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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 (TMAO) 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 TMAO 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 TMAO 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 TMAO 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◦ S 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 µL solution (CH3OH: 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−1, nitrogen sheath gas flow 11 L min−1, 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 ± SD) across
eight tissues in three species.

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

A. gigantea H. gigas P. vannamei Ag-Hg Ag-Pv Hg-Pv

eye 68.52 ± 12.36 42.80 ± 2.26 2.49 ± 0.44 *** *** ***
brain 66.69 ± 14.87 18.99 ± 7.93 1.96 ± 0.75 *** *** **

exoskeleton 55.47 ± 11.76 31.62 ± 9.56 2.75 ± 0.80 *** *** ***
gonad 43.87 ± 1.16 15.70 ± 5.81 1.82 ± 0.28 *** *** ***

fat 40.55 ± 7.12 22.22 ± 5.13 2.88 ± 0.13 *** *** ***
gut 34.53 ± 19.78 28.12 ± 8.38 2.22 ± 0.32 - *** ***

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 ** **** **

* 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
Tissue Trimethylamine (TMA) Content (mmol/kg) Significant Difference

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 ± 0.99 - *** ***

exoskeleton 6.67 ± 3.90 4.90 ± 2.51 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 - *** ***

muscle 2.09 ± 1.11 7.12 ± 12.41 3.65 ± 0.96 - ** **
liver 3.08 ± 1.13 3.07 ± 0.82 7.08 ± 1.82 - *** ***

** represents significant difference (p < 0.01), and *** represents significant difference (p < 0.001).
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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 −1 m Sandy beach 15 Downing et al., 2018
Anisogammarus pugettensi whole body 0.1 m 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 3569–4779 m Kermadec Trench 45–50 Downing et al., 2018
Eurythenes gryllus whole body 3865–4817 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).



J. Mar. Sci. Eng. 2022, 10, 454 6 of 13

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 6 of 13 
 

 

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. 

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

sues 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). 

 

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), ** represents significant differ-

ence (p < 0.01), 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 exo-

skeleton) for both of the two hadal amphipods, which indicated that the TMAO concen-

tration 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. 

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). 

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.
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Figure 3. (a,b) TMAO and TMA concrete content in eight tissues (eye, brain, muscle, exoskeleton,
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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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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 PRJNA739006). We performed positively
selected analysis by branch site model. Three positive selected sites (92S, 260A, 286 K) were
found in the A. gigantea FMO3 gene, although likelihood ratio test (LRT) is not significant
for the whole branch.

https://www.ncbi.nlm.nih.gov/sra
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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 (FXGXXXHXXXF/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.
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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 TMAO 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 TMAO 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 TMAO might be converted to TMA in H. gigas. 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 TMAO, 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
λmax 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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