
arrangement of heme-binding ligands and type A1 motif of M. lauensis was identical to that in other
species. Moreover, our findings suggest that the mechanism of oxygen binding is well conserved
among species from terrestrial organisms to hydrothermal extremophiles. Overall, dispersal of the
same species to geologically separated hydrothermal vents and conserved heme-binding regions
in mitochondrial proteins suggest that hydrothermal species might have evolved from shallow sea
organisms and became distributed geographically using a dispersion corridor.

Keywords: hydrothermal vents; Munidopsis; dispersal corridor; vent fauna; heme-binding site

1. Introduction

Chemosynthetically driven hydrothermal vents are among the harshest ecosystems
on the planet, having temperatures as high as 390 °C, low oxygen levels, and enriched
concentrations of hydrogen sulfide (H,S), methane (CHy), and heavy metals, including iron,
zinc, and copper [1]. This unique environment makes vent species susceptible to geological
settings and local ecosystems because they produce chemical-rich fluids that support the
food web, generating a patchwork seafloor habitat. Catastrophic disturbances to vent
species or vents can eradicate entire communities [2]. The characteristics of vent commu-
nities are complex, and although 82% of vent species are endemic, they are remarkably
diverse at multiple taxonomy levels (e.g., family, order, class, and species) [3].

Hydrothermal vents are found at mid-ocean spreading centers in the Atlantic, Arctic,
Indian, and eastern Pacific Oceans, and back-arc basins of the western Pacific Ocean [4]. In
particular, numerous vent communities have been reported along active margins in the
Atlantic [5,6], Pacific [7,8], and Indian Oceans [9,10].
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Phylogeography is a critical ecological characteristic that explains a species” evolution-
ary history and successful adaptation to environmental changes. In terms of community,
most organisms in Indian Ocean vent fields have evolutionary relationships with western
Pacific vent fauna [10]. However, exceptions exist, such as the shrimp Rimicaris aff. exocu-
lata, a decapod that is the predominant species in Indian Ocean vents but is similar to its
mid-Atlantic counterpart [10]. Global assessments of chemosynthetic faunal biogeography
have suggested that the Indian Ocean vent communities follow asymmetric assembly rules
biased toward Pacific evolutionary alliances [10].

Decapods (e.g., alvinocaridid shrimp, bythograeid crabs, and galatheid squat lob-
sters) represent approximately 10% of taxa in hydrothermal vents and are the dominant
fauna [1,11,12]. Genetics appear to have participated in bythograeid crab and alvinocaridid
shrimp adaptation to vent habitats [13,14]. Munidopsis is the second-largest and ecologi-
cally diverse genus of galatheid squat lobsters. Globally, more than 200 species have been
defined: more than 150 species in the Indo-Pacific and at least 70 in the Atlantic [15,16].
Although only 10 species are endemic to hydrothermal vent environments [17-22], they
exhibit a unique pattern of distribution and abundance. Five species are found in the
western Pacific (M. starmer, M. sonne, M. lauensis, M. marianica, and M. myojinensis), three
in the eastern Pacific (Munidopsis sp., M. subsquamosa, and M. lentigol), and two in the
Mid-Atlantic Ridge (M. exuta and M. acutispina) [22]. Interestingly, all Munidopsis species

have limited distributions, comprising three coexisting species at most (Table 1).

Table 1. Diversity of Munidopsis in hydrothermal vent.

Ocean Hydrothermal Vent Depth Species Reference
_17 ) ]
Brother Seamount (34°51/45.4” S, }Zig_iggg E ]\;I\/Ila;;:;sezs 23]
o !/ " .
175°03728.6" E) 1649 m M. kermadec
North Fiji Basin (16°59'00.0" S, 4 A;IVIZ’J;;Z’;S;S 21]
. 173°55/00.0" E) no recor '
Western Pacific M. starmer
Ocean Lau Basin (20°59'21.0" S, 176°34/06.0” W) 1750 m M. lauensis [21,24]
Izu-Bonin arc (32°06.25" N, 139°52.17'E) 1288-1625 m M. myojinensis [21]
anus Basin A4S, . no recor . lauensis
M Basin (3°43'49.4" S, 151°40'27.5" E) d M. 1 j [21]
Mariana (18°11/00.0” N, 144°4500.0” E) no record M. marianica [21]
Formosa Ridge (22°06'54.0" N )
119°17'06.0" E) 1750-2000 m M. lauensis [25]
Onnuri Vent Field(11°2454.9”" S, .
66°25'24.0" E) 2023 m M. lauensis the present study
Indian Ocean Kairei Field (25°19'14.4” S, 70°02/24.0" E) 2422-2435 m M. larticorpus [22]
Forecast Vent Field/Mariana Back Arc Basin L
(13°23.07' N 145°55.02' E) 1450 m M. gracilis [22]
Mid-Atlantic Ridge (1°38'50.7"” N .
19°4241.1" W) no record M. acutispina [22]
. . Mid-Atlantic Ridge (2°18'10.9” N
Mid-Atlantic Ridge 25°38/33.9" W) no record M. exuta [21,26]
East Pacific Rise S of Baja California .
(20°49/36.0" N 109°06/00.0” W) 3502 m M. lentigo
Galapagos Rift (eastern Pacific 13° N and M.
Northern Pacific 21° N areas) no record subsquamosa 25]
Ocean Limbo Vent, Juan De Fuca Ridge 1545-2008 m M. alvisca [17]

(46°00'02.0"” N 129°59'59.1” W)

Not all vent fauna have distributions as restricted as Munidopsis. Molecular com-

parisons have revealed genetic affinity between the following species in the Indian and
western Pacific Oceans: shrimp Rimicaris kairei, gastropod Alviniconcha sp., bythograeid
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crab Austinograea rodriguezensis, stalked barnacle Neolepas sp., deep-sea mussel Bathymodio-
lus marisindicus, sea anemone Marianactis sp., and scaly foot gastropod [10,27].

Mitochondria are responsible for most cellular aerobic metabolism, producing ATP
through the electron transport chain. All 13 mitochondrial protein-coding genes are in-
volved in this process. Functional restrictions on mitochondrial genes are related to the
following adaptive evolutionary mechanisms: climatic adaptation [28], locomotion [28,29],
high elevation adaptation (low-oxygen and cold climate) [30-35], mammalian adapta-
tion [36], and deep-sea hydrostatic pressure adaptation [37]. DNA barcoding with a
cytochrome ¢ oxidase subunit 1 (COX1) region has been widely used to recognize species
in taxonomic studies [38]. The COX1 region is divided into three evolutionary families:
type A (mitochondrial-like oxidases), B (bas-like oxidases), and C (cbbs-type oxidases).
The structural diversity of these families correlates with different proton pumping efficien-
cies [39].

In this study, we investigated the biogeographic distribution of Munidopsis lauensis
and tested a hypothesis that the Indian Ocean is a dispersal corridor connecting the
hydrothermal vent fauna of the Atlantic and Pacific Oceans. We also compared the heme-
binding regions of proteins from six species, including M. lauensis, to evaluate whether
genetic variation affects oxygen-binding ability. Overall, the purpose of this study was to
obtain information about the evolutionary history of M. lauensis, including its dispersal
mechanisms, using mitochondrial data.

2. Materials and Methods
2.1. Sampling and Mapping

On 1 July 2019, eighteen samples of M. lauensis were collected at the Onnuri Vent
Field (OVF, latitude: 11°14/58.6"” S; longitude: 66°15'14.4” E) in the Indian Ocean using
a TeleVision-grab (TV-grab) device mounted on the Research Vessel (R/V) ISABU (Dive
No. 6). Samples were immediately fixed in 75% ethanol (Figure 1). The sampling depth
was approximately 2023.2 m.

Figure 1. Munidopsis lauensis Baba and de Saint Laurent, 1992.

42



J. Mar. Sci. Eng. 2022, 10, 400

A map (Figure 2A) was developed using a Diva-Gis 7.5 template (http://www.diva-
gis.org/ accessed on 3 January 2022). Sampling locations of the specimens included
in the analyses and data from Major Ocean Currents (2016) and Global Distribution of
Hydrothermal Vent Fields (2020) in ArcGIS were combined.

Western Pacific Ocean
Munidopsis lauensis (EF157852)

Western Pacific Ocean
Munidopsis lauensis (EF157853)

Western Pacific Ocean
Munidopsis lauensis (KF774316) A

Western Pacific Ocean
Munidopsis lauensis (EF157850) A

Indian Ocean
Munidopsis lauensis (OL958453, the present study) A

50 40 30 20 10 0 Ma

Figure 2. (A) Biogeographic distribution of M. lauensis. Red arrows indicate warm currents and blue
arrows indicate cold currents. (B) Schematic diagram of divergence analysis for M. lauensis.

2.2. DNA Barcoding

Genomic DNA was extracted from the muscle tissue of five M. lauensis specimens
using a Qiagen DNeasy Blood and Tissue kit. The barcoding regions of the mitochondrial
cytochrome oxidase subunit 1 (COI) genes (658 bp) were sequenced and compared with
published sequences from western Pacific Ocean isolates (accession numbers: EF157850—
EF157853) and M. verrilli Benedict, 1902. New sequences from Indian Ocean specimens were
registered in GenBank (accession numbers: OL958453—OL958457). Shinkaia crosnieri Baba
and Williams, 1998 (accession numbers: MK795354-MK795356) were selected as closely
related members of Munidopsidae based on the complete mitochondrial genome [40].
Munida gregaria (Fabricius 1793) (accession numbers: NC030255, KU521508) was selected
because Mundidae and Mundopsidae are phylogenetically related families [40]. Munida
gregaria and Shinkaia crosnieri were used as outgroups.
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Primers used to amplify COI-5 by PCR were LCO1490 (5'-GGT CAA ATC ATA AAG
ATA TTG G-3') and HCO2198 (5'-TAA ACT TCA GGG TGA CCA AAA AAT CA-3') [41].
The following thermocycling program was used: 5 min at 94 °C; 40 cycles of 1 min at 94 °C,
1 min at 40 °C, and 2 min at 72 °C; and a final extension at 72 °C for 10 min. The 25 uL
reaction mix included 15.7 pL ultrapure water, 5 L of 5X PCR bulffer, 2 pL of each primer
(10 uM), 1 pL of ANTP (10 mM), 0.3 pL of Taq polymerase (5 U), and 1 pL. of DNA template.
Sequences were aligned using MAFFT [42]. Sequence divergence between individuals was
quantified using the Kimura 2-parameter (K2P) distance model [43]. A neighbor-joining
(N]) tree of K2P distances was created in MEGA X [44].

2.3. Estimation of Divergence Time

The most appropriate model to estimate divergence time was the HKY+Gamma
model, which was selected using PartitionFinder version 1.1.1, Australia [45]. The Bayesian
phylogenetic software BEAST version 2, USA [46] was used to estimate the divergence
time. Analyses were performed using a strict clock and an uncorrelated lognormal relaxed
molecular clock to check for rate variation among branches [47]. We conducted analyses
using a Yule speciation model and a birth-death model for the tree prior to evaluate whether
the sensitivity of the results was affected by the choice of tree prior. Posterior distributions
of parameters were estimated using Markov chain Monte Carlo (MCMC) sampling over
108 steps, with samples drawn every 10* steps. The initial 10% of samples were discarded
as burn-in. Convergence was checked by running the analysis in duplicate and visualizing
the results in the program Tracer version version 1.7.1, USA [48], which showed that the
effective sample size of all parameters was above 200. We used Tree Annotator version
1.8.4, USA [49], available in the BEAST version 2, USA package, to identify the maximum
clade credibility tree.

2.4. Heme-Binding Site of COX1 Sequences

We used COX 1 sequences from five species classified as “type of COX1” to analyze
the heme-binding region in M. lauensis sequences. Sequences from Homo sapiens, Bos taurus,
Escherichia coli bo3, Drosophila melanogaster, and Portunus trituberculatus were collected from
NCBI (https:/ /www.ncbi.nlm.nih.gov/ accessed on 3 January 2022) and compared with
the M. lauensis data. The heme-binding site sequences were aligned by multiple sequence
alignment using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/ accessed
on 3 January 2022) [50]. In this comparison, we focused on whether each species contains
the same region found in human COX1. Secondary structures based on that of human
COX1 were analyzed by comparing amino acids using ESPript 3.0 (https:/ /espript.ibcp.
fr/ESPript/ESPript/ accessed on 3 January 2022) [51]. The model structure of M. lauensis
COX1 was calculated using a SWISS-MODEL (https:/ /swissmodel.expasy.org/ accessed on
3 January 2022) [52]. The structural data of Human COX1 (PDB code: 5z62) and M. lauensis
COX1 were described in PyMOL (https://pymol.org/2/ accessed on 3 January 2022) [53].
The superposition showed that the two proteins have secondary structure alignment and
helped to identify heme-binding sites and type Al motifs in M. lauensis COX1.

3. Results and Discussion
3.1. Biogeographic Distribution of M. lauensis

Indian Ocean M. lauensis specimens (accession numbers: OL958453-0L.958457) have
COl-barcoding regions nearly identical to West Pacific specimens (Brothers Seamount,
Manus, and Lau Basins) (accession numbers: EF157850, 1587852, and 157853) [21], with
a maximum of 0.58% sequence divergence (Figure 3). We conclude that our collected
specimens are indeed M. lauensis and represent the first records of this species in the Indian
Ocean. All other isolates of M. lauensis were from deep-sea hydrothermal vents in the
southwest Pacific Ocean [54].
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Figure 3. Genetic relationships between Munidopsis lauensis isolates from the Indian and western
Pacific Oceans based on mitochondrial cytochrome oxidase subunit 1 (COI) sequences. Munida
gregaria and Shinkaia crosnieri were used as outgroups.

The presence of this species in different oceans supports the hypothesis that the Indian
Ocean is a dispersal corridor for hydrothermal vent fauna between the Atlantic and Pacific
Oceans. Indeed, other faunal and molecular comparisons have also revealed an affinity
between taxa in the Indian and western Pacific Oceans [10] (Figure 2A).

The order of divergence times was as follows: First, among the western Pacific M.
lauensis isolates, the sequences from the Hine Hina material (accession number: EF157852)
and the Brothers Seamount material (GenBank number: EF157853) were nearly identical
and first diverged at 30 Myr. Second, the sequences from the Desmos material (accession
number: EF157850) and Taiwan (accession number: KF774316) diverged at 20 Myr. Lastly,
our material from the Indian Ocean (accession numbers: OL958453-0OL958454) diverged at
approximately 15 Myr (Figure 2B). Although it is impossible to review all distributions of
the present species M. lauensis, this study reveals that the western Pacific group diverged
before the Indian Ocean group.

Our study is the first to suggest that a dispersal corridor exists between the western
Pacific and Indian Oceans, based on the occurrence of M. lauensis in both regions. Fur-
thermore, our data are aligned with a previous study demonstrating the existence of a
dispersal corridor between the Pacific and Atlantic Oceans [23] and therefore supports the
hypothesis that dispersal corridors for hydrothermal vent species can reside in different
oceans. Larvae of hydrothermal vent species floating on the ocean surface might have
spread on ocean currents and then have settled onto various hydrothermal vents [55].
Although the precise dispersal mechanism is unknown, even if the probability that floating
larvae could successfully settle in different locations is low, it could still have happened.

3.2. Binding Sites of COX in M. lauensis

COI proteins are categorized into three evolutionary families: Type A (mitochondrial-
like oxidases), B (ba3-like oxidases), and C (cbb3-type oxidases). The structural diversity
of COX1 reflects differences in proton pumping efficiency [39]. The protein sequence of
type A COX1 comprises the motif -GHPEVY-. The helix 6 residues divide this motif into
two subfamilies: type Al (glutamate residue in the motif -XGHPEV-) and type A2 (tyrosine
and serine in the alternative motif -YSHPXV-). The type Al motifs of M. lauensis and other
species are homologous (Figure 4). The heme-binding sites of human COX1 are known as
H61, H240, H290, H291, H376, H378, and Y244 [56]. Seven heme-binding amino acids are
arranged on the same helix in all species. This analysis shows that even if organisms have
evolved in different environments, the arrangements of heme-binding ligands and type
Al motifs remain unchanged in M. lauensis and other species. Type A1 COX1 regions are
highly conserved, having practically identical structures across numerous species (Figure 5).
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However, proton transport efficiency can vary among organisms. More research is needed
to evaluate differences in respiratory efficiency between M. lauensis COX and other species.
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Figure 4. Sequence alignment of the COX1 type A1 motif in six species (accession numbers in paren-
theses). H., Homo (AGW?78696), B., Bos (P00396), E., Escherichia (POABIS8), D., Drosophila (AAF77227),
P, Portunus (QPD06751), M., Munidopsis (QFG40073). Red boxes and white characters indicate strict
sequence identities, and red characters show residues with high similarity. Black-dashed boxes and
orange labels indicate the heme-interacting residues of human COX1 (H61, H240, Y244, H290, H291,
H376, and H378). Cyan labels represent the H47, H226, Y230, H276, H277, H362, and H364 residues of
M. lauensis COX1. Magenta-dashed boxes represent the COX1 type Al motif (-XGHPEV-). Secondary
structures are represented above the alignment.
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180°

Figure 5. Comparison of predicted structure models for M. lauensis COX1 and human COX1 (PDB:
5z62). Human and M. lauensis COX1 are colored in orange and cyan, respectively. Heme-binding
amino acids (yellow), heme (red), Cug (brown), and the type Al motif (magenta) are also shown. The
type Al motif of helix 9 comprises -XGHPEV- amino acid sequences in all species. The heme-binding
regions of M. lauensis and five species have the same location as the human protein. Indeed, amino
acid sequences around the heme-binding regions of all species are highly homogeneous. The type Al
motif is strictly conserved between human and M. lauensis.

4. Conclusions

Mitochondria are predominantly responsible for aerobic metabolism, and functional
restrictions relate to adaptive evolutionary mechanisms. Our findings indicate that our
isolates of the decapod crustacean M. lauensis from a deep-sea hydrothermal vent in the
Indian Ocean are new. Previous records were from vents of the southwest Pacific. In
addition, the arrangement of heme-binding regions and type Al motifs of M. lauensis are
identical to those of six other species. Dispersal of the same species to geologically separated
hydrothermal vents with conserved heme-binding regions in mitochondria suggest that
hydrothermal species might have evolved from shallow sea environments and a dispersal
corridor. Our study provides useful information for additional studies on hydrothermal
vents. Furthermore, our study guides future work to characterize the dispersal corridor
between the western Pacific and Indian Oceans.
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Abstract: Hadal trenches are a unique habitat with high hydrostatic pressure, low temperature and
scarce food supplies. Amphipods are the dominant scavenging metazoan species in this ecosystem.
Trimethylamine (TMA) and trimethylamine oxide (TMAOQO) have been shown to play important
roles in regulating osmotic pressure in mammals, hadal dwellers and even microbes. However, the
distributions of TMAO and TMA concentrations of hadal animals among different tissues have not
been reported so far. Here, the TMAO and TMA contents of eight tissues of two hadal amphipods,
Hirondellea gigas and Alicella gigantea from the Mariana Trench and the New Britain Trench, were
detected by using the ultrahigh performance liquid chromatography—mass spectrometry (UPLC-MS/MS)
method. Compared with the shallow water Decapoda, Penaeus vannamei, the hadal amphipods possessed
significantly higher TMAQO concentrations and a similar level of TMA in all the detected tissues. A higher
level of TMAO was detected in the external organs (such as the eye and exoskeleton) for both of the two
hadal amphipods, which indicated that the TMAQO concentration was not evenly distributed, although
the same hydrostatic pressure existed in the outer and internal organs. Moreover, a strong positive
correlation was found between the concentrations of TMAO and TMA in the two hadal amphipods. In
addition, evolutionary analysis regarding FMO3, the enzyme to convert TMA into TMAO, was also
conducted. Three positive selected sites in the conserved region and two specific mutation sites in two
conserved motifs were found in the A. gigantea FMO3 gene. Combined together, this study supports the
important role of TMAO for the environmental adaptability of hadal amphipods and speculates on the
molecular evolution and protein structure of FMO3 in hadal species.

Keywords: hadal; amphipod; TMAO; FMO3; molecular evolution

1. Introduction

The hadal zone is the deepest area of the ocean, extending from 6000 to 11,000 m
in depth from the ocean surface and accounts for 45 percent of the total ocean depth
range [1]. The hadal region represents 1-2% of the global benthic area, consisting mainly
of trenches characterized by high hydrostatic pressure (HHP), low temperature, darkness,
and low organic matter [2-6]. As the deepest ecosystem, the hadal zone is one of the most
unique ecosystems on earth. Compared with the shallow sea, HHP is a major feature that
distinguishes hadal trenches from other ecosystems. HHP is unique in that it manifests as
the largest continuous, stable gradient of any stressor in the hadal zone, reaching about
100 Mpa in the deepest area [7,8].
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However, despite such harsh conditions, there are still many species living in hadal
habitats. According to extensive hadal sampling records, amphipods are the most dominant
decomposers in hadal environments, which are widely distributed in many trenches, with
habitats up to 10,000 m deep, and are easy to trap [9-11]. Among them, Alicella gigantea and
Hirondellea gigas are reported as the most common amphipods in the hadal environment.
A. gigantea is the largest known amphipod, reaching 340 mm in length [12,13]; H. gigas can
even be found and captured at depths of 11,000 m [14]. Therefore, studies regarding hadal
amphipods’ adaptations can give us insights into the adaptive mechanisms of other species
in hadal environments.

Generally, HHP may break protein structure [15], cause DNA breakage and dam-
age [16] and reduce cell membrane fluidity [17]. To survive in the hadal environment,
the extrinsic adaptation mechanism and intrinsic adaptation were needed [18]. The ex-
trinsic adaptation includes different molecular and chemical chaperones. The molecular
chaperones such as the heat-shock proteins (HSPs) are well known for resisting apoptosis,
assisting transmembrane transport, and helping protein folding and transporting [19,20].
For deep-sea species, chemical chaperones, especially the organic osmolytes, have been
reported to play important roles in adapting to HHP. These are the most important small
molecules found in many organisms to maintain cell volume and protein function when
facing stress, mainly including ammonia nitrogen compounds, amino acid derivatives,
polyols, sugars and urea [21]. TMA (trimethylamine) is an important ammonia—nitrogen
compound which is mainly formed by the consumption of carnitine choline by gut microor-
ganisms [22]. TMAO (trimethylamine oxide) is an important osmotic regulator produced
by TMA oxidation under the action of the flavin monooxygenases (FMOs) [23]. TMAO is a
powerful protein stabilizer commonly found in marine fish muscle tissue, which can miti-
gate the effects of hydrostatic pressure on protein stability and restore denatured proteins
to their natural structure [24]. TMAO is a universal protein stabilizer and counteractant for
resisting urea damage [21]. TMAO can also act as a piezolyte, which could bind with water,
prevent water molecules clumping together and avoid the protein aggregations [25,26].

TMAO concentrations are reported to increase gradually with the increase in depth,
suggesting its important function for the hadal species [21,27]. In chondrichthyan species
(Chondrichthyes), TMAO content increases from ~150 mmol/kg to ~200 mmol/kg with
the depth increasing from 500 to 1500 m [28]. In teleost fish, muscle TMAO content ranges
from less than 50 mmol/kg in shallow species to nearly 400 mmol/kg when the depth is
nearly 8000 m [24]. As for invertebrates (such as squid, decapods and amphipods), TMAO
has been found to increase linearly with depth. For example, TMAO content in muscle of
the decapod Pandalus danae increases linearly from 76 mmol/kg to 299 mmol/kg with the
depth increasing from 0 to 2850 m [29]. As for amphipods, TMAO concentrations were
reported ranging from less than 15 mmol/kg in shallow sea species to above 80 mmol/kg
in a deep-sea sample [30,31]. It should be noticed that, for a decapod at 6000 m depth, the
TMAO content in white muscle is about 270 mmol/kg, whereas the TMAQO in hemolymph
is only 12.9 mmol/kg [32], which indicates the great variations of TMAO concentration
between tissues. However, the distributions of TMAO concentrations of hadal species
among different tissues have not been reported so far.

Hadal environment intrinsic adaptation mainly refers to the evolutionary adaptation
of the amino acid sequence of protein itself, which includes amino acid substitutions in
some specific sites and protein structure changes [33,34]. FMOs belong to a subfamily of
B monooxygenases and are conserved in all phyla. Their main function is to add molecular
oxygen to lipophilic compounds [35,36]. There are five different functional FMO in adult
mammals, numbered from one to five, and FMO3 is the most important TMA oxidase
expressed in the liver [34,37]. The oxidation activity of FMO is very efficient because it does
not require the presence of substrates to initiate the catalytic cycle. The prosthetic group was
offered by flavin adenine dinucleotide (FAD), nicotinamide adenine dinucleotide phosphate
hydrogen (NADPH) was used as a hydride donor, and oxygen existed as cosubstrate [38].
The FMO expression could help cells to be resistant to multiple stressors, including high-
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pressure stress, heavy metal contaminations, free radical generator paraquat, UV radiation
and the mitochondrial toxin rotenone [34,37]. However, little is known about the FMO in
hadal amphipods.

Therefore, we decided to measure the TMAO and TMA content in two hadal amphipod
species, A. gigantea and H. gigas, and compared them with the content in a shallow-water de-
capod species, Penaeus vannamei. Evolutionary analysis regarding to the hadal amphipods’
FMO3 was also conducted. Our research on TMAO and TMA content in different tissues
in the hadal amphipods provides new insights into the possible molecular adaptation
mechanisms of the hadal amphipods.

2. Materials and Methods
2.1. Source of the Sample

Two hadal amphipod species, Hirondellea gigas and Alicella gigantea, were collected
from the Mariana Trench (10,839 m, 11.38° N 142.42° E) and the New Britain Trench (8824 m,
7.02° 5 149.16° E) in the west Pacific Ocean. Amphipod samples were collected by the
autonomous deep-ocean lander vehicle launched from the “Zhang Jian” research vessel
over the course of four sampling campaigns [38]. The detailed information about the lander
vehicle and sampling were described in our previous study [38]. Once collected on-board,
each amphipod sample was placed in a separate zip-lock bag and was immediately frozen
upon recovery at —80 °C. One shallow-water decapod species, P. vannamei, collected from
Qingdao coastal area with the depth ranging from 50~75 m, was also used in this study.

2.2. Pretreatment of Experimental Samples

Hirondella gigas, Alicella gigantea and Penaeus vannamei were dissected and eight tissues
(eye, brain, exoskeleton, gonad, fat, gut, muscle and liver) were obtained for the following
experiment. Each tissue was extracted from 10~30 individuals and the measurements for
each tissue were repeated 9 times.

Twenty milligrams of samples from each tissue were stored in a centrifugal tube, and
1200 pL solution (CH30OH: water = 4:1) was added. Then, vibration crushing was performed
on a high-throughput tissue crusher to crush the tissue samples. Ice bath ultrasonic
extractions were subsequently conducted three times. The tissue suspensions were stored
in the refrigerator at —20 °C for 20 min and centrifuged for 10 min at 13,000 rpms at 4 °C.
The supernatant was collected and diluted 20 times. Four hundred microliters of diluted
liquid were sucked out and then incorporated into the sample by chromatography using
the LC-MS and stored in a 4 °C refrigerator for further LC-MS, UPLC tests and analysis.

2.3. Settings of the UPLC-MS/MS Parameters

The quantifications of TMAO and TMA were performed by UPLC-MS/MS (WATERS
Inc., Milford, MA, USA). The chromatographic separation was carried out on an Infinity II
HILIC column. The flow rate was maintained at 0.2 mL/min, and the column was heated
to 30 °C. The instrument parameters for WATERS UPLC-MS/MS analysis are as follows:
nitrogen drying gas temperature 300 °C, nitrogen sheath gas temperature 250 °C, nitrogen
drying gas flow 5 L min~!, nitrogen sheath gas flow 11 L min~!, capillary voltage 3500 V,
nebulizer pressure 45 psi and nozzle voltage 500 V. The information regarding untested
compounds and internal standards was detected by characteristic precursor-product ion
transitions.

The detection was carried out by using a triple quadrupole mass spectrometer in
the positive ion mode in the multiple reaction monitoring (MRM) modes. The sample
concentrations were determined from calibration curves using a peak area ratio of the
analyte to its isotope [39].

2.4. Evolutionary Analysis and Protein Crystal Structure Prediction of FMO3

The BLAST program of National Center for Biotechnology Information (NCBI) was
used to search deduced amino acid sequences of FMO3 derived from selected crustacean.
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ClustalW in MEGA X was used for multiple sequence alignment. Phylogenetic tree was
constructed by ML method with the bootstrap of 1000 and Figtree was used for beautifi-
cation. PFAM, Interpro and SMART databases were used to annotate the deduced FMO3
of A. gigantea and P. vannamei for structural domain analysis. Conserved motif sequences
were predicted from PFAM database. Evolutionary analysis was conducted through the
Branch site model in Preset Mode in EasyCodeml (Version 1.4) [40]. Through the likelihood
ratio test (LRT) test, the crystal structure model of FMO3 and FAD ligand was carried out
by the I-TASSER database.

3. Results
3.1. TMAO and TMA Concentrations of the Two Hadal Amphipods

In this study, two compounds (TMAO and TMA) in eight tissues (eye, brain, muscle,
exoskeleton, gonad, fat, gut, muscle and liver) of two hadal amphipod species (A. gigantea
and H. gigas) and one shallow-water decapod, P. vannamei, were determined. All the TMAO
and TMA concentrations are shown in Tables 1 and 2, respectively. It was shown that the
order of TMAO mean content level is A. gigantea > H. gigas > P. vannamei (Figure 1). The
two hadal amphipods (A. gigantea and H. gigas) have a higher level of TMAO, even up
to 10 times higher than that of their shallow-water counterpart (P. vannamei) (Figure 1a).
However, the order of TMA mean level of the species is P. vannamei > H. gigas > A. gigantea,
which was quite different from the TMAO (Figure 1b).

Table 1. The trimethylamine oxide (TMAO) content (unit: mmol/kg wet weight; mean 4 SD) across
eight tissues in three species.

Tissue Trimethylamine Oxide (TMAO) Content (mmol/kg) Significant Difference

Tissue
A. gigantea H. gigas P. vannamei Ag-Hg Ag-Pv Hg-Pv
eye 68.52 + 12.36 42.80 £2.26 249 +0.44 e ok ok
brain 66.69 1 14.87 18.99 £7.93 1.96 £ 0.75 ok ok o
exoskeleton 55.47 +11.76 31.62 £+ 9.56 2.75+0.80 ot ok ok
gonad 43.87 £ 1.16 15.70 £ 5.81 1.82 £0.28 e ok ok
fat 4055 +£7.12 2222 +5.13 2.88+0.13 ok ok ok
gut 34.53 +19.78 28.12 + 8.38 222 4+0.32 - e ok
muscle 27.36 & 16.02 23.09 +21.13 2.48 +0.65 - ** *
liver 20.48 £ 12.20 16.24 £ 6.44 2.84 +0.32 * ot o
* represents significant difference (p < 0.05), ** represents significant difference (p < 0.01), and *** represents
significant difference (p < 0.001).
Table 2. The trimethylamine (TMA) content (unit: mmol/kg wet weight; mean + SD) across eight
tissues in three species.
- Tissue Trimethylamine (TMA) Content (mmol/kg) Significant Difference
issue
A. gigantea H. gigas P. vannamei Ag-Hg Ag-Pv Hg-Pv
eye 5.48 + 3.68 7.99 £+ 0.40 7.89 +1.55 - - -
brain 4.02 £1.60 3.40 +0.85 6.52 4 0.99 - ok ok
exoskeleton 6.67 4= 3.90 490 £ 251 4.97 +2.09 - - -
gonad 5.65 +4.52 2.98 + 0.66 7.77 +£2.98 - - *
fat 3.13 £0.93 3.08 = 0.91 3.67 £ 2.50 - - -
gut 3.55 +2.37 3.98 +1.35 12.93 £ 5.26 - ok ok
muscle 209+ 1.11 712 +£12.41 3.65 +0.96 - ** *
liver 3.08£1.13 3.07 +0.82 7.08 4= 1.82 - ok ok
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Figure 1. (a,b) Violin diagram of total TMAO and TMA content of two hadal amphipods and a
shallow water decapods P. vannamei. Red represents A. gigantea, orange represents H. gigas, and blue

represents P. vannamei.

Except the comparison with P. vannamei, we also compared our study with the reported
TMAO concentrations in amphipod species [30,41]. The comparisons are shown in Table 3.
Generally, TMAO concentrations in the hadal A. gigantea and H. gigas are higher than those
of the shallow amphipod in Lake Baikal (Table 3). Meanwhile, it can be easily concluded
that the TMAO concentration increases generally with increasing depth. As for hadal
H. gigas, the TMAO concentration of the combined tissues (our study) is closed to the data
of the whole body in Downing’s study [30].

Table 3. The TMAO concentrations of amphipods from fresh water and marine environments (unit:

mmol/kg wet weight).

Species Tissue Depth Location TMAO Reference
Megalorchestia columbiana whole body —1m Sandy beach 15 Downing et al., 2018
Anisogammarus pugettensi whole body 0.1m Sandy beach 12 Downing et al., 2018

Acanthogammarus lappadeus muscle 50 m Lake Baikal 6.0 Zerbst et al., 2005
Acanthogammarus grewingki muscle 170-930 m Lake Baikal 18.1-28.4 Zerbst et al., 2005
Acanthogammarus albus muscle 200 m Lake Baikal 16.1 Zerbst et al., 2005
Scypholanceola aestiva whole body 763 m Tidepool 17 Downing et al., 2018
Acanthogammarus reicherti muscle 930 m Lake Baikal 31.6 Zerbst et al., 2005
Ceratogammarus dybowskii muscle 930-1170 m Lake Baikal 43.3-47.3 Zerbst et al., 2005
Parapallasea lagowskii muscle 1170 m Lake Baikal 32.0 Zerbst et al., 2005
Valettietta sp. whole body 1561 m Southwest of Oahu 30 Downing et al., 2018
Paralicella tenupies whole body 35694779 m Kermadec Trench 45-50 Downing et al., 2018
Eurythenes gryllus whole body 38654817 m Kermadec Trench 26-42 Downing et al., 2018
Cyclocaris whole body 4897 m Marina Trench 25 Downing et al., 2018
Bathycallisoma schellenbergi whole body 5958-9198 m Kermadec Trench 46-82 Downing et al., 2018
Abyssorchomene musculosus whole body 6081 m Marina Trench 30 Downing et al., 2018
Hirondellea gigas whole body 6974-10,991 m Marina Trench 38-64 Downing et al., 2018
Hirondellea dubia whole body 7515-10,005 m Kermadec Trench 56-75 Downing et al., 2018
Princaxelia jamiesoni whole body 8189 m Marina Trench 43 Downing et al., 2018
Alicella gigantea combined 8824 m New Britain Trench 20-68 This study
Hirondellea gigas combined 10,839 m Marina Trench 15.7-42.8 This study

Note: Downing et al., 2018 [32]; Zerbst et al., 2005 [41].

The mean TMAO and TMA content (mmol/kg) and standard deviations of eight

tissues in three species are shown in Figure 2. It was clearly shown that the hadal group
(H. gigas and A. gigantea) possessed significantly higher levels of TMAO than the shallow-
water P. vannamei across all the eight tissues (Figure 2a). Different from TMAO, only five
tissues (brain, gonad, gut, liver, muscle) exhibited significant differences between the two
groups (Figure 2b).
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Figure 2. (a,b) TMAO and TMA content in eight tissues (eye, brain, muscle, exoskeleton, gonad, fat,
gut, muscle and liver) content in A. gigantea, H. gigas and P. vannamei (unit: mmol/kg wet weight;
mean =+ SD). * represents significant difference (p < 0.05), and *** represents significant difference
(p <0.001).

3.2. Expression Profiling of TMAO and TMA in the Two Hadal Amphipods

In order to compare the tissue expression profiling of TMAO and TMA between the
hadal amphipods and the shallow-water species, we drew a heat map regarding all the data
derived from Table 1 (TMAO) and Table 2 (TMA). As shown in the heat map (Figure 3), a
higher level of TMAO was detected in the external organs (such as the eye and exoskeleton)
for both of the two hadal amphipods, which indicated that the TMAO concentration was
not evenly distributed, although the same hydrostatic pressure existed in the outer and
internal organs (Figure 3a). It also should be noticed that the TMAO content in each tissue
of A. gigantea was higher than that of H. gigas, which might indicate that the TMAO content
was not only correlated with the distribution depth.

a- eye TMAO (mmol/kg) b eye TMA (mmolikg)
12

- brain ) brain
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Figure 3. (a,b) TMAO and TMA concrete content in eight tissues (eye, brain, muscle, exoskeleton,
gonad, fat, gut, muscle and liver) content in A. gigantea, H. gigas and P. vannamei (unit: mmol/kg wet
weight; mean + SD).

On the other hand, the TMA showed a different expression profiling among the three
species. Generally, a similar level of TMA concentration was detected in P. vannamei in
most of the detected tissues except for gonad, gut and liver (Figure 3b). The higher-level
TMA concentrations detected in P. vannamei might indicate less TMA was converted to
TMAO when at lower hydrostatic pressures. TMA content reached the highest level in the
shallow-water P. vannamei gut tissue among all the three species (Figure 3b).
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3.3. Correlation Analysis with TMAO and TMA Concentrations

Figure 4 showed a correlation (Pearson method) of TMA and TMAO concentrations of
eight tissues in three species. There is an obvious marker that shows that in nine tissues of
three species, the order of correlation coefficient between TMAO and TMA corresponding to
each tissue is Hg > Ag > Pv (Figure 4a), and a strong positive correlation was found between
the concentrations of TMAO and TMA in the two hadal amphipods (Figure 4b,c). It should be
noticed that, with the increase in depth, the correlation is stronger (Hg > Ag). The strongest
correlation in Ag is gonad, and in Hg, the strongest correlation tissue is liver (Figure 4a).
However, there was no significant correlation between the tissues in the shallow-water
P. vannamei (Figure 4d). This suggested to us that there might exist remarkable differences in
the TMAO and TMA transformation processes between the hadal amphipods and shallow-
water decapods.
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Figure 4. TMAO-TMA correlation comparison and fitting curve. (a) represents the TMAO-TMA
correlation scatter plot of each tissue of the two hadal amphipod species, and the size and color of
each point represent the magnitude of correlation coefficient. (b—d) represents the fitting curve of
the order of A. gigantea, H. gigas and P. vannamei, with Pearson correlation coefficient and p value,
respectively.

3.4. FMO3 Gene Analysis and Prediction of Three-Dimensional Crystal Structure

FMO3 is the most important TMA oxidase and converts TMA to TMAO [34,37]. In
order to conduct the evolutionary analysis regarding FMO3, we based it on the phy-
logenetic tree constructed by the available published transcriptome data [42,43] (see
Supplementary Figure S1). Supplementary Figure S2 shows the phylogenetic tree
of FMO3 with the branch lengths in Gammaroidea and A. gigantea. As shown in
Supplementary Figures S1 and S2, Gammaroidea is the closed clade to A. gigantea.
Therefore, positive selection analysis regarding FMO3 of A. gigantea was performed. By
setting the A. gigantea as the foreground branch, and other shallow-water Gammaroidea
(Echinogammarus marinus, Gammarus fossarum, Gammarus chevreuxi and Gammarus minus)
as the background species, we conducted the PSG analysis regarding A. gigantean FMO3.
The FMO3 sequences for the background species are deduced from the SRA database
(https:/ /www.ncbi.nlm.nih.gov/sra, accessed on 5 February 2022) (G. fossarum ERR386132,
G. minus SRR5576331, SRR5576333, G. chevreuxi SRR5109803, SRR5109804, SRR5109805,
E. marinus SRR8089734, SRR8089735, A. gigantea PRINA739006). We performed positively
selected analysis by branch site model. Three positive selected sites (92S, 2604, 286 K) were
found in the A. gigantea FMO3 gene, although likelihood ratio test (LRT) is not significant
for the whole branch.
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It should be noticed that some specific protein mutation sites were detected in the hadal
amphipod A. gigantea (Supplementary Table S1). To our surprise, we found two specific
sites in FAD binding motifs (GXGXXG) and FMO identifying motifs (FXGXXXHXXXE/Y) in
A. gigantea in 9G and 176 V (Figure 5a,b). In A. gigantea FMO3, alanine to glycine mutations
exist in FAD-binding motifs, and threonine to valine mutations exist in FMO-identifying
motifs, while these two mutations do not exist in the four background species (Figure 5b),
which might promote the hadal amphipod’s FMO3 functions. Moreover, I-TASSER [44]
was used to predict the crystal structure of the FMO3 sequence of A. gigantea (Figure 5a).
The FAD-binding motifs and FAD ligands indicated that this mutation occurred in the
conserved FDA-identifying motifs. Therefore, these positive and specific sites of A. gigantea
FMO3 might help to adapt to the hadal environment.

FMO-identifying sequence-specific mutation site

b C
A. gigantea gy A. gigantea
E. marinus | E. marinus
G. fossarum \; G. fossarum
G. chevreuxi | G. chevreuxi
G. minus | G. minus

Figure 5. The three-dimensional crystal structure of FMO3 gene of A. gigantea and the positively
selected site and specific mutation site of the FMO3 gene, (a) represents a three-dimensional view
of the FMO3 protein, highlighting the locations of three positive selected sites (yellow spheres) and
specific substitution sites on two conserved motifs (green spheres). Conserved motifs and the ligand
FAD are also represented in green; (b) represents the location of positively selected sites in A. gigantea.
Positively selected sites are represented in red, and * represents p < 0.05; (c) represents the locations
of specific mutation sites that occur on a conserved motif in A. gigantea compared with the four
amphipods in Gammaroidea, marked in red.

4. Discussion

The hadal zone is the deepest and most mysterious habitat on earth [45]. In hadal
trench environments, amphipods appear to be vertically stratified, and species are confined
to a relatively narrow depth range within each trench. Meanwhile, the high hydrostatic
pressure of the hadal zone is considered to be one of the major obstacles for species to
adapt to the hadal environment [46,47]. Different hadal amphipods live at specific depths,
and they dominate scavenging communities and are regarded as the primary prey of
hadal predators [48]. Accordingly, the study of amphipods is of great importance to
the understanding of hadal environment adaptations and amphipods are often used as
biological indicators of the hadal environment [49].

Based on these, in this study, we measured the TMAO and TMA concentrations of two
hadal amphipods and compared with the values of the shallow-water Penaeus vannamei.
The overall TMAO content was much higher in the hadal amphipods’ tissues (Table 1,
Figures 1a, 2a and 3a). Previous studies on hadal fish as well as hadal microbes have
proved that HHP will gradually increase with the increase in depth, and the accumulation
of TMAO in the body will gradually increase to resist high hydrostatic pressure [23,27].
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However, our research shows the TMAOQO content in each tissue of A. gigantea (8824 m) was
higher than that of H. gigas (10,839 m) (Figure 3a), which might indicate that the TMAO
content is not only correlated with the distribution depth, but also related to the particular
species. In fact, the two hadal amphipods were sampled from different trenches. It was
reported that different TMAO concentrations were detected between the Kermadec Trench
and the Mariana Trench at the same depth. However, the TMAO content increases linearly
when in the same environment [30]. Since the TMAO is produced in cell and the dead
animals will reduce TMAO to TMA [50], it is possible that A. gigantea tissues have more
intracellular and less extracellular space than tissues of H. gigas; therefore, H. gigas could
have more TMAOQ inside cells than A. gigantea, and it should not be overlooked how long
these specimens suffered until they were pulled to the surface. Compared with A. gigantean
(8824 m), it took a longer time to collect H. gigas (10,839 m) samples, which suggested that
more TMAOQO might be converted to TMA in H. gigns. The TMA data happened to show
that TMA content is higher in H. gigas than in A. gigantea (Figure 3b).

It should be noticed that a higher level of TMAO was detected in the external organs
(such as eye and exoskeleton) for both of the two hadal amphipods (Figure 3a). Previous
studies have shown that TMAO can over-stabilize proteins and reduce protein activities
and functions in an excessive concentration [51]. However, the normal activities of the
hadal species are mainly determined by tissues, internal organs and proteases. There may
exist a transport mechanism that transport TMAO in internal organs to external organs to
keep the TMAO in a balanced concentration.

TMA has been reported to be produced by gut microbes in hadal fishes [52]. Different
depths and the gut microbe’s diversity in different amphipods are different [53], and
the available nitrogen sources may decrease as the depth increases. TMA production is
also affected by the interaction between intestinal microorganisms and hadal amphipod
species [3]. As shown in Figure 3b, the tissues with the highest TMA content are found
in the intestine of P. vannamei. It was well known that the liver is considered to be the
main site of TMAO production in mammals [54]. The highest TMA content located in
P. vannamei’s gut revealed that the nitrogen source is sufficient in P. vannamei and TMA
in crustaceans might also be produced by gut microbes. The P. vannamei samples were
captured in Qingdao, but during the transporting process to Shanghai, unfortunately it was
not possible to keep it constantly at —80 °C. In transit, the TMA in P. vannamei probably
started to convert TMA to TMAO in the gut by bacteria [55].

The muscle TMAO content is nearly 400 mmol/kg in snailfish when the depth is
nearly 8000 m and is nearly 200 mmol/kg in deep-sea decapods when the depth is nearly
2000 m [29]. However, our data showed the highest TMAO content in eight tissues is
68 mmol/kg in hadal amphipods and it is obviously lower than those two species. At the
same time, the TMAO content has been reported to exist in the cell [50]. The tissue samples
used in our study may contain non-cell parts and the cell structure may also have been
broken during the tissue dissection process, which could be the possible reason for the
lower TMAO concentrations detected in our study:.

Not only TMAOQ, but also TMA, plays an important role in marine ecosystems as a
major precursor of the greenhouse gas methane in coastal sediments [56]. It has also been
demonstrated that microorganisms in the deep ocean absorb TMA from the environment
and convert it to TMAO to offset HHP [27]. Our study shows a strong positive correla-
tion between the two hadal amphipod TMAO-TMA species in deeper waters, but this
correlation was not confirmed in the shallow-water P. vannamei.

It was well known that the conversion of TMA to TMAO is accomplished through the
FMO3 gene. The FMO gene has also been shown to prolong life and maintain structural
stability [57]. Therefore, the study of amphipods may reveal many phenomena of the hadal
environment and adaptive evolution of species. In this study, we used the hadal amphipod
A. gigantea’s FMO3 gene to analyze the selected pressure of the hadal amphipod species
and found that FMO3 sequences generally did not have the positive selection in the entire
nucleic acid evolutionary branches of hadal species. Structural adaptations of proteins to
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hadal conditions may include patterns of amino acid substitution and changes in protein
structure that counteract the effects of stress on protein function, and even evolutionary
patterns of some proteins that respond to hydrostatic pressure [7,58]. Indeed, Mariana
Trench snailfish (MHS) also exhibit a positive selected site in FMO. It not even have a closed
skull as the bone Gla protein (bglap) gene has a frameshift mutation that may cause the
premature termination of cartilage calcification in the MHS [34].

Therefore, proteins at some sites are positively selected to adapt to high hydrostatic
pressure to maintain structural stability. The FMO3 was observed in two FAD-specific
binding motifs in the A. gigantea, and two FMO3-conserved motifs are mutated at specific
sites. Therefore, the substitution of such a conserved site suggests that this mutation may
be functionally beneficial to the protein functional adaptation of hadal species to hadal
environments. FMO3 is an evolutionarily conserved and highly abundant redox enzyme
system. The crystal structure of the FMO3 protein of A. gigantea was predicted by the
threading method as shown in Supplementary Figure S3. Factually, the genomic gene
family expansion, amino acid substitution and copy number increase are also important
regulatory mechanisms. Like HSPs in the hadal amphipod and fish, the HSP in H. gigas
can have more copies and some special site mutations. Other species help adapt HHP; the
Amax of rhodopsin 1 in YHS (Yap hadal snailfish) and MHS rhodopsin are lower than the
levels found in shallow-water teleosts and may help them adapt to dark environments
in the hadal zone [34,59,60]. All in all, the concrete intrinsic adaptation is complicated.
Further studies of specific structure and function will clarify the specific effects of this
unique mutation on the FMO3 protein. The concrete mechanism about how the hadal
species adapt to the hadal environment is still to be researched.

5. Conclusions

In this study, we measured the TMAO and TMA content in eight tissues of two hadal
amphipod species, and a shallow water decapod, P. vannamei. We found that the TMAO
content in hadal amphipod species is much higher than that in shallow species, and also
found that in amphipods, there may be a strong positive TMAO-TMA correlation among
amphipods in hadal habitats. We also found specific loci changes on two conserved motifs
in the FMO3 gene of the hadal amphipod. This study provides insights into the molecular
adaptation mechanisms of hadal organisms.
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selected crustacean species. Figure S2: Phylogenetic tree of FMO3 with the branch lengths between
Gammaroidea and A. gigantea. Figure S3: The prediction of three-dimensional crystal structure of
FMO3 protein of A. gigantea; Table S1: The positive selected sites and specific substitution sites on
two conserved motifs.
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Abstract: The Antarctic limpet, Nacella concinna, is one of the most abundant benthic marine inverte-
brates found in the intertidal zone of King George Island, Antarctica. The shell of N. concinna is often
encrusted with the coralline algae Clathromorphum obtectulum. In this study, to reveal the relationship
between the limpet and coralline algae, we examined how the coralline algae affect the physical
condition (survival and health) and morphology of the limpet. We cultured the limpets for 22 days
and compared mortality, weight, condition factor (CF), fatty acid content, and the structure of the shell
surface between limpets both with and without coralline algae in the laboratory. We also measured
the environmental factors (i.e., temperature, pH, and salinity) of the seawater at each sampling site
and the CF of the limpets and correlated them with coverage of coralline algae. The presence of
coralline algae significantly increased the mortality of the limpets by 40% and the shell weight by
1.4-fold but did not affect the CF. Additionally, coralline algae altered the fatty acid profiles related
to the limpet’s lipid metabolism (saturated fatty acids (SFA) and some polyunsaturated fatty acids
(PUFA)). Specifically, C16:0, C17:0, C18:0, and total SFA increased, whereas C18:2 and C18:3 decreased.
However, observations with a scanning electron microscope showed that shell damage in limpets
with coralline algae was much less than in limpets without coralline algae, suggesting that coralline
algae may provide protection against endolithic algae. The area of coralline algae on the limpet shell
was positively correlated with the pH and temperature of the seawater. The results suggest that
although coralline algae are generally assumed to be parasitical, the relationship between N. concinna
and coralline algae may change to mutualism under certain conditions.

Keywords: epibiosis; antarctica; limpet; coralline algae; parasite

1. Introduction

Epibiosis is a phenomenon that is common in marine benthos [1,2], where the basibiont
acts as the substrate to which a sessile epibiont can attach [2]. Numerous epibiotic studies
have been conducted [3-5]. For example, Manning and Lindquist [6] studied the interaction
between clams and hydroids on sandy beaches and found that the hydroid, as the epibiont,
adversely affected the movement of the clams. Marin and Belluga [7] analyzed whether
epibiotic sponges protected clams against predation and found that bivalves fouled with
sponges survived significantly longer than unfouled bivalves. Wahl and Hay [8] examined
the relationship between seaweeds, epibiotic plants, and the predatory sea urchin. They
found that the sea urchins’ preference for seaweed changed according to the presence or
absence of epibionts. However, thus far, there have only been a few studies of epibiosis in
more extreme environments [9-11].

Antarctica is one of the most sensitive regions of the world to climate change [12,13],
and research on ocean acidification and ocean freshening in the area is ongoing [14-17].
The Antarctic limpet, Nacella concinna, is one of the most conspicuous of the macrobenthos
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in the rocky intertidal and subtidal zones of Antarctica [18]. The shell of the limpet (the
basibiont) can provide a habitat for the epibiont, and N. concinna that were fouled with
coralline algae (epibiont) are commonly found [19,20]. The coralline algae, Clathromorphum
obtectulum, is one of the most abundant non-geniculate coralline algae found throughout
the Arctic and Antarctic regions and live on the rigid substrates and shells of various
organisms [21-24]. McClintock et al. [19] showed that coralline algae can produce Mg-
calcite skeletons when they cover the shell of N. concinna, providing protection to the shell in
low pH environments. Schoenrock et al. [22] conducted experiments on culturing calcified
species (C. obtectulum) and Antarctic crustose macroalgae (Hildenbrandia sp.) under the
conditions of increased seawater temperature and pCO, according to near-future climate
change. They reported Hildenbrandia sp. would have potential competitive advantages for
intertidal space. However, until now, there have been no studies on how epibiotic coralline
algae directly affects the limpet itself.

In this study, we aimed to understand the relationship between the limpet (N. concinna)
and coralline algae (C. obtectulum) in Antarctica for the first time. We hypothesized that
epibiotic coralline algae on the shell would adversely affect the limpet. Accordingly,
we predicted that the coralline algae would decrease the survival condition factor (CF),
increase shell weight, and change the fatty acid content in the tissue of the limpet.

2. Materials and Methods
2.1. Sampling (Culture and Field Survey)

The limpets (Nacella concinna) for the culture experiments were collected in 12 Jan-
uary 2019 by hand from the outer side of Marian Cove on King George Island (lat-
itude 62°14.531' S, longitude 58°44.783' W; water temperature: 2.8 °C £ 0.2, salinity:
33.3 psu £ 0.2, pH: 8.3 & 0.004, mean =+ standard error (SE); Figure 1). The limpets were
selected based on shell length (32.7 &= 0.2, mean =+ SE). To determine the area of coralline
algae on the shells of the limpets, we analyzed the images (camera: Olympus TG-5, Olym-
pus, Tokyo, Japan) using Image]®. We then divided the limpets into groups depending
on whether they had more than 10% coralline algae coverage (present) or not (absent)
(N =20 per each treatment).

mm King Sejong Station

Sampling site

(a) (b)

Figure 1. (a) The sampling site for Nacella concinna is marked by a white circle (culture experiments)
and white triangles (field survey). The insert on the upper left indicates the location of Marian Cove
(red square) on King George Island. (b) Sample images of N. concinna were used in this study. The
upper row shows N. concinna partially covered by the coralline algae Clathromorphum obtectulum. The
lower row shows N. concinna without C. obtectulum on the shell.
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The limpets (N = 69) for the field survey for determining the relationships between
the limpets and environmental factors (pH, temperature, and salinity) were collected
from 19 different points both inside and outside the ice wall from 25 December 2018,
to 8 February 2019 (Figure 1). Each sampling was conducted within a 30 cm radius of a
sampling spot. The temperature, salinity, and dissolved oxygen content were measured
using multiple water quality sensors (YSI pro2030, Yellow Spring Instruments Inc., Yellow
Springs, OH, USA), while pH was measured with a pH meter (Seven2Go pH/Ion meter S8,
Mettler Toledo, Columbus, OH, USA).

2.2. Experiment Setup and Acclimation

Acclimatizing the limpets to the experimental conditions was conducted in a water
tank (80 x 45 x 20 cm) using seawater (pH 8.0, salinity 34 psu) taken from in front of
King Sejong Station over seven days from 12 to 19 January 2019. To control salinity,
the frozen part was melted for use in low-saline seawater after freezing, and the rest
was used for high-saline seawater [17]. pH was controlled using CO, tablets (SERA,
Heinsberg, Germany) [17,25].

The culture experiment was conducted over 22 days from 19 January to 9 February
2019. The limpets were divided into two groups according to the presence or absence of
coralline algae on their shells. The limpets were positioned separately, and the seawater was
replaced every 24 h to maintain water quality. To maintain experimental accuracy, the top
of the beaker was sealed by parafilm, and there was no food supply during the experiment.
We used a low-temperature incubator (Plant Growth Chamber SH-303, Seyoung Scientific
CO., Bucheon, Korea) to keep a stable temperature and humidity. The temperature, salinity,
dissolved oxygen content, and pH were measured once every 24 h.

2.3. Analysis Method

During the experiment, limpet mortality was checked every 12 h and any dead
limpets were immediately removed. Mortality was checked by foot muscle and tentacle
movements [25]. Digital calipers (CD-15PSX, Mitutoyo Corp., Kanagawa, Japan) were used
for measuring the length, height, and width of the limpets, and an electronic micro-scale
(PG2002-S, Mettler Toledo, Columbus, OH, USA) was used to measure wet weight.

The CF was used as a bioindicator to measure limpet health [26,27]. After the experi-
ment, CFs were calculated with only live individuals using the following formula [25].

CF = tissue wet mass x shell volume ™

Fatty acid analysis was performed on the foot tissue of the limpet (N = 20 per each
treatment). The extraction of fatty acid methyl esters (FAMEs) was performed according to
the methodology of Gracés and Mancha [28]. Twenty limpets were used for each treatment.
The tissue samples were freeze-dried at —95 °C using freeze dryers (CoolSafe 4-15 L,
LaboGene, Lillerod, Denmark). All samples were then stored at —20 °C [29,30] before being
crushed and placed in tubes with Teflon caps.

The samples were mixed 2 mL of a methylation mixture (MeOH: Benzene: DMP (2,2-
Dimethoxy-propane): HySOy4, 39:20:5:2) and 1 mL of heptane. The samples were extracted
at 80 °C for two hours. After heating, the samples were cooled at room temperature
before being divided into two layers. The upper layer of each sample was transferred to
a vial for gas chromatography (GC) injection. The fatty acid composition was analyzed
using a Gas Chromatograph (GC; Agilent 7890 A, Santa Clara, CA, USA) equipped with
a 120 mm x 0.25 mm x 0.25 um capillary column (DB-23, Agilent, Santa Clara, CA, USA)
and a flame ionization detector (FID). The injector temperature was 250 °C. The fatty acid
content was calculated using the internal injection standard (C15:0) of known concentration.
The results were expressed as mg FA /g lipid.

Using field emission-scanning electronic microscopy (FE-SEM; S-4300SE, Hitachi, Ltd.,
Tokyo, Japan), species identification of the coralline algae on the shell was conducted based
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on the shape (N = 1; Figure 2a). The cross section of the shell was then analyzed to identify
the direct effect of coralline algae on the limpet shell (Figure 2b).
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Figure 2. (a) SEM images of the conceptacles of coralline algae (x250), (b) the cross section of the
limpet shell with coralline algae (x100), (c) the in-plane section of the limpet shell after the coralline
algae had been removed deliberately (x180), and (d) the in-plane section of limpet shell with no
coralline algae (x180). The dashed yellow line indicates the boundary line between the shell and
coralline algae and the white arrows indicate irregular holes.

2.4. Statistical Analysis

We tested for significant differences in mortality, CF, shell weight, coverage, and fatty
acid content using the two-tailed independent t-test for normally distributed data and the
Mann-Whitney U test for non-normally distributed data. Significance probability levels
of the fatty acid analysis were recalculated using the sequential Bonferroni correction for
multiple comparisons [31]. We used Spearman’s rank correlation coefficient to investigate
the relationship between coralline algae coverage on the limpet shells and environmental
factors (pH, salinity, and temperature) or the CF of the limpet. All statistical analyses were
performed using SPSS software (version 19.0; SPSS, Inc., Armonk, NY, USA), with a p-value
of <0.05 denoting statistical significance.

3. Results
3.1. Mortality, Shell Weight, and CF

Mortality rate (%) and shell weight (g) was significantly higher in limpets with
coralline algae on their shell (50% and 1.99 4= 0.10 g) compared to limpets without coralline
algae on their shell (10% and 1.44 &+ 0.071 g) (Two-tailed Mann-Whitney U test; U = 120,
ny =20, np = 20, p = 0.006; Figure 1la; Two-tailed independent f-test, t = 4.331, df = 38,
p < 0.001; Figure 3a,b). However, there was no significant difference in the CF between the
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two groups (Two-tailed independent t-test, t = —0.389, df = 26, p = 0.700; Figure 3c). Addi-
tionally, the area of algae coverage (%) did not significantly influence mortality (Two-tailed
independent t-test, t = 1.447, df = 18, p = 0.165; Figure 3d).
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Figure 3. (a) Mortality, (b) shell weight, and (c) CF of limpets in the presence or absence of coralline
algae on the shell. (d) The coverage area (%) of the coralline algae from alive or dead limpets within
the group in which coralline algae are present on the shell. Values for shell weight, CF, and coverage
area are indicated as mean + SE. Asterisks indicate significant differences between groups (p < 0.05).
3.2. Fatty Acid Content
As a result of analyzing the fatty acids of two groups with the presence or absence
of coralline algae, significant differences were found in SFA among the main groups, SFA,
MUFA, and PUFA (Table 1). The group in which coralline algae was present on the shell
had a higher content of SFA (C16:0, C17:0, C18:0) and lower content of PUFA (C18:2, C18:3)
than that of the group without coralline algae.
Table 1. Fatty acids composition (mg/g) of groups. Values are mean + SE. ‘Presence’: the limpet
partially covered by the coralline algae, “Absence’: the limpet without the coralline algae on the shell.
. P Ab
Fatty Acid Trivial Name ;?iel;(()le NS:I‘zl(C)e p-Value
C14:0 Myristic acid 0.192 (£0.007) 0.178 (40.006) 0.145
' (tetradecanoic acid) ' ' ' ' '
Palmitic acid "
C16:0 (hexadecanoic acid) 3.463 (0.061) 3.228 (+0.038) 0.002
: Margaric acid ‘
C17:0 (heptadecanoic acid) 0.248 (+£0.010) 0.179 (£0.004) <0.001
. Stearic acid "
C18:0 (octadecanoic acid) 0.952 (40.020) 0.868 (+0.011) 0.001
LSFA! - 4.855 (+0.090) 4.452 (40.050) <0.001 *
C18:1 Oleic acid 0.531 (£0.021) 0.536 (£0.016) 0.84
C20:1 Eicosenoic acid 0.992 (£0.027) 1.065 (£0.025) 0.052
¥ MUFA 2 - 1.523 (£0.044) 1.602 (+0.031) 0.153
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Table 1. Cont.

. . . Presence Absence
Fatty Acid Trivial Name N =20 N =20 p-Value
C18:2 Linoleic acid 0.062 (£0.006) 0.093 (£0.006) 0.001 *
C18:3 Alpha-linolenic acid (ALA) 0.131 (£0.015) 0.222 (£0.014) <0.001 *
C20:2 Eicosadienoic acid 0.928 (£0.039) 0.951 (£0.026) 0.613
C20:3 Eicosatrienoic acid (ETE) 0.817 (£0.028) 0.842 (£0.019) 0.478
C20:4 Arachidonic acid (AA) 2.240 (40.089) 2.451 (40.061) 0.058
C20:5 Eicosapentaenoic acid (EPA, 4,039 (40.174) 3.948 (40.091) 0.648
Timnodonic acid)
¥ PUFA 3 - 8.217 (40.281) 8.507 (40.091) 0.337
¥ n-34 - 1.662 (£0.072) 1.671 (£0.041) 0.912
Y n-65 - 1.077 (40.044) 1.165 (£0.031) 0.089
n-3:n-6 - 1.565 (£0.063) 1.457 (£0.056) 0.212
1 SFA, Saturated Fatty Acid; 2 MUFA, Monounsaturated Fatty Acid; 3 PUFA, Polyunsaturated Fatty Acid; 4p-3,
n-3 Fatty acid; ° n-6, n-6 Fatty acid; * Significant p values with sequential Bonferroni correction (p < 0.05).
3.3. Scanning Electron Microscope (SEM) Analysis
SEM observation showed that the algae had no direct effect on the shell. No damage
was observed to the surface shells from which the algae were removed (Figure 2c). However,
the surfaces of the shells without algae were damaged, with irregular holes observed
(Figure 2d).
3.4. Environmental Factors and Limpet
A significantly positive correlation was found between the coverage (%) of coralline
algae on the limpet and the temperature and pH of the habitat seawater (Figure 4 and
Table 2).
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Figure 4. Relationship between (a) pH, (b) temperature, (c) salinity, and (d) CF and the coverage of
coralline algae on the limpet shell. The red line indicates the trend line.
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Table 2. Spearman’s rank correlation analysis examines the relationship between pH, temperature,
salinity, and the CF of the limpets and the coverage of coralline algae on the limpet shell. Description
of symbols: r—Spearman’s Rank Correlation Coefficient; N—number of data; p—the p-value of
the correlation.

pH Temperature Salinity Condition Factor x 1000

y = 31.876x — 258.95 y =2.5621x — 4.0368 y = —0.0349x + 7.1865 y =7.1391x — 3.1859

Coverage 0664, N=69,p<0.001 r=0539,N=69,p<000l r=0036N=69,p=0772 r=—0055N =69,p=0654

4. Discussion

In this study, we found that Antarctic limpets with coralline algae epibionts had higher
mortality and greater shell weight than limpets without coralline algae and identified
variations in the ratio of fatty acids between the two groups. However, the CF did not
differ significantly between the two groups. These results suggest that coralline algae act
as a parasite under normal conditions, with their presence negatively affecting behavior
and metabolic activity by increasing the shell weight of the host and by decreasing drag
speed [32], eventually jeopardizing their survival [33]. Our study showed that the shell
weight of the limpet was higher in the group with coralline algae than in the group without
coralline algae. An increase in shell weight can increase the metabolic burden of the host
organism, eventually leading to energy exhaustion [32].

Although the CF could be a sensitive indicator for other organisms that generally
inhabit the intertidal zone, the CF of N. concinna did not respond sensitively to pH [25] and
temperature [34] in previous studies. Therefore, it appears that epibionts do not affect the
CF of the limpet.

The fatty acid composition, which can be an indicator of stress (temperature, salinity,
pollutants, etc.) in living organisms, was found to vary significantly depending on the
presence or absence of epibionts [35,36]. In the group with coralline algae, the C16:0, C17:0,
C18:0, and total SFA values were higher than in the group without coralline algae. The
PUFA values of C18:2n6¢, C18:3n3, and PUFA: SFA were lower in the group with coralline
algae. It is well known that changes in the fatty acid composition are one of the cell-unit
protection strategies that protect against environmental changes [37]. Changes in fatty
acids were also seen in the military turban sea snail (Turbo militaris) [38] with increasing
temperature and in the blue mussel (Mytilus edulis L.) [39] with increasing salinity.

Changes in SFA and PUFA are characteristics that regulate membrane structure and
features in organisms to resist environmental stress, respectively [37,40-42]. This study has
shown that the presence of an epibiont can change the fatty acid composition of the host
and may also influence the cell functioning.

SEM analysis showed that the degree of damage to the surface of the limpet shell
was different depending on the presence or absence of coralline algae. Limpet shells can
be damaged by environmental factors such as waves and glaciers, as well as biological
factors such as endolithic algae [43]. Endolithic algae are very important microborers for
organisms with carbonate exoskeletons [44-46]. However, our study could not confirm
whether the coralline algae directly affected the shell of the limpet.

Interactions between epibionts and hosts can be altered by environmental changes [47 ,48].
For instance, while branchiobdellids, which are epibionts of crayfish, act as commensals
in clean water, their relationship changes to mutualism under a fouling environment [47].
The limpets and coralline algae are sensitive to ocean acidification in Antarctica because
calcium carbonate (CaCO3) makes up the main component of their shell [19,49]. When
the temperature and pH of the seawater fluctuate due to climate change, the epibiotic
relationship between limpet and coralline algae will also be affected. In our study, the
area of coralline algae on the limpets showed an opposite trend with decreasing pH and
increasing temperature. Despite this, studies have shown that endolithic algae can thrive
when seawater pH decreases and water temperature increases [50-52]. In addition, it was
suggested that increasing the biomass of microborers can partially improve the dissolution
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rate (%) of coral exoskeletons [53]. Therefore, if endolithic algae are more likely to proliferate
on limpets because of climate change, coralline algae can protect the shell because they
adhere to the outermost surface of the limpet shell. This can lead to a mutually beneficial
symbiosis as the benefits received by the limpets in the existing parasitic relationship will
be substantially increased.

5. Conclusions

This study evaluated the interactions between the Antarctic limpet, representative
intertidal macrofauna living in the Antarctic intertidal zone, and coralline algae fouled on
the shells. Negative effects of this relationship were that the mortality and shell weight of
the limpets were increased, and the distribution of the fatty acids was altered. As a positive
effect, the algae physically protected the limpet shell from external stressors (scratches,
penetration, etc.). We provide the first evidence that the relationship between the Antarctic
limpet (N. concinna) and coralline algae is parasitic. However, future climate change may
alter this relationship. Further studies on the effects of climate change on the interactions
between these two species would help understand how symbiotic relationships can develop
between species.
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Abstract: Chitin, one of the most abundant biopolymers in nature, is a crucial material that provides
sufficient rigidity to the exoskeleton. In addition, chitin is a valuable substance in both the medical and
industrial fields. The synthesis of chitin is catalyzed by chitin synthase (CHS) enzymes. Although the
chitin synthesis pathway is highly conserved from fungi to invertebrates, CHSs have mostly only been
investigated in insects and crustaceans. Especially, little is known about annelids from hydrothermal
vents. To understand chitin synthesis from the evolutionary view in a deep-sea environment, we
first generated the whole-genome sequencing of the parasitic polychaete Branchipolynoe onnuriensis.
We identified seven putative CHS genes (BonCHS1-BonCHS7) by domain searches and phylogenetic
analyses. This study showed that most crustaceans have only a single copy or two gene copies,
whereas at least two independent gene duplication events occur in B. onnuriensis. This is the first
study of CHS obtained from a parasitic species inhabiting a hydrothermal vent and will provide
insight into various organisms’ adaptation to the deep-sea hosts.

Keywords: chitin synthase; polychaete; Branchipolynoe; host—parasite interaction

1. Introduction

Chitin, a linear polymer of 3-(1,4)-N-acetyl-D-glucosamine (GlcNac), is the second
most abundant biopolymer in nature, followed by cellulose, with more than 100 billion
tons synthesized annually [1-5]. It is found in various organisms, ranging from fungi to
various invertebrates, and provides them with sufficient rigidity to support their shape
and structure [1]. In arthropods, chitin plays a crucial role in forming new cuticles during
molting and is a component of the intestine peritrophic matrix in insects, which supports di-
gestion [1,6,7]. In nematodes, chitin components are found in the eggshell and pharynx [8].
Furthermore, in Lophotrochozoa, chitin forms the radula and shell in mollusks [9-11], beak
in cephalopods [12], and chaetae in annelids [13]. Due to its diverse function, chitin is
attracting attention as a raw material for various fields, such as the pharmaceutical and
biotechnological industries [14].

Chitin is polymerized by an enzyme called chitin synthase (CHS, chitin 4-3-N-acetylgl-
ucosaminyltransferase; EC 2.4.1.16), which is generally characterized by three functional
domains: A, B, and C [15]. Domain A, composed of several transmembrane helixes, is
located at the N-terminal, and this domain sequence may vary between species. Domain
B (chitin_synth_2), the catalytic core that contains two highly conserved motifs (“EDR”
and “QRRRW?”), is in the middle of the gene. Domain C is located at the C-terminal, with
approximately seven transmembrane helices, and has the conserved motif “WGTRE” [1].

Generally, insects have two CHS genes (CHS1 and CHS2). CHSI is responsible for
cuticle formation in the epidermis, while CHS2 is involved in chitin synthesis in the
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peritrophic membrane of the intestine [1,6]. A CHS gene knockdown study in the crustacean
Lepeophtheirus salmonis showed the formation of an abnormal appendage, which eventually
led to death, suggesting the multifunctional role of CHS [16]. However, interestingly,
compared to the ecdysozoans, which have only a single or two gene copies located in the
same chromosome, numerous CHS genes have been identified in lophotrochozoans [1]. For
example, 31 CHS genes were identified in the brachiopod Lingula anatina [17]. In addition,
four and five CHS genes were identified in the shallow-sea polychaetes Capitella teleta
and Dimorphilus gyrociliatus, respectively, whereas 19 and 12 CHS genes were significantly
expanded in the deep-sea polychaetes Paraescarpia echinospica and Lamellibrachia luymesi [18].
These findings suggest that the CHS gene duplication event occurs lineage-specifically.
However, CHSs have mostly been explored only in arthropods; so far, little is known about
CHSs in annelids. Studies are gradually investigating the poorly explored realm of the
lophotrochozoan CHS, but data on the evolutionary process of CHS gene expansion are still
lacking. In addition, no phylogenetic analysis, including deep-sea parasitic polychaetes,
has been reported.

In this study, we performed whole-genome sequencing (WGS) of parasitic polychaete
Branchipolynoe onnuriensis collected from bivalves living in a hydrothermal vent [19] and
identified seven CHS genes (BonCHS1-BonCHS7) belonging to the glycosyltransferase
2 (GT2) family. This is the first study of CHSs from deep-sea parasitic polychaetes. We also
analyzed the relationship of B. onnuriensis CHS genes with those from lophotrochozoans.
In addition, we expanded on the classification of lophotrochozoan CHS gene groups, in
order to obtain information about their CHS gene family expansion and categorized them
into five different subgroups. Our results will provide important information for those
who study the chitin synthesis mechanism in deep-sea parasitic polychaetes in the future.

2. Materials and Methods
2.1. Sample Collection and Next-Generation Sequencing

An individual parasitic polychaete Branchipolynoe onnuriensis was separated from its
host Gigantidas vrijenhoeki (class Bivalvia) using a video-guided hydraulic grab (Oktopus,
Germany) around the Onnuri Vent Field (OVEF, 11°14/55.92” S, 66°15'15.10” E; depth of
2014.5 m) during a Korea Institute of Ocean Science and Technology (KIOST) expedition
along the Central Indian Ridge (CIR) in 2019 [20]. Immediately after being collected,
the sample was stored in 95% ethanol at —20 °C, until DNA extraction in the laboratory.
Genomic DNA was extracted using the QIAGEN Blood & Cell Culture DNA Mini Kit
(QIAGEN, Hilden, Germany), according to the manufacturer’s instructions. A paired-end
library was constructed using the TruSeq DNA Nano 550 bp kit (Illumina, Inc., San Diego,
CA, USA), with an insert size of 550 bp, and 150 bp sequencing was performed using the
Novaseq6000 platform (Illumina).

2.2. Data Filtering and De Novo Genome Assembly

Adaptor sequences and low-quality reads that were lower than the mean quality score
of 20 were removed. In addition, reads shorter than 120 bp or with unknown bases (n)
were filtered using Trim Galore (ver. 0.6.6) [21]. The cleaned reads were obtained with the
following parameters: -quality 20 -length 120 -max_n O.

After quality control, de novo assembly, using 21-, 31-, and 51-mers to build an initial
de Bruijn graph, was performed with SPAdes (ver. 3.14.0) [22]. Finally, quality assessment
software for genome assembly, QUAST (ver. 5.0.2) were utilized to obtain diverse metrics,
such as the number of contigs, a large contig, the total length, N50, or L50, without a
reference genome [23].

2.3. Gene Prediction and Identification of the Chitin Synthase Gene

The genome structure of B. onnuriensis was annotated using ab initio gene prediction
with Augustus (ver. 3.4.0) using a generalized hidden Markov model [24].
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To extract the putative CHS sequences, we combined the basic local alignment search
tool (BLAST) searches using National Center for Biotechnology Information (NCBI) and
domain predictions. According to Zakrzewski et al. (2014) [7], since lophotrochozoans
have four subgroups of CHS genes in type 2, we assumed that there would be at least
one gene in each group (A, B, C, and D). First, we mined five CHS genes corresponding
to each group from the same polychaete species, three CHS genes from Owenia fusiformis
(group A, accession no. AHX26704.1; group D, accession no. AHX26707.1; type 1, accession
no. AHX26703.1), and two CHS genes from Sabellaria alveolata (group B, accession no.
AHX26717.1; group C, accession no. AHX26711.1) from NCBI and used them as queries
to search homologous genes in our sample. In addition, we performed BLAST searches
against the customized database with an E-value cut-off of < 1 x 107> and a length of >
300 amino acids (aa) [25]. Next, domain searches of each obtained gene were carried out
using the simple modular architecture research tool (SMART) [26]. We identified seven
putative genes and named them BonCHS1-BonCHS?7. To confirm the putative BonCHSs,
we performed BLAST searches against the Carbohydrate-Active enZymes Database (CAZy;
https:/ /bcb.unl.edu/dbCAN2/download /CAZyDB.09242021.fa, accessed on 1 June 2022)
which contains enzymes that synthesize or break down carbohydrates and glycoconjugates,
with an E-value cut-off of <1 x 10719 [27]. In order to obtain comparable E-values, the
database size of 1.58 x 10'! (using the “-dbsize” option) was set to be equivalent to the
size of the non-redundant (NR) protein database at NCBI.

2.4. Phylogenetic Analysis of Chitin Synthase

We conducted two phylogenetic analyses, i.e., the lophotrochozoan and metazoan
trees. In the lophotrochozoan phylogenetic tree, 52 protein sequences, including seven
putative BonCHS1-BonCHS7, were retrieved from 20 species (Table 1). In the metazoan CHS
gene tree, 74 protein sequences were retrieved from 33 species (Table 1). Multiple sequence
alignments were performed with MAFFT (ver. 7.475) [28]. We also used IQ-TREE (ver. 2.2.0)
to select the best substitution model via Bayesian information criterion (BIC) [29]. The
best evolutionary model of LG + I + G4 and LG + F + I + G4 was selected to construct the
maximum likelihood (ML) for metazoan and lophotrochozoan data sets using RAXML-NG
(ver. 0.9.0) [30]. In addition, each branch was supported by 1000 bootstrap replicates in
the ML tree. The Bayesian tree was constructed using MrBayes (ver. 3.2.4), using the
LG +1+ G4 and LG + F + I + G4 models for metazoan and lophotrochozoan datasets. A
total of four chains (three heated and one cold chain), for sampling all 5 x 10? generations,
were carried out in two independent analyses. We performed 1 x 10° generations of
MCMC analysis, and the first 25% trees as burn-in and incorporated with the ML tree [31].
Finally, each metazoan and lophotrochozoan phylogenetic tree was visualized using FigTree
(ver. 1.4.4).

Table 1. Gene list of chitin synthases used for phylogenetic analysis.

Taxon

(Phylum: Class) Species Gene Name Type Accession No.
OfuCHS1 Type 2, group A AHX26704.1
OfuCHS2 Type 2, group C AHX26705.1
OfuCHS3 Type 2, group C AHX26706.1
Owenia fusiformis OfuCHS4 Type 2, group D AHX26707.1
OfuCHS5 Type 2, group D AHX26713.1
Annelida *: Polychaeta OfuCHS6 Type 1 AHX26703.1
SalCHS1 Type 2, group B AHX26717.1
Sabellaria alveolata SalCHS2 Type 2, group C AHX26711.1
SalCHS3 Type 1 AHX26710.1
DgyCHS1 Type 2, group A CAD5118528.1

Dimorphilus gyrociliatus DgyCHS?2 Type 2, group B CAD5114651.1
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Table 1. Cont.

Taxon . :
(Phylum: Class) Species Gene Name Type Accession No.
PduCHS1 Type 2, group B AHX26708.1
Platynereis dumerilii PduCHS2 Type 2, group B AHX26709.1
PduCHS3 Type 2, group C AHX26716.1
CteCHS1 Type 2, group A ELU08572.1
. CteCHS2 Type 2, group C ELT98539.1
Capitella teleta CteCHS3 Type 2, group D ELT92724.1
CteCHS4 Type 2, group D ELT92107.1
Annelida *: Annelida . .
incertae sedis Myzostoma cirriferum MciCHS1 Type 2, group B AHX26714.1
LgiCHS1 Type 2, group A XP_009061726.1
LgiCHS2 Type 2, group A XP_009061725.1
LgiCHS3 Type 2, group A XP_009061724.1
LgiCHS4 Type 2, group B XP_009063632.1
Lottia gigantea LgiCHS5 Type 2, group C XP_009047936.1
LgiCHS6 Type 2, group D XP_009066852.1
Mollusca *: Bivalvia LgiCHS7 Type 2, group D XP_009066854.1
LgiCHSS8 Type 2, group D XP_009051436.1
LgiCHS9 Type 2, group D XP_009051165.1
Muytilus edulis MedCHS1 Type 2, group A CAG2205753.1
Teqillarca granosa TqrCHS1 Type 2, group A AON76719.1
Atrina rigida AriCHS1 Type 2, group A AAY86556.1
Pinctada fucata PfuCHS1 Type 2, group A BAF73720.1
EmaCHS1 Type 2, group A GFS24687.1
EmaCHS?2 Type 2, group C GFR89942.1
Elusia mareinata EmaCHS3 Type 2, group D GFR83755.1
Mollusca *: Gastropoda Y 8 EmaCHS4 Type 2, group D GFR70591.1
EmaCHS5 Type 1 GFS00558.1
EmaCHS6 Type 1 GFR82903.1
Crassostrea gigas CgqiCHS1 Type 2, group A XP_034323514.1
Mollusca *: . LasCHS1 Type 2, group A AHX26699.1
Polyplacophora Leptochiton aselluis LasCHS2 Type 2, group C AHX26700.1
. HzeCHS1 Type 2, group 1 ADX66429.1
Helicoverpa zea HzeCHS?2 Type 2, group 2 ADX66427.1
Arthropoda: Insecta . . OfurCHS1 Type 2, group 1 ACF53745.1
Ostrinia furnacalis OfurCHS2 Type 2, group 2 ABB97082.1
MseCHS1 Type 2, group 1 AAL38051.2
Manduca sexta MseCHS?2 Type 2, group 2 AAX20091.1
. . . LsaCHS1 Type 2, group 1 AYN59157.1
Arthropoda: Copepoda  Lepidopterous salmonis LsaCHS?2 Type 2, group 2 AYN59158.1
Chordata: Danio rerio DreCHS1 Type 2 deuterostome AJW72838.1
Actinopterygii Esox lucius EluCHS1 Type 2 deuterostome XP_010887243.2
Megalops cyprinoides McyCHS1 Type 2 deuterostome XP_036403039.1
Chordata: Ascidiacea Ciona robusta CroCHS1 Type 2 deuterostome BBB15954.1
Chordata: Amphibia Xenopus laevis XlaCHS1 Type 2 deuterostome XP_018120159.2
Choanoflagellatea Salpingoeca rosetta SroCHS1 Type 1 EGD80959.1
Monosiga brevicollis MbrCHS1 Type 1 XP_001743227.1
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Table 1. Cont.

Taxon . :
(Phylum: Class) Species Gene Name Type Accession No.
Sycon ciliatum SciCHS1 Type 1 AHX26712.1
Porifera: Calcarea Leucosolenia complicata LeoCHST Typel AHX26702.1
P LcoCHS?2 Type 1 AHX26701.1
N Il . NveCHS1 Type 1 EDO41482.1
ematostella vectensis NoeCHS?2 Type 1 EDO44996.1
Cnidaria: Hexacorallia b SpiCHS1 Type 1 PFX15170.1
Stylophora pistillata SpiCHS2 Type 1 PFX17869.1
Huydra oulearis HouCHS1 Type 1 XP_004207525.2
Y 8 HouCHS2 Type 1 XP_012554922.1
Fungi: Eurotiomycetes Aspergillus fumigatus AfuCHS1 Fungi group P54267.2
Fungi: Sordariomycetes Neurospora crassa NcrCHS1 Fungi group P30588.2

* Lophotrochozoan phyla.

3. Results and Discussion
3.1. Data Filtering and Genome Assembly

Using [llumina paired-end sequencing, we generated 39.82 Gb raw reads from the
parasitic polychaete Branchipolynoe onnuriensis. A stringent quality filter process (with
Phred quality scores of 20 or more, see Materials and Methods) was applied; then, a total of
37.58 Gb (94.36%) filtered reads remained. After the filtering process, de novo assemblies of
the genome sequences, using the software package SPAdes (ver. 3.14.0), were performed.
Our initial genome assembly comprised 14,816 contigs, with a total length of 196,561,892 bp.
The largest contig was 210,881 bp long, with an N50 length of 12,818 bp. Although the
data obtained were insufficient for downstream analysis, since there are no genomic data
available in Brachipolynoe spp. or parasitic polychaetes, we performed gene prediction to
identify CHS protein-coding regions (see Table 2 for general information).

Table 2.  General information from next-generation sequencing to gene annotation in
Branchipolynoe onnuriensis.

Number of reads before filtering 263,730,178
Sequencin Mean quality score 35.47
4 & Percentage of > Q30 (%) 90.95
Number of bases (Gb) 37.08
Data filtering Number of reads after filtering 250,683,082
Number of contigs (> 10,000 bp) 14,816
Length of N50 (bp) 12,818
Assembly Total length of contigs (bp) 196,561,892
Length of the largest contig (bp) 210,881
GC content (%) 43.71
Gene prediction Number of predicted genes 353,344

3.2. Gene Prediction and Chitin Synthase Search

Gene structure prediction was conducted using the ab initio method, which yielded
353,344 protein-coding genes. To extract CHSs from B. onnuriensis, we performed sequence
similarity searches and extracted the top five best genes in each group (type 1; groups A, B,
C, and D in type 2) and investigated the sequences thoroughly (Table 3). Two genes were
identified as type 1; four in groups A, B, and D; and five in group C. The first top-hit gene
in each group was assumed to be the BonCHS genes belonging to the corresponding group.
However, in group B, the third top-hit gene, g91735.t1, was considered a candidate CHS
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gene, because the first and second genes, g38534.t and g45117.t1, belonged to groups D and
A, respectively. In addition, phylogenetic analysis for more sensitive identification showed
no outlier (Figure 1). Therefore, we determined these five genes as putative BonCHS genes.

In addition, the number of genes in each group was determined to be one, except
for group C. For example, the first top-hit gene in group A was included in group A, and
all three genes belong to groups B, C, and D. However, in group C, the fourth and fifth
top-hit genes belong to groups D and A, respectively. Since information about which group
the second and third top-hit genes belong to is unknown, we first added two genes to the
phylogenetic tree. As a result, both genes were included in the same clade of group C.
Thus, the number of genes in group C was determined to be three. Consequently, from the
similarity search and phylogenetic analysis, we extracted seven different CHS genes from
B. onnuriensis: BonCHS1-BonCHS?.

3.3. Protein Domain Search, Identification of the GT2 Family, and Multiple Sequence Alignments

The seven BonCHS genes (BonCHS1-BonCHS7) were subjected to predict the domain
structures using the SMART web server (http://smart.embl-heidelberg.de, accessed on
23 March 2022). We found that seven BonCHS sequences have chitin_synth_2 domain
(Pfam domain: PF03142), except for BonCHS3 and BonCHS5. We supposed that three
genes (BonCHS3, BonCHS4, and BonCHS5) in group C were only partially assembled, due
to the limitation of Illumina short-read sequencing and lower coverage depth. However,
the BLAST searches against the NCBI and UniProt web server showed that BonCHSs with
the top-hit was CHS genes of the lophotrochozoan species, except for BonCHS6 (Table 4).
Furthermore, multiple sequence alignment was performed using 45 amino acid sequences
obtained from lophotrochozoans. The two unique motifs, “EDR” (associated with cat-
alytic function) and “QRRRW” (conferring processivity to CHS), were found to be highly
conserved in all annelids and mollusks, suggesting their significance in chitin synthe-
sis (Figure 2) [7,32].

Table 3. BLAST result with E-value cut-off threshold of < 1 x 107 and length > 300 aa.

Database Type Top Genes Length (aa) E-Value Identified Group  Gene Name Species
§58373.t1 838 0 Type 1 BonCHS7 Owenia
Typel o
$38534.1 321 2 x 10751 Group D fusiformis
g45117.t1 733 2 x 10713 Group A BonCHS1
Group A 938534.t1 321 1 x 10717 Group D O. fusiformis
P 9120019.t1 304 7 x 101 Group C '
§91735.t1 755 1x10°% Group B
938534.1 321 2 x 10v!20 Group D
Group B g45117.t1 733 2 x 107106 Group A Sabellaria
§91735.t1 755 4 x107% Group B BonCHS2 alveolata
Type 2 ¢120019.t1 304 5x 10776 Group C
g20614.t1 464 0 Group C BonCHS3
¢120019.t1 304 2 x 107142 Group C BonCHS4
Group C 986068.11 472 3 x 107197 Group C BonCHS5 S. alveolata
938534.t1 321 8 x 10712 Group D
g45117.41 733 3 x 107106 Group A
§38534.11 321 3 x 107197 Group D BonCHS6
45117.t1 733 2 x 107122 Group A o
GroupD 8 P O.
roup Q91735.1 755 5% 108 Group B fusiformis
£120019.t1 304 3 x 1079 Group C
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Figure 1. Maximum likelihood (ML) phylogeny of types 1 and 2 chitin synthase (CHS) genes: 74 amino
acid sequences from 31 metazoans and two fungi. The fungi sequences were used as an outgroup.
The gene names are abbreviated and listed in Table 1. CHS genes from Branchipolynoe onnuriensis are
colored in red. Numbers in each node are supporting values and shown only > 70 and > 0.7 from the
ML and Bayesian inference. The scale bar is provided at the bottom of the tree and represents the
amino acid substitutions per site.
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The similarity searches against the CAZy database showed their inclusion in the GT2
family (Table 5). For all genes, the E-value was < 1 x 10~ '3 and their identities ranged from
37.02% to 88.46%. Although BonCHS3 and BonCHS5 were not confirmed by the domain
searches, their E-values showed 0 and 4.67 x 107132 with an identity of 76.46% and 53.22%.
Note that our analysis failed to find the “EDR” and “QRRRW” motifs from BonCHS?7. Thus,
BonCHS3, BonCHSb5, and BonCHS7 were excluded from the evolutionary patterns.

3.4. Phylogenetic Analysis of Chitin Synthase

In order to confirm the ortholog relationship and understand the molecular evolution-
ary history, we conducted phylogenetic analysis, including all type 1 and 2 CHS genes from
the NCBI (Figure 1). As suggested by Zakrzewski et al. (2014) [7], type 1 CHS genes gener-
ally exist in all metazoans, and BonCHS7 was found to be closely related to OfuCHS6 from
O. fusiformis and EmaCHS5 from Elysia marginata. However, since E. marginata EmaCHS6
and S. alveolata SalCHS3 form another clade, type 1 lophotrochozoan CHS is considered a
paraphyletic group.

To understand the evolutionary relationship of lophotrochozoan CHS genes, we recon-
structed a ML phylogenetic tree, with CHS protein sequences from seven annelid species,
two gastropods, one polyplacophora, and five bivalves (Figure 3). Five deuterostome
sequences were used as an outgroup. Type 2 CHS genes mainly consist of four groups
(groups A, B, C, and D). In each group, annelid and mollusk clades are clearly separated,
with well-supported values of > 87% and 1 from the ML and Bayesian inference, which
suggests that the lophotrochozoan CHS gene duplication event occurred before the diver-
gence of annelids and mollusks [7]. Except for group C, annelid and mollusk CHS genes
formed a monophyletic clade in all groups. This means that the O. fusiformis group C CHS
gene has undergone a more complex evolutionary process. In the same context, in group
C, we found three BonCHS genes. Since these genes (BonCHS3-BonCHS)5) originated from
different contigs, they are more likely to result from the gene duplication events, rather
than be isoforms. However, not all polychaetes have increased gene copies in group C. For
example, two genes were identified from Platynereis dumerilii in group B, two and three
genes in O. fusiformis and B. onnuriensis in group C, and two genes in O. fusiformis and C.
teleta in group D, but with no copies in group A. Even for the same taxon, polychaeta, gene
duplication did not occur in the same group, which appears to be a species-specific event.
Moreover, several CHS copies were also found in mollusks (L. gigantidas and E. marginata).
Considering that two types of CHS genes with different functions exist in ecdysozoans
(component of the exoskeleton and peritrophic matrix), all four different types of CHS of
lophotrochozoans may play a different function. Additionally, since B. onnuriensis was
collected by chance from its host, Gigantidas vrijenhoeki, there was a limit to describing their
ecological characteristics, except for their habitat and parasitism. However, we obtained
evidence of a gene duplication event in group C, and it is best to say that it is due to the
two factors mentioned above. To determine the underlying mechanisms and functions of
lophotrochozoan enzymes, gene and protein characterization studies are required.

Table 4. The top-hit BLAST results against NCBI and UniProt database.

Database Query ID Species Database ID Identity (%) E-Value

BonCHS1 Lamellibrachia satsuma KAI0208509.1 46.94 2 x 10715
BonCHS2 Lamellibrachia satsuma KAI0242735.1 56.45 1x 1072
BonCHS3 Platynereis dumerilii AHX26716.1 73.04 0

NCBI BonCHS4 Platynereis dumerilii AHX26716.1 88.09 8 x 107132
BonCHS5 Sabellaria alveolata AHX26711.1 52.52 6 x 107112
BonCHS6 Homalodisca vitripennis KAG8240581.1 64.47 1 x 107154
BonCHS? Owenia fusiformis CAH1788656.1 51.09 1x 107170
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Table 4. Cont.

Database Query ID Species Database ID Identity (%) E-Value
BonCHS1 Capitella teleta R7UXD6 46.10 4.3 x 107161
BonCHS2 Lottia gigantea V4B948 441 1.7 x 107121
BonCHS3 Capitella teleta R7TXS7 70.30 3 x 1071%°

UniProt BonCHS4 Capitella teleta R7TXS7 87.00 9.3 x 1071%
BonCHS5 Lingula unguis A0A1S3IM62 48.10 7 x 107109
BonCHS6 Bombyx mori H9J0C4 66.20 5.7 x 107193
BonCHS7 Lingula unguis AO0A1S3IM62 48.10 0

BonCHS1 A2 F I[@F L LI Y L|NIE] Y F M ARy LBIL
BonCHS2 B2 - - - A LLL v FENEIF F Ay aBLL
BonCHS4 C2 - - LLL v FRIEIF F L AN MBS L L
BonCHS6 D2 L¥ LiLiL v Fllyv F iy MoAN I LBL L
SalCHS1 B2 F L LLL v FIEMEF F IL L
SalCHS2 C2 [¥¥ LLL v FRIEFY LaMMMBIL L
SalCHS3 T1 FL LMY L FBEYFK M ANEY LML
OfuCHS1 A2 ¥V LML I F B F 7 Lall vBlLL
S W orucHs2 2 ¥ LLL + FIEF F L&MW MBI L L
:'9 OfuCHS3 C2 ¥ ¥ L R FIKBF F Mo WB L L
— N OfuCHS4 D2 ¥V L R v FINEF F MoAN T LBL
OHN orucHSs D2 ¥¥ bk L Y FNEFF MAN L LBIL
S orucHss T1 WF LM M L F MEF MK LANMLLYF
Sl peycHST A2 F¥ LLL v A FAEFY MOF | L MBI L
<C | peycHs2 B2 F I LLI RV A FEIEF F K LAl vBLL
PduCHS1 B2 F¥ Ll RY A FREFF L A& WG M D L M
PduCHS2 B2 FL Lvv I A FEREIF F LaBY LB LL
PduCHS3 C2 ¥V LLL v A FREFY LAMMMB L L
MciCHS1 B2 FL LLLE R v & FIEF F MMM MDY L L
CteCHS1 A2 WV I AL =1 A 3 - MARNIL I BILM
CteCHS2 C2 ¥ LLL v A FHEF Y L AN M MBI L M
CteCHS3 D2 ¥V L L K v AL FBEFF Fail LBlLL
CteCHS4 D2 ¥V LLL K v AL FIBEF F Fal LblLL
LgiCHS1 A2 ¥ I LLE I AL FIEF F LafMuMBIL L
LgiCHS2 A2 F I LLL I & F FHBIF ¥ M AN Y MBI L L
LgiCHS3 A2 ¥V LLL I AL FEF F Lab1BLL
LgiCHS4 B2 ¥ L LLL v A FINEF F MoAN I MBIL L
LgiCHSS C2 ¥ L RIS v AM FIKIEF F LAl MBLL
LgiCHS6 D2 YV LML v A FIEEF F M AN MBIF L
LgiCHS7 D2 ¥ ¥ LLL R v i FEF F Mall] LBl L
Sl LgicHSS D2 ¥ I LiL R I F e F ¥ MAN 1 BILL
OfN LgiCHSY D2 ¥v LLL v FrBF Y MoAN T LBIL L
N MedCHST A2 ¥ I LML I A FEREF F L B W B L L
_E TgrCHS1 A2 ¥ | LML I A FDEFF L A B MBS L L
— W AriCHS1 A2 ¥ 1 LML I n FNEFF LN M MBI L L
Of PrucHS1 A2 ¥ 1 LML I A FNEFF LAMNMMB L L
2 CgiCHS1 A2 ¥ | LML 1 & FINEF F L AN M WD L L
EmaCHS1 A2 ¥ | LLL = 1 A FAlElFF Lal 1 1BLL
EmaCHS2 C2 ¥ L LLL M A FREFF Lall MBLL
EmaCHS3 D2 ¥ V¥ LLL R v FYEIFY MAN I LBILL
EmaCHS4 D2 - - LLL R v F [EREIF v MAN T LBILL
EmaCHSS T1 ¥¥ LM M R M F ENEIY ¥ K Mo A Y LAY
EmaCHS6 T1 F L LMV I FEEEF vk LAMLMLY I
LasCHS1 A2 ¥ | LLL FEQIFF LA VIILI
LasCHS2 C2 ML LML Y FviEFF | Ll MBIL L
QRRRW
Figure 2. Multiple sequence alignment of CHSs from lophotrochozoan species—23 CHS genes from
annelids and 22 from mollusks were used. Gene types are marked next to the name (A2, B2, C2, and
D2 for groups A, B, C, and D in type 2 and T1 for type 1). Two highly conservative motifs (EDR and
QRRRW) are indicated in bold red. The color code is followed by physicochemical properties.
Table 5. The top-hit BLAST results against CAZy database.
Query ID Species Database ID Enzyme Class Identity (%) E-Value
BonCHS1 Macandrevia cranium AHX26715.1 GT2 42.40 1.54 x 10~ 1>
BonCHS2 Myzostoma cirriferum AHX26714.1 GT2 37.02 1.71 x 107141
BonCHS3 Platynereis dumerilii AHX26716.1 GT2 76.46 0
BonCHS4 Platynereis dumerilii AHX26716.1 GT2 88.46 2.10 x 10~ 140
BonCHS5 Sabellaria alveolate AHX26711.1 GT2 53.22 4.67 x 107132
BonCHS6 Bombyx mori AFC69002.1 GT2 66.25 4.35 x 107123
BonCHS? Owenia fusiformis AHX26703.1 GT2 50.23 0
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Figure 3. Maximum likelihood phylogeny of chitin synthase genes—48 genes from 15 lophotro-
chozoan and five deuterostome species are included. The gene names are abbreviated and listed in
Table 1. Genes belonging to the polychaetes are colored in each group (red in group A, orange in
group B, yellow in group C, and green in group D). Deuterostome sequences are used as an outgroup.
In each node, supporting values for ML and Bayesian inference are shown in this order. The nodes
supporting values of <60 are indicated with “-”. The arrows indicate annelids with several copies
(orange for Platynereis dumerilii, yellow for Owenia fusiformis, green for Capitellateleta, and red for
Branchipolynoe onnuriensis). The clades with the gradient boxes represent the polychaete species in
each group. The scale bar represents the amino acid substitutions per site.

4. Conclusions

Chitin, a natural polysaccharide, is the second-largest substance on earth and valuable
for many industries. However, compared to the ecdysozoan CHSs, which are relatively
well-researched, little is known about the lophotrochozoan CHS gene. Therefore, in this
study, we collected the parasitic polychaete B. onnuriensis living in the deep-sea and
conducted WGS to investigate the evolutionary aspect of CHSs. As a first step toward
understanding the role of lophotrochozoan enzymes, we successfully identified seven
CHS genes (BonCHS1-BonCHS?) and classified them into five groups. Because of the
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lower coverage depth and limitation of short-read sequencing, the B. onnuriensis genome
may have more than seven CHS genes. In addition, it is a common phenomenon that
lophotrochozoans have several CHS genes, especially species living in deep-sea polychaetes.
B. onnuriensis was found from the host recently; thus, their evolutionary and ecological
aspects had remained largely unexplored, except that they survive in the deep-sea and are
parasitic. We speculated that the CHS gene duplication event might be involved in a harsh
environment or parasitic life. Although further research is needed on which tissues the
CHS gene in group C is expressed and its function, this study suggests the possibility that
CHS genes in group C are duplicated, which may play a key role in adaptation to parasitic
life in harsh environments.
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Abstract: The oceanic lightfish Vinciguerria nimbaria is a mesopelagic species found in tropical and
subtropical waters. In this study, we collected a total of 266 mixed fish egg samples from 78 stations
in Korean waters of the Northwest Pacific Ocean from January to November 2021, and analysed these
samples for V. nimbaria using cytochrome c oxidase I (COI) metabarcoding. We detected V. nimbaria
eggs five times in May and once in August, with 20 V. nimbaria eggs to be estimated among the
266 mixed samples, which consisted of 68,844 eggs. To verify the accuracy of the metabarcoding
results, two samples consisting of 1 and 6 eggs (diameter, 0.82 4= 0.07 mm; n = 5), respectively, that
were identified as V. nimbaria were reanalysed using partial COI regions with the Sanger sequencing
method. COI sequences obtained using both sequencing methods showed 100% identity in the
overlapping regions. The mixed eggs formed one clade with V. nimbaria (average pairwise genetic
distance, 0.002 £ 0.003; n = 7) in a phylogenetic ML tree based on the mitogenome (2 rRNAs and
13 protein-coding genes) of order Stomiiformes, including partial COIs from the mixed egg samples.
The pairwise genetic distances in this clade were smaller than that of Stomiiformes (0.468 + 0.081),
except for V. nimbaria. These eggs represent direct evidence of the intrusion or distribution of adult
V. nimbaria, an unrecorded species, in Korean waters.

Keywords: Vinciguerria nimbaria; mixed fish eggs; high-throughput sequencing

1. Introduction

Vinciguerria nimbaria (Jordan and Williams 1895; Stomiiformes: Phosichthyidae), a
mesopelagic species found abundantly at depths of 200400 m in tropical and subtropical
oceans [1,2], is distributed in the Western Central, Eastern, and Northwestern Atlantic
Oceans [3-5] and Indo-Pacific waters, including the Southeastern Pacific Ocean and South
China Sea [6,7] except for Korean waters [8]. Vinciguerria nimbaria feeds mainly on copepods
and is a major prey of tuna [2,9]; it forms loose schools that occur in clusters during the
daytime and dense schools in large aggregations during the night [10], organized through
large vertical diel migrations [11].

The total life span of V. nimbaria is 67 months. Mature females (standard length,
>30.6 mm; age, >85 days) spawn pelagic eggs (diameter, 0.65 mm) continuously throughout
the year [5]. The lifetime fecundity of V. nimbaria is approximately 9000 eggs (109,000 eggs
without considering mortality), and the maximum stock egg production of a theoretical
cohort occurs at a standard length of 37 mm [5].

Many marine teleost fishes release large quantities of pelagic eggs as a spawning
strategy [12,13]. The probability of finding pelagic eggs increases exponentially during the
spawning period, exceeding that of adults [14,15]. The geographic distribution of these
eggs is critical to locating spawning fish, as well as identifying their spawning grounds and
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periods. Because fish eggs are extremely sensitive to environmental changes, spawning
conditions can be used as ecological indicators of climate change [16].

The identification of fish eggs to the species level using morphological traits alone
is difficult because of their high morphological similarity [17,18]. DNA barcode analysis
has become increasingly prevalent in egg identification for a limited number of species,
including Lophius litulon [19], Anguilliformes [20], and Larimichthys polyactis [21]. Egg
DNA barcoding is also useful for the long-term monitoring of various fish spawning
grounds [22,23]. Recently, the intrusion of rare fish that were previously unreported in
Korean waters has been detected through DNA metabarcoding of mixed fish eggs based
on high-throughput sequencing (HTS) [24].

In this study, we applied DNA metabarcoding to mixed fish egg samples to test its
efficacy in monitoring rare species. The Vinciguerria nimbaria barcode reads from these
samples were confirmed using Sanger sequencing. Our results offer evidence of the
distribution of unrecorded adult V. nimbaria in Korean waters based on DNA metabarcoding
of pelagic fish eggs.

2. Materials and Methods

Fish egg samples were collected from 78 stations in the coastal waters of Korea
between January and November 2021. A map of the sampling stations was created using
ggOceanMaps software [25] (Figure 1). Egg sampling was conducted using two types of
nets (mesh, 300 um), with mouth diameters of 60 and 80 cm (net towing speed, 1 m/s; net
trajectory; vertical, horizontal, and oblique; net towing time, <10 min). We collected a total
of 266 specimens containing fish eggs; these were stored in 95% ethanol in the field on
the research vessel (10% sample volume in ethanol). A total of 68,844 eggs were extracted
from the raw samples under a dissecting microscope (Table 1). The water temperature and
salinity of the study area were measured using a Sea-Bird SBE 9 or Sea-Bird SBE 19 Plus V2
instrument (Sea-Bird Electronics, Bellevue, WA, USA).
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1000-1500
1500-2000
2000-4000
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Figure 1. Sampling stations where pelagic fish eggs were collected off the Korean coast.
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Table 1. Information on the survey area and high-throughput sequencing data for pelagic fish eggs.

Survey Area Sampling Date ~ Sampling Gears Number Sampling Number Total Sequence

of Stations Times of Eggs Reads
H: Hallim of Jeju Is. 26 May 2021 1 5 892 1,198,048
S: EEZ of the southern
Korean waters 30 May 2021 Mouth diameter, 1 16 107 4,337,922
60 or 80 cm; Mesh
. 18 May 2021 4 1 15 114 4,025,376
W: EEZ of the western y size, 300 um
Korean waters 5 August 2021 1 15 111 3,616,582
0S: Ongjin-Sungap Is. of 14 May 2021 1 11 42 2,575,872
the western Korean waters 3 August 2021 1 27 584 7,532,516
January— Mouth diameter,
Korean coastal waters November 80 cm; Mesh size, 74 177 66,994 56,642,638
2021 300 um
Total 78 266 68,844 79,928,954

We performed genomic DNA (gDNA) extraction from one egg to mixed eggs up to
250 ul or less per sample and two adult samples of Vinciguerria sp. (Indian Ocean; 4.097° N,
77.350° E) on March 23, 2018 (accession no.: OP983980, OP983981) using a MagListoTM
5M Genomic DNA Extraction Kit (Bioneer, Daejeon, Korea) following the manufacturer’s
protocols. Prior to gDNA extraction, all samples were photographed using a digital cam-
era. A MiSeq next-generation sequencer (Illumina, San Diego, CA, USA) was used to
analyse the cytochrome c oxidase I (COI) barcode region of mixed eggs. Sequencing li-
brary construction consisted of two steps: polymerase chain reaction (PCR) and amplicon
sequencing [26]. The first PCR was performed using the COI region primers used for
species identification, including the MiSeq adapter. The primers used for the first PCR were
as follows: forward, TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGWACWG-
GWTGAACWGTWTAYCCYCC; reverse, GTCTCGTGGGCTCGGAGATGTGTATAAGA-
GACAGTATACYTCIGGRTGICCRAARAAYCA [26,27]. The PCR conditions were: initial
denaturation at 95 °C for 3 min; 40 cycles of denaturation at 95 °C for 30 s, annealing at
46 °C for 30 s, and extension at 72 °C for 1 min; and a final extension at 72 °C for 5 min.
The products were held at 4 °C.

For Sanger sequencing of two Vinciguerra sp. adults (Figure 2) identified followed
by Smith and Heems [28], and Nakao [7], one egg (SM310), and six mixed eggs (SM332),
PCR was performed using COl fish cocktail primers, as follows: forward, M13(20)-VF2_t1
GTAAACGACGGCCAGTCAACCAACCACAAAGACATTGGCAC and M13(20)-FishF2_t1
GTAAAACGACGGCCAGTCGACTAATCATAAAGATATCGGCAG; and reverse, M13(40)-
FishR2_t1 CAGGAAACAGCTATGACACTTCAGGGTGACCGAAGAATCAGAA and M13(40)-
FR1d_t1 CAGGAAACAGCTATGACACCTCAGGGTGTCCGAARAAYCARAA [29,30].
The PCR conditions were: initial denaturation at 94 °C for 3 min; 35 cycles of denatu-
ration at 94 °C for 30 s, annealing at 52 °C for 40 s, and extension at 72 °C for 1 min; and
a final extension at 72 °C for 4 min. The products were held at 4 °C, and then sequenced
using a DNA Analyzer (3730XL; Applied Biosystems, Waltham, MA, USA) with a BigDye
Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, Waltham, MA, USA).

Secondary PCR was performed for sample classification using the purified product of
the first PCR, using the following primers: forward, AATGATACGGCGACCACCGAGATC
TACAC-index2-TCGTCGGCAGCGT; and reverse, CAAGCAGAAGACGGCATACGAGAT-
index1-GTCTCGTGGGCTCGG [26]. The secondary PCR conditions were: initial denatu-
ration at 95 °C for 3 min; 8 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for
30 s, and extension at 72 °C for 30 s; and a final extension at 72 °C for 1 min. The products
were held at 4 °C. The products of the first and second PCR analyses were purified using a
MagListoTM 5M PCR Purification Kit (Bioneer).
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Figure 2. Vinciguerria sp. (IB18IM 4-8; total length, 32.2 mm) collected in the Indian Ocean on
23 March 2018.

The concentration of the purified second PCR product was measured using a Nan-
oDrop 1000 Spectrophotometer (Thermo Fisher Scientific), and then equal amounts of each
sample were mixed. A total of 408 raw FASTQ datasets (>1-14 segmentation analyses per
sample; 68,844 eggs within 266 mixed fish egg samples) were obtained by MiSeq analysis
(2 x 301 bp; Illumina), merged using the BBMerge tool (default, [31]), and mapped to the
COl region of V. nimbaria reference sequences (GenBank accession no. AP012958; complete
mitogenome) using Geneious v11.1.5 software.

The merged paired contig reads (MPCRs; >99% identity with V. nimbaria COlI AP012956)
were identified as V. nimbaria if the mapping ratio of MPCRs to MMPRs (mean merged
paired reads) among sampling stations with >1000 MPRs (merged paired reads) was >80%.
To validate the identification accuracy, six complete Stomiiformes genomes, including that
of V. nimbaria (AP012958), were extracted from GenBank [32]. The six mitogens concate-
nated 2 rRNAs and 13 protein-coding genes (PCGs), and COI contig reads (including two
Sanger sequences) constructed from six mixed egg samples and partial COI sequences
from two Vinciguerria sp. adults were aligned using ClustalW [33]. The GTR + G + I model
(1000 bootstraps) was used to construct an ML (maximum likelihood) tree of aligned
sequences with MEGA-X software [34,35].

3. Results

A total of 79,928,854 reads were obtained through HTS of 266 mixed fish egg samples
(68,844 eggs; 408 raw FASTQ dataset) collected from 78 stations along the Korean coast. A
total of 12,272,357 MPRs were constructed from the 79,928,854 bidirectional raw FASTQ
reads. Among the MPRs from the raw HTS reads, 79 samples had 1-9806 MPCRs with
>99% identity with V. nimbaria COI (AP012958). Only six samples passed the quality control
condition for identification as V. nimbaria, accounting for at least 1551-25,617 MPRs, was
>85.7% ratio of MMPRs to MPCRs (three eggs; SM377) (Table 2). Two MPCRs, from one,
single-egg sample (SM310) and one, six-egg mixed sample (SM332), that were identified as
the same species were found to be 100% concordant in their overlapping regions according
to Sanger sequencing (OP975709, OP975710).

Vinciguerria nimbaria eggs were found off the northwest coast of Jeju Island (H: May,
one time) and in the Korea Strait (S: May, three times), south of the Korean Peninsula; and in
the West Sea (W: once in May and once in August), west of the Korean Peninsula (Table 2).
Eggs were collected using vertical, oblique, and surface net towing methods. Surface net
towing was performed twice (Table 2). The water temperature of the surface layer was
16.8-17.4 °C, and the salinity was 35.2-35.5 PSU at the three sampling areas (H, S, and W)
in May. In August, the water temperature was 27.8-28.1 °C at the surface and 11.4-11.5 °C
at the bottom, and the salinity was 31.8-31.9 PSU at the surface and 32.3-32.4 PSU at the
bottom at the W sampling area.

The proportion of MMPRs to MPCRs for two V. nimbaria eggs (SM310 and SM332) was
99.4 and 556.7% respectively. The proportion of MMPRs to MPCRs for the other four mixed
eggs was 85.7-870.9%. If the ratio of MMPRs to MPCRs was >50%, it was estimated as one
egg. There were one to nine V. nimbaria eggs per sample, for a total of 20 eggs (Table 2). The
diameter of the V. nimbaria eggs was 0.71-0.90 mm (0.82 £ 0.07 mm; n = 5) in 95% ethanol.
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The eggs were spherical, with no oil globule, and were in the (a—e) early and (f) middle

stages of development (Figure 3).

Figure 3. Morphological characteristics of the sampled eggs, with diameters (mm) of (a) 0.90, (b) 0.84,
(c) 0.79, (d) 0.71, (e) no data (not measured because of deformed egg) and (f) 0.84. The average egg
diameter was 0.82 = 0.07 mm (n = 5). All eggs were sampled from station W (sample SM332).

All six egg MPCRs formed a phylum with V. nimbaria (AP012958), which was used as
a standard for species identification in the COI ML tree (Figure 4). Genetic distances within
this clade ranged from 0.000 to 0.007 (average, 0.002 £ 0.003; n = 7). This clade was clearly
distinguished from the Vinciguerria sp. clade, a similar taxon, with a genetic distance of
0.068-0.074 (average, 0.073 & 0.002). The two lineages of genus Vinciguerria were distinctly
separated from other taxa in Stomiiformes, with a genetic distance of 0.301-0.660 (average,

0.468 + 0.081).

AP012958 Vinciguerria nimbaria Ref
OP975715 SM377 eggs MPCRs 3883
88| OP975714 SM347 eggs MPCRs 1940
OP975712 SM314 eggs MPCRs 687
100}l oP975711 SM313 eggs MPCRs 1449

OP975709 SM310 egg Sanger
100

OP975710 SM332 eggs Sanger
0OP983981 IB18IM2.5 adult Sanger
99 OP983980 IB18IM4.8 adult Sanger
NC 003159 Chauliodus sloani
NC 002574 Sigmops gracilis

97 NC 002647 Diplophos taenia
NC 037248 Stomias atriventer

NC 051534 Sternoptyx diaphana

0.05

Vinciguerria nimbaria clade

:l Vinciguerria sp. clade

Figure 4. Phylogenetic relationships determined using two rRNAs and 13 protein-coding genes,
including partial cytochrome c oxidase I, from six V. nimbaria egg merged paired contig reads, two
adult Vinciguerria sp., and five outgroups as shown in the ML tree. Ref, reference sequence; Sanger,

Sanger sequencing; MPRCRs, merged paired read contig reads.
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4. Discussion

Information on the geographical distribution of fish can be obtained from a wide
variety of sample types, including eggs, adults, environmental DNA (eDNA; traces of
organisms in their habitat), and photographs [23,36-38]. Among these, the easiest samples
to attain are eDNA, which can be obtained through water sampling, and fish eggs, which
can be collected using small nets or instruments such as the Continuous Underway Fish
Egg Sampler [23,39,40]. Unlike eDNA, fish eggs are highly correlated with the distribution
of adults during the spawning season, and are therefore useful for identifying spawning
grounds through the detection of egg spatiotemporal distribution [41,42]. In this study, we
examined the coastal distribution of V. nimbaria around the Korean Peninsula by analysing
the gDNA of single or mixed fish egg samples by HTS and Sanger sequencing. To date,
adults of this species have not been reported in the waters around the Korean Peninsula [8].
The V. nimbaria eggs identified by DNA barcoding in this study are the first to be discovered
throughout the coastal waters of the Korean Peninsula, as well as in the Pacific Northwest.
In a similar case, Trachipterus jacksonensis, which had been reported only in the Southern
Hemisphere of the Pacific, was found in the East Sea, east of the Korean Peninsula through
DNA barcoding of individual eggs [43].

Many marine teleost fishes release large amounts of pelagic eggs for reproduction [12,13].
These eggs have the highest natural mortality rates among teleost life stages. Nevertheless,
the likelihood of finding eggs in the early stages of development immediately after spawn-
ing is higher than that of adults [14,15]. Thus, most of the eggs collected in this study were
in the early stages of development (Figure 3).

Egg size is useful information for selecting DNA barcode target samples when specify-
ing the study area [20,43]. Two species in Korean waters, Engraulis japonicus and Maurolicus
japonicus, were identified as species level without DNA barcoding among lots of fish
eggs [15,44,45]. In this study, the average egg size was 0.82 4= 0.07 mm (no oil globule) in
95% ethanol (Figure 3). When fish eggs are stored in 95% ethanol, shrinkage or deformation
occurs due to dehydration. However, the V. nimbaria eggs collected in this study were
approximately 30% larger than those collected in the Atlantic Ocean in a previous study
(diameter, 0.65 mm) [5]. Neither the eggs collected in this study nor those collected in
the Atlantic had oil globules. Thus, further study is needed to determine whether this
large difference in egg size represents intraspecies variation or a potential interspecies
difference. Despite these morphological differences, egg morphological traits remain useful
for selecting study species.

The length of the DNA barcode region produced via Sanger sequencing was approx-
imately 600 bp, which is a higher resolution than that of the short sequences used in
HTS (~313 bp). Large numbers of individual fish egg DNA barcodes require substan-
tial analysis time and cost. An alternative to this costly process is DNA metabarcoding,
which is performed on large numbers of nucleotide sequences obtained by HTS based
on gDNA extracted from large numbers of mixed fish egg samples. This method is used
for various taxa such as zooplankton, and has been applied in eDNA-based fish species
exploration [36,37,46] and species analyses of mock mixed fish egg samples or mixed fish
larvae [47,48].

In this study, V. nimbaria was detected six times through reference mapping of a large
number of reads obtained by HTS from a huge quantity of mixed fish egg samples. The two
HTS analysis samples, one consisting of a single egg (SM377) and the other of six mixed
eggs (SM332), were re-analysed using Sanger sequencing, and the results showed 100%
identity of the nucleotide sequences analysed by the two methods (Table 2). These results
suggest that our analysis strategy was useful for identifying species from fish eggs.

In fish egg DNA barcode analysis, the accuracy of the reference sequence as the
criterion for species identification is important. In this study, the ML tree was created using
the mitogenomes (two rRNAs and 13 PCGs) of six fish species from order Stomiiformes,
including V. nimbaria, the partial COI of two adults of a Vinciguerria species, and partial COIs
from individual and mixed egg reference mapping contig sequences (including those for
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Sanger sequencing) (Figures 2 and 3). In the ML tree, the V. nimbaria clade formed a lineage
with fish eggs that was closest to the adult Vinciguerria species clade. The genetic distance
between the two clades was 0.068-0.074 (average, 0.073 £ 0.002). These results confirm that
the reference sequence of V. nimbaria belongs to the genus Vinciguerria, indicating that it
may be used as an identifying criterion.

Fertilised eggs of vertebrates such as frogs and mice, including the zebrafish Danio

rerio, do not replicate mitochondrial DNA during a certain period of development [49-51].

In sardine eggs, the 165 rRNA /18sRNA ratio decreases with embryogenesis, from the
early stage to the immediately pre-hatching stage. The ratio of populations occupied by
E. japonicus and M. japonicus in mixed egg samples and the ratio of reads obtained by HTS
also showed a significant linear relationship [52]. The ratio of MPCRs to MMPRs for six
samples detected V. nimbaria were 99.4% and 556.7%, respectively. Based on our results,
a total of 20 possible eggs were identified from the ratio of MPCRs in V. nimbaria eggs
to total MPRs in 151 mixed eggs, including individual eggs. Considering the number of
V. nimbaria eggs found in three different sea areas, and that this species was found twice
within one region after a time interval, and three times in another survey area, there appears
to have been a continuous intrusion of V. nimbaria adults into the waters around the Korean
Peninsula. Therefore, the waters around the Korean Peninsula may be a V. nimbaria habitat
and the northern limit for spawning grounds based on the direct evidence of Vinciguerria
nimbaria eggs as shown in the worldwide distribution of V. nimbaria (Figure 5).

Longitude (decimal degrees)

Figure 5. Distribution map (by ggOceanMaps; 24) of Vinciguerria nimbaria in tropical and subtropical
oceans, showing V. nimbaria eggs (red dots) and adult Vinciguerria sp. (blue dot) examined in this
study, as well as V. nimbaria (green dots) from FishBase with permission from [53].
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