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Genome-wide identification of
the TGF-B superfamily and their
expression in the Chinese mitten
crab Eriocheir sinensis

Yu Su?, Siyu Mou?, Yifan Song?, Huanglong Zhang? & Qian Zhang***

Transforming growth factor- superfamily genes are multifunctional cytokines that play central roles
in the regulation of cell proliferation, differentiation, apoptosis, adhesion, and migration. Identifying
the TGF-B superfamily in crabs could provide a basis for elucidating the genetic regulatory mechanism
of growth, development, sex differentiation and environmental adaptation. To understand the
complexity and evolution of the TGF-B superfamily in the Chinese mitten crab Eriocheir sinensis, this
study comprehensively and systematically analysed this superfamily in the genome of E. sinensis.

A total of 9 TGF-f superfamily genes have been identified, including EsBMP2, EsSBMP3, EsBMP7,
EsBMP10, EsBMP15, EsGDF8, EsUnivin, EsINHB and EsINHBB. A wide variation in the number of motifs
and CDSs was found among different subfamilies. The expression of EsBMP2 and EsBMP7 suggested
that these genes may be the main genes controlling embryonic development in E. sinensis. EsBMP2,
EsBMP7 and EsBMP10 are very highly expressed in the gills. The TGF-B superfamily genes presented
different expression patterns during limb regeneration and molting. In addition, this gene family

also responds to environmental stresses, including nanoplastic stress, cadmium stress, air exposure,
and high-salinity stress, which provides a new perspective for understanding the strong tolerance
and adaptability of crabs to environmental stress. To our knowledge, this study is the first genome-
wide investigation of the TGF-B superfamily in crabs. This study identified the sequence structure,
phylogenetic relationship, and gene expression profiles of the TGF-B superfamily genes in the Chinese
mitten crab, and the above results lay a foundation for further investigation of the evolution and
biological functions of this gene family.
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The Chinese mitten crab (Eriocheir sinensis) is an economically cultured crustacean that belongs to the family
Varunidae. It is native to the western Pacific coastal areas of China and Korea and has invaded North America
and Europe!. It is warmly welcomed all over China for its unique flavour and rich nutritional value. Since the
1980s, with the advancement of aquaculture modernization and the increase in market demand, the aquaculture
industry of Chinese mitten crab has developed rapidly>. The annual aquaculture production of E. sinensis
reached 815,318 tons in 20223. However, the current culture industry of E. sinensis still faces many problems,
such as sexual precocity, low growth rates and survival rates, and various diseases®. Therefore, investigating the
genetic regulatory mechanism of growth, sex differentiation and environmental adaptation is important for crab
breeding.

The transforming growth factor-p (TGF-B) superfamily comprises ubiquitously expressed multifunctional
cytokines that are distributed in vertebrates and invertebrates®. The TGF-p superfamily triggers cellular responses
by forming a heteromeric complex with specific type I and type II serine/threonine kinase receptors®. The
TGEF-B superfamily regulates cell metabolism, growth, proliferation, differentiation, adhesion, migration, and
apoptosis and is involved in many complex biological processes, such as embryonic development, neurogenesis,
homeostasis, axis determination, muscle growth, and sex differentiation’. The proteins of the TGF-f superfamily
are highly conserved in sequence and are marked by the existence of 6-9 cysteine residues, which participate
in the formation of intramolecular disulfide bonds and are critical for the maintenance of protein structure and
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function®. The TGF-f superfamily comprises more than 30 members, which can be subclassified into several
subfamilies, including the TGF- isoforms, bone morphogenetic proteins (BMPs), growth differentiation factors
(GDFs), activins, inhibin (INH), nodal, anti-Miillerian hormone (AMH), and other subfamilies®*. The TGF-p
superfamily has been extensively studied in many species. The number of TGF-p superfamily members varies
from a few to dozens in different species®. Previous studies revealed that BMP2'%!!, BMP7'%13, BMP9/10' and
GDF" exist in crabs, but identification of the TGF-p superfamily in the whole genome of any crab species has
not yet been reported.

BMPs is a large subfamily and can be further divided into several subgroups, such as the BMP2/4 group,
BMP5-8 group, BMP9/10 group, and BMP12-14 group. The BMP subfamily plays crucial roles in a variety
of vital processes, such as cardiogenesis'®, axial development!’, eye development!’, osteogenesis'®2, and sex
determination/differentiation'""'*?!. BMP2 is an important growth factor that plays a key role in multipotent
stromal cells toward the osteogenic lineage for bone regeneration'®. Loss of both BMP2 and BMP4 affects
osteogenesis in mice??. Recent studies have shown that BMP2 in E. sinensis is highly expressed in the testis
and participates in spermiogenesis'®. BMP7 is closely related to the development of the dorsal-ventral pattern,
eye, heart, and reproductive system!®!”. BMP7 is also involved in testis development in E. sinensis'?, and it
potentially plays a role in early ovarian development in the mub crab (Scylla paramamosain)'2. BMP9/10 in S.
paramamosain might be involved in oocyte maturation by regulating cyclin abundance'. Previously, BMP2 and
BMP7 were identified in E. sinensis; however, few studies have comprehensively analysed all the BMP subfamily
members in crabs.

The GDF subfamily includes GDF3, GDF8, GDF11, GDF15 and other members, which is involved in the
development of muscle, neuronal axons, and cartilage. For example, GDF8, also known as myostatin, plays
a key role in muscle growth and development, and its loss of function in mice results in a large increase in
skeletal muscle mass®. Studies have also shown that GDF8 inhibition enhances musculoskeletal recovery and
chondrocyte proliferation, suggesting that GDF8 is a negative regulator of muscle growth*?. In addition,
other members of the TGF-f superfamily, such as Univin and INH, play unique roles in specific biological
processes. Univin regulates dorsal-ventral axis formation and promotes skeletal growth in early embryos in the
sea urchin (Paracentrotus lividus)***, and Univin is highly expressed in eggs and prehatching blastula in the sea
urchin (Strongylocentrotus purpuratus)®® (Stenzel 1994). INH is a disulfide-linked heterodimer that contains
an a-subunit and a B, or P, subunit to form INH A and INH B*. Activin is a dimer of the -subunit, which
is another member of the TGF-B superfamily?. Activin/INH has been suggested to play an important role in
spermatogenesis and the regulation of oocyte maturation in vertebrates®®3!.

In view of the importance of the TGF-f superfamily in various developmental and physiological processes,
a systematic study of TGF-{ superfamily genes in the Chinese mitten crab is necessary. To date, studies of the
TGF-B superfamily in crabs have focused mainly on single genes, such as BMP2 and BMP7 in E. sinensis'®13.
Systematic research on the TGF-P superfamily genes of the crab is lacking. Recently, completed genome
sequencing of E. sinensis has laid the foundation for elucidation of the TGF-f superfamily at the genome-wide
level®2. Several questions that we want to answer in this study are as follows. How many types of the TGF-f
superfamily are present in E. sinensis? Is there any difference in their expression among different tissues and
different development stages? Is the expression of the TGF-p superfamily modulated in physiological processes
and environmental stresses in crabs? In this study, homologous genes of the TGF-f superfamily in E. sinensis
were identified, and gene characteristics, sequence structure, and phylogenetic relationships were analysed.
Using transcriptome resources, the gene expression profiles of these genes at different developmental stages
and in different tissues, as well as their expression patterns under various stress conditions, were investigated.
The identification of the TGF-P superfamily is important for providing a basis for the study of its structural
characteristics, evolutionary history, and functional mechanisms in crabs.

Materials and methods

Genome-wide identification of the TGF-B superfamily

To identify the TGF-p superfamily genes in the Chinese mitten crab, the genome and annotation files of E.
sinensis (GenBank: GCA_024679095.1) were downloaded from the NCBI (https://www.ncbi.nlm.nih.gov/datas
ets/genome/GCF_024679095.1/). The BLAST and HMM programs were used to search for TGF-p superfamily
candidate genes with a TGF domain query (accession: PF00019) (http://pfam.sanger.ac.uk) (E value = 107%).
The SMART plugin in TBtools software (version 2.136) confirmed that each candidate member had a conserved
domain in the TGF- superfamily, and the number of amino acids (aa), molecular weight, theoretical isoelectric
point, instability index, aliphatic index, and grand average of hydropathicity of the discovered proteins were
predicted’.

Phylogenetic analysis of the TGF-B superfamily genes

A total of 182 TGF- protein sequences were downloaded from the NCBI database from various species, such
as Homo sapiens, Mus musculus, zebrafish (Danio rerio), Atlantic stingray (Hypanus sabinus), the swimming
crab (Portunus trituberculatus), the snow crab (Chionoecetes opilio), the black tiger shrimp (Penaeus monodon),
the blacklip abalone (Haliotis rubra), the red abalone (H. rufescens), and some other species (Table S1). A
phylogenetic tree was constructed using the above 182 TGF-P protein sequences and proteins encoded by
9 TGF-B superfamily genes identified from E. sinensis. First, multiple sequence alignments were created via
MAFFT v7.158b. Next, we constructed a phylogenetic tree via IQ-TREE v2.2.0 with the options -m MFP -bnni
B 4000 -T AUTO. Finally, the phylogenetic tree was visualized via the iTOL (interactive tree of life) online
tool (https://itol.embl.de/). The pairwise similarity of the identified TGF-p superfamily members in crabs was
analysed via Protein pairwise similarity matrix in TBtools software (version 2.136).
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Gene structure and protein domains

To explore the structure of the TGF-{ superfamily, the MEME website (http://meme-suite.org/) was used to
identify the conserved motifs of the TGF-f proteins. The parameters are as follows: the maximum length of
conserved motifs is 50; the minimum length is 6; the maximum number of conserved motifs is 20; and the other
parameters are the default values. The distributions of the UTRs and CDSs of these genes were analysed via
TBtools software (version 2.136). In addition, the conserved domains of the TGF-p protein in E. sinensis were
analysed via Batch SMART plugin in TBtools software (version 2.136). The generated conserved domain files
were visualized via the iTOL online tool.

Expression profiles of TGF-B superfamily genes during development and in tissues

To investigate the expression patterns of the TGF-p superfamily genes in E. sinensis, we extracted publicly
available transcriptome data from the NCBI SRA database (Table S2). The transcriptome data include gene
expression profiles at different embryonic developmental stages (SRR3623083-SRR3623090), in different tissues
(SRR10058623-SRR10058634 & SRR10276365-SRR10276369)', during limb regeneration (SRR14684324-
SRR14684347)? and molting (SRR9179340-SRR9179351)%. The chemical-exposure stress experiment included
4 groups: control, nanoplastic exposure (1.0 x 1010 particles/L; Np), cadmium exposure (15 pg/L; Cd), Np-
Cd exposure to 1.0 x 1010 particles/L Np and 15 pg/L Cd (SRR27675800-SRR27675803 & SRR27645890-
SRR27645893)%. During the air exposure stress experiment, healthy crab individuals were cultured for 1, 3, or
5 days at 270C, 95% humidity, 14 h light, 10 h dark, and no water (SRR7507779-SRR7507782)3°. During acute
high salinity stress experiment, healthy crabs were challenged with 16%o, 28%o, or 35%o saltwater, respectively
(SRR6516036-SRR6516041)%7. The raw RNA sequencing reads were trimmed using the NGStoolkit program
with default parameters®. The clean reads were subsequently mapped to the reference genome using HISAT2%.
The resulting SAM files were then converted into BAM files and sorted using SAMtools*. The transcripts per
million mapped reads (TPM) values for each gene were determined via StringTie v2.1.74!. The TPM values
> 30, < 30, < 20, < 10, £ 5, < 1, and 0 were classified as very high expression, high expression, moderately
high expression, moderate expression, low expression, very low expression, and no expression, respectively.
Heatmaps were drawn via TBtools software (version 2.136).

Validation of expression profiles by RT-qPCR

To validate the results of the transcriptome sequencing findings via RT-qPCR, we selected 4 genes: EsBMP2,
EsBMP7, EsBMPI10, and EsGDF8. Tissues, including the hepatopancreas, gill, muscle, and eyestalk, were
collected from 9 healthy E. sinensis crabs, and three individuals were combined into one sample. Total RNA
extraction and cDNA synthesis were the same as those previously described by Zhang et al.*2. All cDNA samples
were synthesized from 1 pg of total RNA with PrimeScript™ RT Reagent Kit (TaKaRa, Japan), and diluted by
30-fold in nuclease-free water. Gene-specific primers were designed with Primer 5.0, with the B-actin gene used
as the reference gene (Table $S3)**. The primer efficiency was between 90 and 110%. RT-qPCR was performed
using the THUNDERBIRD" SYBR" qPCR Mix (Toyobo, Japan) on the CFX96-Real System (Bio-Rad, USA).
The total volume of the reaction was 10 pL, containing 5 uL of gPCR mix, 1 pL of diluted cDNA, 0.3 pL each of
forward and reverse primers (10 umol/L), and 3.4 uL of DEPC-H,O. The program was as follows: 95 °C for 2 min
followed by 40 cycles of 95 °C for 15 s, annealing temperature (Table S3) for 15 s, and 72 °C for 30 s, followed by
a melting curve. For each cDNA sample, qPCR was performed in four technical replicates. The 2724CT method
was used to calculate the relative expression levels, and the transcriptome data and the RT-qPCR results were
compared*4,

Results

Identification and characterization of TGF-B superfamily genes

In this study, a total of 9 TGF-f superfamily genes were identified in E. sinensis. The number of amino acids
in the TGF-p proteins ranged from 338 to 510 (Table 1). The amino acid sequences are shown in Table S4. The
molecular weight of the longest TGF-f protein is 57.08 kDa, and the molecular weight of the shortest TGF-p
protein is 38.85 kDa. The theoretical isoelectric point is between 5.47 and 9.24. Notably, the minimum instability
index of these identified proteins is 39.37, and most of the instability indices exceed 40. The aliphatic indices

Protein | Number of amino acids | Molecular weight (kDa) | Theoretical isoelectric point | Instability index | Aliphatic index | Grand average of hydropathicity
EsBMP2 | 404 46.19 9.24 65.22 77.70 -0.557
EsBMP3 | 367 40.33 8.48 60.89 85.29 -0.145
EsBMP7 | 413 46.45 6.38 39.37 81.89 -0.330
EsBMP10 | 338 38.85 9.11 53.26 74.70 -0.631
EsBMP15 | 445 50.60 6.14 46.77 81.28 -0.454
EsGDF8 | 476 53.59 9.18 48.30 70.67 -0.656
EsUnivin | 510 57.08 5.47 59.06 71.59 -0.767
EsINHB | 404 45.56 9.12 65.44 82.87 -0.388
EsINHBB | 394 44.02 7.18 52.99 80.53 -0.392
Table 1. Physicochemical properties of the TGF-f superfamily proteins in E. sinensis.
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range from 70.67 to 85.29, and the grand average hydropathicity of all the TGF-p proteins is negative, indicating
that they are all hydrophilic.

Phylogenetic analysis of the TGF-B superfamily genes

A total of 191 TGF-f superfamily proteins from E. sinensis and other species were used to construct a phylogenetic
tree, as shown in Fig. 1. There is one member from E. sinensis in the BMP2/4, BMP3, BMP5-8, BMP10, BMP15,
GDEF8 and Univin groups. They were named EsBMP2, EsBMP3, EsBMP7, EsBMP10, EsBMP15, EsGDF8,
and EsUnivin, respectively. The INHB group contained two E. sinensis members, ESINHB and EsINHBB.
Phylogenetic analysis of each subfamily revealed that E. sinensis and other crab species, such as P. trituberculatus
and C. opilio, first clustered into a small clade and then clustered with shrimp species to form a large clade. In
addition, the amino acid sequences of the identified members among the crabs were highly conserved, ranging
from 54.62 to 88.69% between homologous genes (Table S5).

Conserved motifs and gene structure of the TGF-f superfamily

As shown in Fig. 2, a total of 20 conserved motifs, named motif 1-motif 20, were identified among the 9 TGF-3
superfamily members. They are more conserved at the 3’-end, and all of them ended with motif 3 and motif
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Fig. 1. Phylogenetic tree of the TGF-p superfamily protein sequences. The tree consisted of 191 amino acid
sequences of TGF-p superfamily genes from E. sinensis (marked in red) and other representative species.
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Fig. 2. Conserved motifs and gene structure analysis of the TGF-f superfamily in E. sinensis. Boxes of different
colours represent different motifs; UTR: untranslated region; CDS: coding sequence.

MEME motif | Amino acid sequence Length | Pfam domain
1 WIIA PEGYDAYYCKGECPFPLA 22 TGF-B
2 NIVLKKYPDMVVEECGC 17 TGF-f
3 PCCAPTKLSPISJLYYDHD 19 TGF-B
4 CCRKALHVDFKDLGWD 16 TGF-B
5 GWTTVDVTAAVRRWLALPREBLGLLVEC 28 -

6 NPTNHAVVQTLVN 13 -

7 LERIKZRILSKLGLSTPPNVTQ 22 -

8 WWWKWRCW 8 -

9 EKGIYE 6 -

10 QPSVCVWDDDG 11

11 MPRGEPIYN 9 -

12 MLELYN 6 -

13 NKHD 6 -

14 QUR 6 -

15 HKDKIP 6 -

16 PFMELF 7 -

17 PAPPHPRGRHHPH 13 -

18 NFJVKZNJSHGKKNLLPNENK 21 -

19 HFHVQV 6 -

20 WCWRVVCLLLWVAAVALWDVRKHRFENPWDNSV | 33 -

Table 2. Conserved motifs of the TGF-p superfamily in E. sinensis. The conserved cysteine residues (C) in
motifs 1-4 are marked in bold.

2. Motifs 1-4 belong to the TGF-p domain and contain 8 conserved cysteine residues (Table 2). The motifs in
the TGF-B superfamily members vary greatly. For example, EsBMP7 and EsGDF8 contain 11 motifs, whereas
EsBMP3 contains only 6 motifs. Genes from the same subfamily presented more similar conserved motifs.
In addition, the number of CDSs varied greatly among the TGF-p superfamily in E. sinensis. EsBMP10 and
EsBMP15 have 6 CDSs, EsBMP3, EsBMP7, and ESINHBB have 5 CDSs, and the other TGF- superfamily
members contain only 2-4 CDSs.

Figure 3 shows that all the TGF-p superfamily members of E. sinensis contain a TGF-p domain. Proteins
encoded by seven of the identified genes (EsBMP2, EsBMP3, EsBMP7, EsGDF8, EsUnivin, ESINHB, ESINHBB)
contain a signal peptide, and of 6 members (EsBMP2, EsBMP3, EsBMP7, EsBMP10, ESINHB, EsUnivin) have
a Pfam: the TGF-p propeptide. Five members (EsBMP3, EsSBMP7, EsBMP10, EsGDF8, EsUnivin) have a low-
complexity region, whereas EsGDF8 and EsUnivin have two low-complexity regions. Only EsBMP15 has a
transmembrane domain.
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Fig. 4. Expression patterns of the TGF-f superfamily at different developmental stages (a) and in different
tissues (b) of E. sinensis. M: megalopae; J: juvenile; A: adult; a: abdomen; c: cephalothorax; go: gonad; m:
muscle; h: hepatopancreas; gi: gill; e: eyestalk; d: day.

Spatiotemporal expression profiles of TGF-B superfamily genes

At different developmental stages, EsBMP2 was very highly expressed at the cleavage stage (4 d), and it was the
only gene exhibiting a very high expression level during embryonic development (Fig. 4a). EsBMP2 decreased
rapidly to moderately high expression at the blastula stage (12 d). EsUnivin was highly expressed at the heart
beating stage (34 d). EsBMP7 was expressed from the blastula stage (12 d) to the hatched zoea stage (38 d),
and its expression at the blastula (12 d), gastrula (23 d), eyed (33 d) and heart beating stages (34 d) reached
moderately high levels. The EsBMPI0 gene was expressed at moderate or low levels from the blastula stage (12
d) to the hatched zoea stage (38 d). In addition, EsBMP3, EsBMP15, EsGDF8, EsSINHB, and EsSINHBB were
expressed at low level, very low level, or not expressed at embryonic developmental stages in E. sinensis.

The expression patterns of the TGF-P superfamily genes in different tissues are shown in Fig. 4b. In adult
crabs, EsBMP2, EsBMP7 and EsBMPI10 were very highly expressed in the gills, which were significantly higher
than those in other tissues. The expression profiles of EsBMP2 and EsBMP7 were consistent and were highly
or moderately highly expressed in the abdomen and cephalothorax of megalopae and juveniles. In addition,
EsGDF8 was moderately highly expressed in the abdomen of juveniles and muscle of adult crabs. In the gonads,
only EsBMP7 was moderately highly expressed, while the expression levels of the other genes were lower. In
eyestalks, EsBMP7 was highly expressed, whereas EsBMP2 was moderately highly expressed. In addition, all the
TGF-B superfamily genes presented low, very low or no expression in the hepatopancreas. RT-qPCR was used
to confirm the expression patterns of 4 genes, and the results were consistent with those of the transcriptome
data (Fig. 5).

Expression profiles of TGF- superfamily genes at different regeneration and molting stages
To determine the physiological roles of the TGF-P superfamily genes at different limb regeneration stages,
we analysed the expression patterns of the TGF-f superfamily genes after amputation in muscle and eyestalk
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Fig. 5. Expression profiles of ESBMP2 (a), EsBMP7 (b), EsBMPI0 (c), and EsGDF8 (d) in different tissues of E.
sinensis. The histogram represents the relative expression detected by RT-qPCR (mean * SD). The line graph
represents TPM in the transcriptome.

(Fig. 6). In muscle, the expression level of EsBMP2 was the highest at 15 d of limb regeneration, reaching
moderately high expression, which was higher than that in the control group. ESINHBB was moderately
expressed at 30 d of limb regeneration, which was also higher than that of the control group. In contrast,
EsBMP7 was moderately highly expressed in the control group, whose expression was higher than its expression
during limb regeneration. EsGDF8 was moderately expressed in the control group and expressed at lower levels
after amputation. EsBMP3, EsBMP10, EsBMP15, EsUnivin and EsSINHB were consistently stable at low or very
low expression levels. In eyestalks, EsBMP7 was highly expressed in the control group and limb regeneration
group (15 d), with no difference between these two groups. EsSINHB was moderately highly expressed in the
control group and decreased at 3 d and 15 d of limb regeneration. At 30 d, ESINHB returned to moderately high
expression. The expression level of ESINHBB was moderately high at 30 d, which was higher than that in the
control group. EsGDF8 was upregulated in eyestalk at 15 d and 30 d compared to the control group. EsBMP3,
EsBMP10, EsBMP15, EsGDFS8, and EsUnivin had low, very low or no expression in the eyestalks of the control
and regeneration groups.

Figure 7 shows the expression profiles of the TGF-f superfamily genes at the different molting stages of E.
sinensis. In gill, EsSBMP2, EsBMP7 and EsBMP10 were very highly expressed during the 4 different molting stages
(Fig. 7a). However, the expression levels of these three genes fluctuated greatly during the molting cycle (Fig. 7b).
Compared with those at the intermolt and premolt stages, the expression level of EsBMP2 increased several
times at the ecdysis stage and decreased slightly at the postmolt stage. In contrast, the expression level of EsBMP7
slightly decreased at the ecdysis stage but significantly increased at the postmolt stage. EsBMPI0 expression
slowly increased throughout the molting cycle, and the expression level at the postmolt stage was approximately
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twice as high as that at the intermolt stage. ESINHBB was moderately expressed at the postmolt stage, which was
higher than that at the other stages. The expression levels of the other 5 genes in the gills were low, very low, or
not expressed and were not modulated by the molting process.

Expression profiles of TGF-B superfamily genes under different abiotic stresses

We analysed the gene expression profiles of the TGF-p superfamily genes in the gills and hepatopancreas of E.
sinensis under Np exposure and Cd exposure (Fig. 8). In the gills, EsSBMP2, EsBMP7, and EsBMP10 were very
highly expressed; however, the differences were significant between the control group and treatment group. The
transcription levels of EsSBMP2 in the Np, Cd, and Np-Cd groups were all higher than those in the control group.
The gene expression level of EsBMP7 increased under Np stress and significantly decreased under Cd exposure
and Np-Cd treatment. The expression level of EsBMP7 in the Np-Cd group was much lower than that in the
Np group or the Cd group. The transcription levels of ESBMP10 were reduced under all three stress conditions,
and the gene expression in the Np-Cd group was less than half that in the control group. The other TGF-p
superfamily genes in the gills were expressed at low levels, and the responses to Np and Cd exposure were not
obvious. EsGDF8 and EsINHB were downregulated in NP, Cd and Np-Cd groups compared to the control group.
The expression levels of the TGF- superfamily genes in the hepatopancreas of E. sinensis were low among all
the groups.

Under air exposure stress, EsBMP2, EsBMP7 and EsBMPI0 were also very highly expressed in the gills
(Fig. 9). The expression of EsBMP7 was downregulated after 1 day of air exposure and upregulated consistently
after 3 days and 5 days of air exposure. EsSINHB and ESINHBB were upregulated during air exposure compared
to the control group. The other TGF-p superfamily genes were expressed stably during adaptation to air exposure
stress. In acute high-salinity stress, EsBMP2, EsBMP7 and EsBMP10 were very highly expressed in haemocytes
(Fig. 10). After challenge for 24 h, the expression of EsBMP2 and EsBMPI0 at a salinity of 35 ppt was twice
as high as that in the other low-salinity groups. EsBMPI5 and EsSINHBB were upregulated at 48 h and 24 h,
respectively. Moreover, after exposure for 12 h, 24 h and 48 h at a salinity of 16 ppt, EESBMP2, EsBMP7 and
EsBMP10 were downregulated at 24 h, and their expression at 48 h gradually recovered to the same level as that
at12h.

Discussion

We identified 9 TGF- superfamily gene members in E. sinensis, and the number of this gene family differed little
among invertebrates®. For example, there are 7, 8 and 10 TGF-B superfamily members in Drosophila®, oysters,
and the Pacific abalone H. discus hannai*?, respectively. In invertebrates, the number of TGF-f superfamily genes
is significantly lower than that in vertebrates®. For example, a total of 33 TGF- superfamily members have been
identified in humans, including 10 BMP members, 10 GDF members and 13 other members®’. There are 30 and
48 TGF-P genes in blue whale?® and tilapia®, respectively. The expansion of the TGF-f superfamily in vertebrates
is likely due to genome duplication events, which lay the foundation for the evolution of important functions,
such as the more complex brain and heart’.

The life cycle of E. sinensis can be divided into several stages: the zoeal stage, the megalopa stage, the juvenile
crab, and the adult crab®. In this study, EsBMP2 was very highly expressed in the cleavage stage (4 d), and
EsBMP7 was continuously expressed from the blastocyst (12 d) to the heartbeat stage (34 d). These expression
profiles of the TGF-f superfamily in E. sinensis are similar to those in other species. BMP2 and BMP7 are highly
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Fig. 8. Heatmap of TGF- superfamily genes in the gills and hepatopancreas (a) and line graph of their
expression in the gills (b) of E. sinensis under different abiotic stresses. C: control; Np: nanoplastic stress; Cd:
cadmium exposure; NP-Cd: nanoplastic and cadmium exposure.
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expressed during early embryo development in bovines*, chicken®, sea urchins®, and sponge®!. These results
illustrate that BMPs play key roles in early embryonic development, including gastrulation, mesoderm induction
and axial patterning in the embryo. These findings suggest that EsSBMP2 and EsBMP7 may be the main genes
controlling embryo early development in crabs.

In adult E. sinensis, ESBMP2, EsBMP7 and EsBMP10 were very highly expressed in the gills and expressed at
low levels in the hepatopancreas, which was consistent with previous studies. The relative transcription level of
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BMP2 was highest in the gills and very low in the hepatopancreas in both E. sinensis'® and S. paramamosain'!.

Previous studies have revealed that BMP2 is highly expressed in male gonads in E. sinensis'® but is highly
expressed in the ovaries of S. paramamosain''. However, in our study, EsBMP2 was expressed at very low level
in the gonads. This difference may be due to the different gonadal development periods of the crabs collected.
BMP?7 has a potential role in testis development in E. sinensis, indicating that BMP7 can regulate the proliferation
and differentiation of spermatogonia'® and that BMP7 affects oocyte maturation in S. paramamosain®. In
the present study, EsBMP7 was the most highly expressed gene in the gonads, which supports the important
role of BMP7 in gonad development and reproductive processes. In addition, both EsBMP2 and EsBMP7 are
generally highly expressed in the cephalothorax and abdomen of megalopa and juvenile crabs. The most obvious
morphological feature that changes from megalopa to juvenile crab is brachyurization, which is a degenerated
abdomen with entire folds beneath the thorax™. The universal expression pattern suggested that BMP2 and
BMP7 may play multiple roles in brachyurization. EsGDF8 is moderately highly expressed in the abdomen and
muscle, which is similar to previous findings®*. The expression of a myostatin-like gene found in the blackback
land crab was restricted to skeletal muscle!®, suggesting that GDF8 participates in muscle growth regulatory
mechanisms in crabs. The inhibition of GDF8 has the potential to enhance the combination of hyperplasia and
hypertrophy of myosin heavy chain II striated myofibers in striated muscle, which could lead to an increase in
muscle cellularity®.

The expression pattern of EsBMP2 in muscle during limb regeneration was consistent with that in crayfish
(Cherax quadricarinatus)®®. BMP2 in crayfish continually increases in expression at the emergence of the
unsegmented papilla period and then decreases at the late stage of limb regeneration®. The expression of
EsGDF8 in muscle decreased after amputation (3 d, 15 d, and 30 d). Our results support the negative regulatory
role of myostatin®. Therefore, EsBMP2 and EsGDF8 may be involved in limb regeneration in crabs. Regarding
the molting, EsBMP2, EsBMP7 and EsBMP10 were very highly expressed in the gills of E. sinensis, and their
expression levels at the postmolt stage were higher than those at the intermolt stage. The activation of the TGF-f
signalling pathway is critical for the maturation of molting glands and the production of ecdysones in the crab
G. lateralis®. In Macrobrachium nipponense, the TGF-B signalling pathway performs an important function
during molting by regulating the synthesis of ecdysone®. In bivalves, BMPs such as BMP2, BMP7, and BMP10
are key players in shell damage repair and calcification®. The BMP signalling pathway regulates the process of
exoskeleton hardening during the molting process in S. paramamosain, and BMP2 in the hepatopancreas exhibits
cyclic expression patterns during the molting phase®. TGF-B receptors have been reported to be involved in
molting-related muscle growth in E. sinensis®'~°%; however, studies of the TGF-f superfamily involved in molting
are rare. In addition, few studies have investigated the effects of BMP7 and BMP10 on the molting process in
crustaceans®. In this study, our results revealed that BMP2, BMP7, and BMPI0 may be involved in molting in
crabs.

The TGF-f signalling pathway participates in the response mechanism under environmental stresses. The
expression levels of the EsBMP2, EsBMP7 and EsBMPI0 genes in the gills changed greatly under Cd or Np
stress. Heavy metals such as Cd can directly affect the TGF-p signalling pathway by binding to and altering
the structure of the TGF-p receptor, which promotes the phosphorylation process of the receptor®, and this
mechanism has also been observed in mammals®. In arthropods, members of the TGF- signalling pathway
were found to be cadmium-responsive transcription factors in the wolf spider Pardosa pseudoannulata®. The
hepatopancreas of the Chinese mitten crab experiences oxidative damage due to exposure to Np conditions, with
a decrease in the relative mRNA level of the TGF- receptor gene®. Studies on the role of BMPs in the regulation
of Np stress and heavy metals in invertebrates are rare. In addition, the results indicated that the expression
profiles of EsBMP2, EsBMP7 and EsBMP10 changed in response to air exposure stress and acute high salinity.
E. sinensis is an economical crustacean with strong tolerance to environmental stress. Few studies have reported
the response of the TGF-f superfamily to air exposure or high salinity. The very high expression of the ESBMP2,
EsBMP7 and EsBMP10 genes may reflect an adaptive response mechanism of the crabs to environmental stress.

In summary, a total of 9 TGF- superfamily genes (EsBMP2, EsBMP3, EsBMP7, EsBMP10, EsBMP15,
EsGDEF8, EsUnivin, ESINHB and EsINHBB) were identified in E. sinensis. The identified members of the TGF-
B superfamily were evolutionarily conserved. This study provides not only a comprehensive understanding of
the gene characteristics, sequence structure, and phylogenetic relationships but also insights into the growth,
development, specific physiological processes, and adaptive regulatory mechanisms of this gene family in E.
sinensis. In-depth studies will help us better understand how crabs respond and adapt to abiotic stress. Moreover,
these results provide a more comprehensive understanding of the evolution and biological functions of the TGF-
B superfamily genes in crabs.
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