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Abstract: The Chinese mitten crab (CMC) also known as Eriocheir sinensis has great significance in
the aquaculture industry. The bacterial communities inhabiting the CMC’s gut may differ
depending on the host habitat and can aid in their normal biological functioning. These microbes
are also known to have certain effects on their flavor. In this study, we utilized MiSeq high-
throughput sequencing technology to explore the diversity of bacterial communities in the gut of
CMC:s from three different geographical locations in Korea: the Geum (GD), Han (HD), and Tamjin
(TD) rivers. Although most of the environmental parameters were similar at the three sites,
significant differences in conductivity (CDS), dissolved oxygen (DO), and salinity were observed.
The results show that CMCs sampled from these locations exhibited distinct microbial composition
and abundance. For example, the genus Candidatus Hepatoplasma displayed significantly higher
abundance in CMCs from HD than those in the other locations, suggesting nutritional stress.
Similarly, the crabs collected from TD showed a higher abundance of pathogenic Helicobacter than
those from HD and GD sites. We also observed differences in the amino acid, nucleotide, and lactic
acid concentrations between different tissues such as the muscle, hepatopancreas, and testis of
CMCs. However, only small differences were observed when these characteristics were compared
in CMCs from different locations. Our results offer important insights into the intestinal bacterial
composition in CMCs which in turn may help in designing better culturing strategies for these
important species of crabs.

Keywords: Eriocheir sinensis; Geum River; Han River; Tamjin River; gut microbiota
Key Contribution: The present study describes the differences in the gut microbiome of Chinese

mitten crabs collected from three distinct rivers in Korea. The findings of this study might be useful
for future studies on improving CMC aquaculture.

1. Introduction

Eriocheir sinensis, commonly known as the Chinese mitten crab (CMC), is a freshwater
crustacean of huge economic significance [1]. The adult CMC has the unique
characteristics of spending its entire life in freshwater and then migrating to saline
(brackish) water to undergo reproduction [2]. It is native to China and Korea, and in
Korea, it is distributed along the west coast, including the Geum and Han rivers. The CMC
is also found as an invasive crab in the United States of America (USA) and Europe [3,4].
CMCs rank among one of the most important aquaculture organisms in East Asia and are
highly sought after by consumers for their unique flavor, characterized by umami and
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distinct sweetness [5,6]. Based on the recent report of The State of World Fisheries and
Aquaculture (SOFIA), the annual worldwide production of CMCs comes close to 800
thousand tons and is among one of the top three crustaceans after whiteleg shrimp and
red swamp crawfish (https://www.fao.org/home/en/, accessed on 6 April 2024). In China,
the yield of CMCs has swiftly increased in the last three decades and reached around
800,000 tons in 2020, making it the top ranking aquacultural crab species [7]. According to
2009 records from Korea, about 2000 tons of mitten crabs are consumed by Korean people
each year, of which 1500 tons are imported from China [8]. However, with the recent
expansion of CMC farming, it was reported that the Korean government purchased
12,057,751 domestically farmed CMCs for KRW 2,177,873,000 (approximately USD
1,611,730) and released them in nature [9]. These trends have further expanded the
economic scale of the aquacultured crab market in Korea and increased the focus on the
quantity and quality of aquacultured CMCs.

In the aquaculture of CMCs, factors that have been shown to influence taste and
quality include the geographical environment of the habitat, gut microbiota, and diet [10].
Among them, the environmental parameters of the habitat play crucial roles in the aquatic
ecosystem, and any unfavorable environmental condition may create a stressful situation
for CMCs and their capability for homeostasis may be disrupted [11]. These
environmental parameters can regulate the survivability of CMCs by influencing different
physiological processes in animals such as osmoregulation, growth, development, and
reproduction [12-14]. Besides their impact on growth, development, and other physico-
chemical processes, environmental parameters such as salinity have an impact on the
flavor and meat quality as well. It has been reported that the environment of CMCs has a
significant impact on their flavor as well as market price [10].

The digestive tract harbors trillions of microbial cells known as gut microbiota, which
plays essential roles in maintaining the host’s health, by performing many beneficial
functions for the host such as balancing the immune response, absorbing nutrients, and
maintaining homeostasis [14,15]. The host environment is also one of the most crucial
factors that can also regulate the composition of gut microbial communities [16,17].
Environmental factors such as salinity can lead to stress (hyposaline or hypersaline) to
CMCs, which can influence the growth condition of the host [18] and can also affect the
host microbiota. For example, depending on the salinity tolerance, strict freshwater
bacteria may be destroyed while saline tolerant bacteria may live, and marine bacteria
could immigrate [19] in the gastrointestinal trails of a gastropod living in freshwaters and
mesohaline waters. In spite of these facts, a lot of information is available regarding the
mechanisms of the intestinal immune regulation of the host and its relationship with the
symbiotic microorganisms on the gut mucosa surface [20]. However, limited information
regarding the gut immune mechanisms of invertebrates at the barrier epithelia [21] is
available especially for CMCs. Additionally, the relationship between the salinity,
intestinal microbiota, and growth condition of the CMCs remains unclear. Therefore,
maintaining a functional and stable gut microbiota is essential not only for the health of
CMCs but it can also have a significant impact on their flavor and market price [10].

To the best of our knowledge, no studies have been conducted to identify any
potential relationship between the geographical environment of the habitat and the flavor
characteristics of cultivated CMCs in Korea. To date, research on the flavor properties of
CMCs has mainly focused on analyzing taste-related characteristics such as fatty acids,
amino acids, and nucleotides and their association with diet [6]. Recently, although some
studies have attempted to identify the differences in the intestinal microbiome and flavor
substances in CMCs from freshwater lakes and rivers [10], these studies represent
geographically distant locations from three main rivers (Geum, Han, and Tamjin rivers)
in Korea that represent the CMC habitat. In this work, an attempt was made to determine
the influence of different geographical locations on the gut microbiota of CMCs and its
potential implications on crab physiology. To investigate the differences in the gut
bacterial communities of CMCs inhabiting different environments, we exploited MiSeq
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technology to sequence the bacterial 16S *RNA sequences. Additionally, to understand the
potential associations between different geographical environments of the CMCs’ habitat
and flavor characteristics, we also analyzed the taste-determining metabolites through
HPLC analysis. Therefore, this is the first study to investigate the influence of
geographical location on the gut microbiome of CMCs in Korea, which in turn may affect
their culturing and flavor. Our results may suggest what environmental conditions may
be a good solution for culturing CMCs within Korea and may have consequences for their
flavor and quality, cultivation, and adaptation.

2. Materials and Methods
2.1. Sample Collection

A total of 54 healthy adult male crabs were collected from three different locations in
Korea, namely 18 specimens from the Geum River (GD), Chungcheongnam-do, 18
specimens from the Han River (HD), Seoul, and 18 specimens from the Tamjin River (ID),
Joellanam-do (Figure 1, Table S1). The environmental factors, including water
temperature (WT), salinity, pH, and dissolved oxygen (DO), were measured using a
portable meter (YK-2001PHA, LUTRON Co., Taipei City, Taiwan) during sample
collection (Table S2). The crabs were transported to the laboratory while alive and
stabilized for an hour. To extract DNA, the carapace of twenty-seven adult male crabs was
irrigated thoroughly using sterile water and disinfected with 70% ethanol for three
minutes in the laboratory. The crabs were dissected immediately after washing. For the
DNA extraction and bacterial 165 *RNA gene sequencing of the gut microbiome, the
digestive tracts of CMCs were aseptically removed and stored at —80 °C for subsequent
analysis. For HPLC analysis, the muscle, hepatopancreas, and testis were extracted from
twenty-seven healthy adult male crabs and immediately stored at =80 °C for subsequent
analysis. The remaining tissues were stored in 99% ethanol at room temperature as
voucher specimens.
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Figure 1. Three sampling locations for Chinese mitten crabs in Korea; HD = Han River, GD = Geum
River, and TD = Tamjin River.
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2.2. Species Identification

Species identification was performed using tissue from the pereopods in each
specimen. DNA extraction was performed using a Qiagen DNeasy Blood and Tissue Kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. A Maestro
Nano spectrophotometer (Maestrogen, Hsinchu, Taiwan) was used to evaluate the purity
and concentration of the extracted DNA. To amplify the mitochondrial cytochrome c
oxidase subunit I (COI) gene, polymerase chain reaction (PCR) was performed using the
LCO1490/HCO2198 primer set [22]. The PCR conditions included an initial denaturation
at 95 °C for 2 min, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 48
°C for 45 s, and extension at 72 °C for 1 min, with a final extension step at 72 °C for 5 min.
After amplification, the PCR products were observed by electrophoresis on 1% agarose
gels in tris-acetate buffer. All specimens were identified as E. sinensis (accession numbers:
OR842741-OR842794) by both morphological characteristics and molecular phylogenetic
analysis based on the COI sequence. The preserved E. sinensis specimens, stored in 99%
absolute ethanol, were deposited in the Department of Biotechnology at Sangmyung
University, assigned voucher numbers from SMU00218 to SMU00271.

2.3. DNA Extraction and Bacterial 165 rDNA Gene Sequencing of CMC Gut

About 0.5 g of the intestinal tissue samples was placed in 1.5 mL microcentrifuge
tubes, and the DNA was isolated using Qiagen DNeasy Blood and Tissue Kit (Qiagen,
Valencia, CA, USA) following the manufacturer’s instructions. The bacterial 16S rDNA
V3-V4 regions were utilized to analyze and compare the gut microbiota among CMCs
originating from various habitats [23]. The 165 rDNA was sequenced using high-
throughput technology with the MiSeq platform (Illumina, San Diego, CA, USA). The
paired-end sequencing data of CMCs from three different locations were deposited in
NCBI's Sequence Read Archive (SRA) SRR26926093~SRR26926095 under BioProject
PRINA1044169.

2.4. Bioinformatic Analyses

The paired-end sequencing data of CMCs from three different locations were first
imported into the QIIME2 ver 2022.2 [24] pipeline. Next, the DADA2 plugin within the
QIIME2 pipeline was used to improve the joining of forward and reverse reads by filtering
the poorest quality ends of the reads and keeping the read length enough for what is
required for overlap. The output of this step comprises the amplicon sequencing variant
(ASV) table and representative sequences. The sequencing depth was estimated using
rarefaction analysis. To estimate the genera richness and a-diversity, the Simpson, Chao
1, and Shannon index and Good'’s coverage in each sample were calculated by exporting
the QIIME2 output to the R package Phyloseq ver1.32.0 [25]. In general, microbiome
datasets are sparse; therefore, it is indispensable to filter the dataset by excluding the low
quality or superfluous variables (ASVs) for better downstream analyses [26]. In this work,
we retained only those ASVs which have at least two counts in at least 11% of the samples
and normalized the data by the rarefying method. To assign a species-level taxonomy to
the unclassified species, we performed a BLAST-based search against the NCBI non-
redundant nucleotide database. The R vegan (https:/github.com/vegandevs/vegan.
accessed on 14 February 2024) package was used to perform the statistical analyses.

2.5. Determination of Free Amino Acid Content

Analyses of taste-determining metabolites through HPLC analysis were performed
to understand the potential associations between different geographical environments of
the CMCs’ habitat and flavor characteristics. To determine the free amino acid content in
hepatopancreas, muscle, and testis tissues, equal amounts of tissue samples were taken
from nine crabs and mixed to a total of 1 g, and the mixture was quickly ground using a
mortar and pestle. Then samples were pretreated according to Tao et al. [10]. The
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concentration of free amino acid was determined using the high-performance liquid
chromatography—fluorescence detector (HPLC-FLD) system (Shimadzu HPLC 40 Series-
FLD; Kyoto, Japan) by Korea Quality Testing Institute (KQT, Suwon, Korea). Pre-column
derivatization with FMOC-Cl (9-fluorenylmethyl chloroformate) and OPA (o-
Phthalaldehyde) was carried out. The column used was a C18 Column (250 x 4.6 mm, 5
um). The gradient elution for the HPLC analysis was conducted using 20 mM KH2POu
solution with 225 pL TEA (triethylamine) and 5 mL THF (tetrahydrofuran) per liter
(mobile phase A) and the mixture of deionized water, acetonitrile, and methanol in a
volume ratio of 15:45:40 (mobile phase B). The linear gradient conditions are shown in
Table S3. The operating conditions were as follows: a flow rate of 0.8 mL/minute; column
temperature, 35 °C; injection volume, 2 pL; excitation wavelength, 350 nm and 266 nm;
and emission wavelength, 450 nm and 305 nm.

2.6. Determination of Free Nucleotide Content

To determine the free nucleotide content in hepatopancreas, muscle, and testis
tissues, samples were pretreated according to modified methods of Tao et al. [10]. Equal
amounts of tissue samples were taken from nine crabs and mixed to a total of 1 g, and the
mixture was quickly ground using a mortar and pestle. Then, 5 mL of 0.6 M perchloric
acid was added, homogenized for 2 min, and shaken for 20 min. After that, the mixture
was centrifuged at 13,500 g for 10 min, and the pH of the supernatant was adjusted to 7.0
using 1.0 M potassium hydroxide and subsequently centrifuged at 13,500x g for 10 min.
The supernatant was collected, adjusted to a total volume of 10 mL, filtered through a 0.45
pum membrane filter, and finally analyzed by the HPLC-diode array detector system
(HPLC-DAD, Hitachi, Tokyo, Japan). The analysis was carried out under the following
conditions: column, INNO column C18 (250 x 4.6 mm, 5 um); detector, DAD at 260 nm;
and mobile phase, 13.6 g of KH2POs dissolved in 1 L water (pH 5.6) (A) and 13.6 g of
KH2POs dissolved in 750 mL water and 150 mL methanol (pH 5.6) (B). The gradient
analysis was set as follows: start, 100% A; 30 min, 100% A; 65 min, 100% B; 90 min, 100%
B; 95 min, 100% A; and 130 min, 100% A at a flow rate of 0.5 mL/minute.

2.7. Determination of Lactic Acid Content

To determine the lactic acid content in hepatopancreas, muscle, and testis tissues,
equal amounts of tissue samples were taken from nine crabs and mixed to a total of 1 g,
and the mixture was quickly ground using a mortar and pestle. Then, samples were
pretreated according to Tao et al. [10]. The concentration of lactic acid was determined
using the HPLC-RID (refractive index detector) system (Shimadzu HPLC-RID-10A;
Kyoto, Japan). The column used was a Shodex SUGAR SH1011 H+ ion exclusion column
(8 mm x 300 mm). The isocratic elution was performed with 0.005 N H2SOs at a flow rate
of 0.8 mL/minute. The temperature of the column oven was set to 50 °C, and the sample
injection volume was 20 uL.

3. Results
3.1. Differences in the Environmental Parameters

The environmental parameters for each sampling site are provided in Table S2. Since
Korea is a country with a narrow range of latitudes, the climate is generally similar across
the region; the WT in the geographical locations was similar. Overall, the WT ranged
between 16.3 °C (HD) and 19.2 °C (TD). The WT in GD was found to be 17.3 °C. However,
we observed significant differences in a few parameters such as CD (conductivity), DO,
and salinity. Specifically, DO levels were the highest (21.6 mg/L) in HD, followed by TD
(12.7 mg/L) and GD (10.2 mg/L), respectively. In contrast, GD showed the highest
concentration of CD and the lowest salinity.
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3.2. A 165 rDNA Metabarcoding Analysis of the CMC Gut Microbiome

The 16S rDNA of the gut microbiome of the CMCs from three different habitats was
sequenced. A total of 1,977,372 reads were generated from HD, whereas 1,778,436 and
1,645,806 reads were produced from TD and GD, respectively. The total read bases range
between 495.4 Mbp and 595.2 Mbp. Table 1 shows the raw data statistics for each sampling
site. The read length from all the three habitats was 301 bp, and a total of about 76% of the
reads passed the input filter. These data indicate that the sequencing results were reliable
and that all three datasets could be compared and analyzed. Subsequently, a total of 305,
570, and 565 ASVs were identified from the gut microbiota of GD, HD, and TD habitats,
respectively. A total of 46 ASVs were shared by all samples, whereas the number of unique
ASVs for GD, HD, and TD were 236, 497, and 503, respectively (Figure 2). Rarefaction
analysis suggested that an adequate sampling depth was achieved for each sampling
location (Figure S1). Additionally, in order to assess and compare the bacterial diversity
in each location, bacterial richness and diversity indices were calculated from the
proportion of ASVs. The microbial complexities in the guts of CMCs were estimated based
on alpha-diversity indices (Chaol and Shannon indices). The results indicate that the
bacterial community in crabs from HD and TD showed higher alpha-diversity indices
than those from GD (Table S4).

Table 1. Raw data statistics of CMCs from three different locations. Here, Q20 and Q30 represent
the ratio of bases that have Phred quality scores of over 20 and 30, respectively.

Sample Total Read Bases (bp) Total Reads GC (%) AT (%) Q20 (%) Q30 (%)
HD 595,188,972 1,977,372 50.33 49.67 90.52 81.68
GD 495,387,606 1,645,806 50.47 49.53 90.76 81.81
TD 535,309,236 1,778,436 50.83 49.17 90.45 81.15

GD HD

TD

Figure 2. A Venn diagram showing the number of shared and unique bacterial amplicon sequence
variants (ASVs) between the guts of Chinese mitten crabs (CMCs) collected from different
environmental locations.
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3.3. Microbial Community Composition and Structure

The gut microbiota of CMCs from three different sites mainly comprised bacteria
belonging to four phyla, Pseudomonadota (31.3%), Mycoplasmatota (20.2%), Bacillota (19.6%),
and Bacteroidota (19.4%). About 7% remained unclassified, and taxa with abundance <1%
such as Acidobacteriota, Planctomycetota, and Chloroflexota were grouped as rare phyla
(Figure 3). The relative distribution of four dominant phyla was similar at each sampling
site; however, different abundance and variation trends show according to the locations.
Specifically, we observe that Bacteroidota were more dominant in GD and TD compared to
HD. In contrast, site HD showed more dominance of Mycoplasmatota than GD and TD
sampling sites (Figure 4).
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Figure 3. The overall microbial diversity identified by 16S IDNA metabarcoding. (A) The relative
abundance of detected bacterial ASVs among the CMCs collected from 3 different sampling sites.
(B) A multivariate analysis plot based on the Bray—Curtis distance and NMDS ordination.

40,000

30,000

20,000

Abundance

10,000

OIII

Phylum

Acidobacteriota
Actinomvcetota
Bacteroidota
Chlamvdiota
Chlorobiota
Chloroflexota
Cyanobacteriota
Elusimicrobiota
Euryarchaeota
Bacillota
Fusobacteriota
Nitrospirota
Planctomycetota
Pseudomonadota
Soirochaetota
Mycoplasmatota
Thermi
Verrucomicrobiota
Unclassified

HD

Sample

TD

Figure 4. Abundance of different bacterial phyla in crabs collected from three different locations.
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Next, we explored only those taxa that represent at least 1% of reads in at least one
sample. This step resulted in the top 28 most abundant taxonomic groups (Figure 5). At
the genus level, most of these ASVs could not be assigned to a well-defined taxonomic
group (Figure 5A). Nevertheless, the genus-level abundance heatmap exhibited that
Candidatus Hepatoplasma had significantly high abundance in CMCs retrieved from the
HD sampling location (Figure 5A). Similarly, CMCs obtained from the GD sampling
location showed a higher abundance of certain unclassified bacteria at the genus level.
These unclassified bacteria mainly belonged to the order Bacteroidales, Bacillales, or
Vibrionales (Figure 5B). Interestingly, the crabs collected from the TD sampling location
displayed a higher abundance of Helicobacter than HD and GD sites. At the phylum level,
the top 28 most abundant groups again represented Pseudomonadota, Mycoplasmatota,
Bacillota, and Bacteroidota, although with varying abundance levels (Figure 5C).
Additionally, two unclassified phyla showed dominance in the guts of crabs from GD
sites. These results are in line with the previous studies which have identified these four
phyla as the major groups in the CMC gut microbiome [10].

Abundance
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HD GD TD HD GD D HD GD D

SAMPLE

Figure 5. Composition of top 28 bacterial communities in crabs from different locations at genus
(A), order (B), and phylum (C) level. Majority of bacterial sequences remained unclassified at genus
level.

At the genus or species level, most of the top 28 taxa remain unclassified, except
Alkanindiges illinoisensis and Dysgonomonas gadei. Next, in anticipation of assigning a
genus-level taxonomy to the unclassified top 28 most abundant genera, we performed a
BLAST-based search against the NCBI non-redundant nucleotide database. Interestingly,
the BLAST analysis results also identified most of these taxa as uncultured bacteria (Table
2). Only two phyla could be assigned at the genus level. Among these, one exhibited the
best percent identity of 98.49% with Pseudomonas paralcaligenes MRCP1333. The BLAST-
based percent identity for other taxa ranged between 96.55 and 99.78%. Additionally, a
conflicting taxonomic assignment was also observed for the other taxonomic group by the
QIIME?2 pipeline and BLAST analysis. For example, QIIME?2 identified one of the species
as Alkanindiges illinoisensis, whereas the BLAST-based analysis suggested the best match
to be Acinetobacter soli S-X6A (sequence identity = 99.14%).
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Table 2. An overview of the BLAST analysis for the 28 most abundant taxa. It should be noted that
both the QIIME2 and BLAST-based approaches were unable to assign a genus-level taxonomy to

most of these ASVs.
S. No. Blast Hit Accession % Id E-Value Source
1 uncultured bacterium GU293201.1 99.57 0 Pelteobagrus fulvidraco
(Yellow catfish) Gut
2 uncultured bacterium HG792250.1 99.57 0 CMC intestine
3 uncultured bacterium HG792243.1 99.57 0 CMC intestine
4 uncultured bacterium HG792210.1 99.57 0 CMC intestine
5 uncultured bacterium HG792239.1 99.78 0 CMC intestine
uncultured Callinectes sapidus
6 Mycoplasmataceae KC918305.1 97.63 0
. (Blue Crab) gut
bacterium
7 uncultured bacterium HG792233.1 99.35 0 CMC intestine
8 uncultured bacterium HG792215.1 99.57 0 CMC intestine
9 uncultured bacterium GU293190.1 99.78 0 iﬁiﬁ?ﬁfiﬁii ﬁj;lgicto
10 uncultured bacterium HG792248.1 99.55 0 CMC intestine
n r seudonﬁ’géﬁfg‘ggahgenes MT604974.1 98.49 0 Human feces
12 uncultured bacterium DQ856511.1 99.35 0 CMC intestine
13 uncultured bacterium HG792238.1 99.78 0 CMC intestine
14 uncultured bacterium HG792243.1 99.14 0 CMC intestine
15 Shewanella sp. MK757953 99.57 0 Lake sediment
16 uncultured bacterium HG792201.1 99.35 0 CMC intestine
17 Bacterium 35(2013) KF954020.1 99.57 0 CMC intestine
strain 35
18 Mollicutes bacterium A0039  OR648474.1 99.57 0 NA
19 uncultured bacterium HG792211.1 99.55 0 CMC intestine
20 uncultured bacterium MW548812.1 99.78 0 Phosphogypsu@ restispension
experiences
uncultured Callinectes sapidus
21 Mycoplasmataceae K(C918305.1 96.55 0
. (Blue Crab) gut
bacterium
22 uncultured bacterium DQ856548.1 99.54 0 CMC intestine
23 uncultured bacterium HG792201.1 99.14 0 CMC intestine
24 Acinetobacter soli S-X6A KJ806412 99.14 0 Jiulong River
25 uncultured bacterium DQ856517.1 97.83 0 CMC intestine
27 uncultured bacterium HG792211.1 99.32 0 CMC intestine
28 uncultured bacterium JX937698.1 98.27 0 (Blacplfr"}aig; 7;1}(:11:1(;16‘11(;; Gut
32 bacterium TSA331-4 HG792169.1 99.35 0 CMC intestine

3.4. Microbial Community Similarity among Three Sampling Sites

A principal coordinate analysis (PCoA) was performed to compare the similarity in
the bacterial compositions of CMCs from GD, HD, and TD sampling sites. Based on this
analysis, bacteria from the guts of CMCs collected at the three locations separated from
each other suggesting that we can differentiate between the samples harvested in GD, HD,
and TD (Figure S2). The PCoA plot represents every sample as a dot, which is colored
based on the sampling site (GD, HD, and TD). However, at this stage, it is difficult to
comment on the intra-variability between the samples collected from the three different
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sites because of limited sampling. Therefore, it will require a large amount of sample
collection over a long period of time followed by DNA sequencing.

3.5. Comparison of Free Amino Acids, Nucleotides, and Lactic Acid Content

The contents of free amino acids, nucleotides, and lactic acid, which are known to
affect the flavor characteristics of CMCs [10], were determined in the hepatopancreas,
testis, and muscle of the edible portion of the crabs. The content of free amino acids in the
three tissues of the CMCs is presented in Figure 6A. For the total free amino acids, the
highest amount was detected in the hepatopancreas, while the muscle exhibited the lowest
quantity. All tissues from HD had the highest amount of free amino acids, while GD had
the lowest amount of free amino acids in all tissues (Figure 6A). Tasty amino acids and
sweetish amino acids presented a similar distribution, with the highest amounts detected
in the testis, followed by the hepatopancreas and muscle (Figure 6A). Meanwhile, bitter
amino acids were enriched in the hepatopancreas compared to the testis and muscle
tissues (Figure 6A). As shown in Figure 6A, free amino acid contents showed considerable
differences between tissues, and differences were also observed between habitats.
However, these differences were not statistically significant.

2@ Total amino acid Bitter amino acid Sweetish amino acid Tasty amino acid
3
S
€2
(]
E
o]
o l_-
GD HD b GD HD ™ ) GD HD ™ ) GD HD ™
Location
®) Flavor nucleotides Adenosine Cytidine Guanosine
;\30.4
=
c
g
50.2
o
0.0 e = ‘ L L
GD HD ™ GD HD T i HD D GD HD ™

D . GD
Location
I Hepatopancreas Ml Muscle [l Testis

Figure 6. Content of free amino acids (A) and nucleotides (B) in three different tissues of CMCs
collected from three different locations. Bitter amino acids = valine, leucine, isoleucine, and L-
arginine; sweetish amino acids = serine, glycine, alanine, and proline; and tasty amino acids =
aspartic acid, glutamic acid, glycine, and alanine.

The total content of flavor nucleotides, including adenylic acid (AMP), guanylic acid
(GMP), and cytidylic acid (CMP), was the highest in the muscle and the lowest in the testis
(Figure 6B). The TD population showed the most flavor nucleotides in the muscle, while
the lowest flavor nucleotides were found in the hepatopancreas. AMP was the most
abundant in the muscle (Figure 6B), while CMP and GMP exhibited variations between
different samples; their quantities were minute.

The lactic acid content in various tissues from the three locations was also compared
in this study. The results revealed a difference in the lactic acid content among
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hepatopancreas, testis, and muscle tissues (Figure 7). Specifically, the lactic acid content
was more enriched in the hepatopancreas and muscle tissues than in the testis of CMCs
sampled from the three sites.

Geum river

Han ri\:rer Tamjin river
Location

Il Hepatopancreas [l Muscle [l Testis

Figure 7. Content of lactic acids in three tissues of CMCs collected from three different sampling
sites.

4. Discussion

Eriocheir sinensis (Chinese mitten crab), also known as the hairy or river crab, is a
crustacean of great economic significance [27]. The gut microbiome [10,28], bait [29], and
growth environment [30] are considered as some of the most important factors that can
regulate the flavor of crabs. Among these, salinity is one of the key factors which can
regulate the development of their sexual organs, migration, and adaptation to the
changing osmotic pressure [31,32]. In addition, to having a direct effect on the CMC life
cycle [33], salinity is one of the essential environmental parameters that influences the
composition of microbial communities associated with the host [16,17]. The differences in
the host bacterial communities may also affect the flavor substances found in the CMCs
harboring disparate habitats [10]. Despite the variations in their habitats, the major
taxonomic phyla that are associated with CMCs include Pseudomonadota, Bacillota,
Mycoplasmatota, and Bacteroidota. In this work, we also found these groups as the major
taxa linked to the CMCs sampled from three distinct locations in South Korea. However,
the variations in their abundances do exist. To the best of our knowledge, this study is the
first to investigate the differences in the gut microbiota and flavor in CMCs from three
separate locations in Korea.

The uncultured bacteria identified from the guts of CMCs (Table 2) have also been
reported in previous studies on CMCs [34,35], blue crabs [36], black tiger shrimp [37], and
yellow catfish [38]. Moreover, bacterial organisms such as Candidatus Hepatoplasma, a
hepatopancreatic colonizing Mycoplasma-like symbiont [39], was observed to be highly
abundant in CMCs retrieved from the HD sampling location (Figure 5A). Candidatus
Hepatoplasma is a well-known bacterial symbiont found in the midgut glands of terrestrial
isopods [40]. Studies have shown that isopods associated with Candidatus Hepatoplasma
have developed a capability to prevail in nutritional stress conditions [41]. Studies have
also shown a higher abundance of Candidatus Hepatopancreas in the hepatopancreas of
CMCs with hepatopancreatic necrosis disease (HPND) suggesting abnormalities in the
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absorption of nutrients [42]. Additionally, according to recent reports, sick crabs are
continuously being caught in nets in HD. It has been argued that the impact of the effluent
discharged into HD from two sewage and waste treatment plants might have perturbed
the underwater ecosystem of HD [43]. Therefore, the higher abundance of Candidatus
Hepatopancreas suggests this may be related to the diseased state of the crabs. However,
there are no direct studies linking HD pollution and the diseased crabs. Therefore,
additional studies are required to better understand the effect of the changing underwater
ecosystem of HD, especially on organisms with significance in aquaculture. Another
interesting bacterial species that we identified belongs to the genus Helicobacter in TD. The
members of the genus Helicobacter are Gram-negative bacteria with a characteristic helical
shape [44]. They inhabit the gastrointestinal tract and liver of mammals and birds [45].
Among various Helicobacter species, H. pylori is the most common pathogenic species
known to infect humans [46]. In addition to mammals and birds, H. pylori has been
detected in fishes such as tilapia [47]. Members of the Helicobacter group can survive the
acidic environment of the host stomach by producing substantial amounts of the urease
enzyme [46]. They move fast with the help of their flagella, are microaerophilic canophiles,
and are also known to be susceptible to antibiotics [48,49]. With an exponential increase
in the aquaculture industry of CMCs, several diseases have evolved in recent times, hence
rendering substantial economic losses [50]. Therefore, additional studies exploring the
roles of pathogenic bacteria such as Helicobacter are necessary for the better management
of culturing CMCs.

For consumers, the hepatopancreas and gonads are some of the most cherished
tissues [10]. This can be explained by the fact that when these crabs attain the age of sexual
maturity (the best time for their sale in the markets), their gonads grow quickly and
accumulate nutrients. In contrast, the hepatopancreas witnesses a rapid reduction in its
nutrient content [51,52]. One of the major components of flavor substances in products of
aquatic origin is organic acids. The metabolic activities of organisms are closely associated
with the contents and composition of these organic acids [10]. Metabolites such as lactic
acid are found in fishes [53] and are known to enhance their flavor [54]. In crustaceans
such as CMCs, an elevated quantity of lactic acid is observed because of the stress induced
by early developmental stages. However, they could keep producing lactic acid even after
they have adapted to stress conditions, primarily due to the carbohydrate metabolism
pathway [55].

Although most of the environmental parameters such as temperature and pH were
more or less similar at the three sampling sites, salinity and DO seem to be the possible
reasons for the differences in the gut microbiota of CMCs and their flavor substances.
Studies have shown that such differences in the environmental parameters can not only
influence the flavor but also their microbiota [16-18], fatty acid composition, texture of the
flesh, and taste [27,30,56,57].

5. Conclusions

This study represents a preliminary analysis showing the diversity of the gut
microbiota of CMCs from three different locations in Korea. Specifically, we observed that
the genus Candidatus Hepatoplasma representing the phylum Mycoplasmatota more
completely dominated the gut of CMCs from the Han River (HD) than crabs from the
Geum (GD) and Tamjin rivers (TD). Although the environment did not seem to influence
the flavor characteristics of the crabs, differences in the flavor substances were observed
between different tissues. In the future, to better understand the relationship between the
gut microbiome, environmental parameters, and flavor characteristics, it is essential to
include multiple replicates, samples from more locations, and an equal representation of
both genders should be included in the analysis. Nevertheless, our findings can facilitate
further research on better management and develop optimal strategies for cultivating this
economically important crab.
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