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Activin receptor IIB (ActRIIB) is a serine/threonine-kinase receptor binding with TGF-B
superfamily ligands besides myostatin to play the role in regulation of muscle growth in
vertebrates. However, information about the function of the receptor in Eriocheir sinensis
with specific molting to growth is scarce. In this study, the 4916 bp full-length cDNA of
EsActRIIB was cloned, including a 1683 bp ORF encoding 560 amino acids with
characteristic domains of TGF-B type Il receptor superfamily. ESActRIIB expressions
detected in all tested tissues suggested that there were changes in different molting
stages, with a higher expression in the hepatopancreas tissue and peak at the premolt
stage in muscles. RNA interference with EsActRIIB during whole molting cycle showed that
a higher weight gain rate (WGR), higher specific growth rate (SGR) and lower
hepatopancreas index (HI) were achieved in individuals with injection of dsRNA, while
comparing to the control group (P<0.01). Nutrition ingredient analysis showed that the
eontents-ef amino acid (TAA, TEAA and TNEAA) increased significantly in hepatopancreas
and muscle; and fatty acid composition (SFA, PUFA and MUFA) was affected in
hepatopancreas (P<0.05). Furthermore, the expression levels of some target genes (ActRI,
FoxO, CPT1p, PL, FAS and FAE) were affected in hepatopancreas and muscle, yet no
change was noticed in Smad3, Smad4 and mTOR. These results indicated that EsActRIIB
negatively regulate muscle growth during the molting process, most probably through
controlling protein synthesis and lipid metabolism in Eriocheir sinensis.
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Abstract

Activin receptor 1IB (ActRIIB) is a serine/threonine-kinase receptor binding with TGF-3
superfamily ligands besides myostatin to play the role in regulation of muscle growth in
vertebrates. However, information about the function of the receptor in Eriocheir sinensis with
specific molting to growth is scarce. In this study, the 4916 bp full-length cDNA of EsActRIIB
was cloned, including a 1683 bp ORF encoding 560 amino acids with characteristic domains of
TGF-P type Il receptor superfamily. EsActRIIB expressions detected in all tested tissues
suggested that there were changes in different molting stages, with a higher expression in the
hepatopancreas tissue and peak at the premolt stage in muscles. RNA interference with
EsActRIIB during whole molting cycle showed that a higher weight gain rate (WGR), higher
specific growth rate (SGR) and lower hepatopancreas index (HI) were achieved in individuals
with injection of dSRNA, while comparing to the control group (P<0.01). Nutrition ingredient
analysis showed that the-contents of amino acid (TAA, TEAA and TNEAA) increased
significantly in hepatopancreas and muscle; and fatty acid composition (SFA, PUFA and
MUFA) was affected in hepatopancreas (P<0.05). Furthermore, the expression levels of some
target genes (ActRI, FoxO, CPT1p, PL, FAS and FAFE) were affected in hepatopancreas and
muscle, yet no change was noticed in Smad3, Smad4 and mTOR. These results indicated that
EsActRIIB negatively regulate muscle growth during the molting process, most probably through
controlling protein synthesis and lipid metabolism in Eriocheir sinensis.

Introduction

The transforming growth factor-B (TGF-) superfamily consists of a large number of structurally
and functionally related cytokines subfamilies, including TGF-Bs, bone morphogenetic proteins
(BMPs), activins and growth differentiation factors (GDFs), which regulate a series of biological
processes of cell differentiation, muscle growth and embryonic development (Santibanez,
Quintanilla & Bernabeu, 2011; Morikawa, Derynck & Miyazono, 2016). The TGF-B family
members exert their cellular functions via two heteromeric complexes of transmembrane
proteins, type I and type II receptors, and activate the Smad-dependent or Smad-independent
signaling pathways (Hata & Chen, 2016; Nickel, Ten & Mueller, 2018). Among the TGF-
receptors, activin receptor type IIB (ActRIIB) belongs to serine/threonine kinase transmembrane
receptor, which encode about 500 amino acids characterized by an extracellular ligand-binding
domain, a transmembrane domain and an intracellular serine/threonine kinase domain
(Thompson, Woodruff & Jardetzky, 2003; Sako et al., 2010). ActRIIB mediates TGF-f signaling
pathways with high affinity for ligands like activins and myostatin (Sako et al., 2010). ActRIIB
has been known in regulating muscle growth, embryonic development and reproduction in
vertebrates (Mathews, Vale & Kintner, 1992; Chen et al., 2015; Morvan et al., 2017).

Mpyostatin is well-known as a negative regulator of muscle growth, acting as inhibitor of muscle

growth functioning predominantly via ActRIIB receptor (Han et al., 2013). Since the discovery of
the myostatin/ActRIIB signaling pathway in 1997 (McPherron, Lawler & Lee; 1997), the
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strategies to regulation of muscle growth by blocking myostatin ligands signaling through
ActRIIB were developed greatly (Amthor & Hoogaars, 2012). Experimental evidences
demonstrate that interference of AcfRIIB signaling can increase muscle mass, reverse muscle
wasting and muscle fibrosis in animal models for diseases related to muscular atrophy (Busquets
et al., 2012; Babcock, Knoblauch & Clarke, 2015; Bayarsaikhan et al., 2017; Morvan et al.,
2017). It is now clear that the mechanism of the myostatin/ActRIIB signal pathway is critical in
regulating muscle protein balance (Han et al., 2013). In addition to activation of Smad2/3/4
transcription, myostatin binding to ActRIIB also stimulates FoxO-dependent transcription to
enhance muscle protein catabolism and suppresses Akt/mTOR signaling to inhibit muscle protein
synthesis (Han et al., 2013; Hulmi et al., 2013).

The ActRIIB signaling, beside its effect on muscle growth, can also regulate (improve or inhibit)
adipogenesis (Bielohuby, 2012; Li et al., 2016). Myostatin and ActRIIB mRNA levels would
change in obese animals compared with normal or lean individuals (Allen et al., 2008; Morrison
et al., 2014). Fat contents were reduced drastically in high-fat-diet mice by blockade of ActRIIB
signaling (Akpan et al., 2009; Koncarevic et al., 2012). Furthermore, the interference with
ActRIIB improved lipid profiles and prevented hepatic fat accumulation when compared with
mice fed the same high-fat diet but treated with vehicle only (Bielohuby, 2012). Therefore,
inhibition of ActRIIB signaling becomes a novel therapeutic approach in enhancing obesity and
obesity-linked metabolic diseases (Koncarevic et al., 2012). Certainly, this strategy induced
many changes in the expression patterns of fat metabolism-related genes in adipose tissues
(Koncarevic et al., 2012; Xin et al., 2019). However, the molecular mechanism underlying
ActRIIB-mediated metabolic cross-talk remains poorly understood in animals.

In crustaceans, the achievement of their growth and development is closely related to molting,
which is an essential biological process (Huang et al., 2015). The TGF-8 superfamily member,
especially myostatin, which is known as a negative growth regulator in mammals, has also been
identified to remain involved in regulation of molt-related growth in crustaceans (Lee et al.,
2015; Abuhagr et al., 2016; Zhuo et al., 2017). As an important receptor of myostatin, ActRIIB
gene has become a powerful therapeutic target especially for improvement of individual weight
in mammals, and may also provide a useful approach to increase aquaculture production of
economical aquatic crustaceans. However, its structure and functions on growth and
development in crustaceans has remained unknown in crustaceans so far.

The Chinese mitten crab (Eriocheir sinensis) is an important economic crab species with huge
aquaculture industry in China, but also significant ecological impact in its invaded regions
(Wang et al., 2018). Unfortunately, in E. sinensis aquaculture, the weight gain rates of crab
individuals after molting display significant difference even in the same culture environment,
which results in low production of this highly demanded crab (Huang et al., 2014; Zhang et al.,
2015). The present research was performed to acquire the full-length of ActRIIB cDNA from E.
sinensis (EsActRIIB) and analyze its structural characteristics; to investigate the expression
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patterns of the gene in different molting stages and different tissues; and to figure out the impacts
of the gene interference on the growth characteristics, the composition of the crab as a nutrition
source and changing patterns of some growth related genes; and for a better understanding of the
role of ActRIIB in growth and nutrient regulation during molting processes, and thus, to provide
a molecular basis to improve its growth and nutritional quality with further guiding significance
in production of Chinese mitten crab.

Materials & Methods

Animal and tissue collection

Healthy Chinese mitten crab (E. sinensis) juveniles were collected from the Nanhui
Experimental Station of Shanghai Ocean University, Shanghai, China. To detect the tissue
expression levels of EsActRIIB at the premolt (PrM), molt (M), postmolt (PoM) and intermolt
(InM) stages (Chen et al., 2017). The eyestalk, hepatopancreas, heart, gill, stomach, intestine,
walking leg muscle, claw muscle, pectoral muscle, thoracic ganglia and epidermis were sampled
from four healthy individuals of crab at the four mentioned molting stages. All collected tissue
samples were flash-frozen in liquid nitrogen and subsequently stored at -80 °C for further
analysis. Sampling procedures complied with the guidelines of the Institutional Animal Care and
Use Committee (IACUC) of Shanghai Ocean University (SHOU-DW-2017021) on the care and
use of animals for scientific purposes.

RNA extraction and cDNA synthesis

The total RNA was isolated using the RNA iso-Plus (Takara, Japan) according to the
manufacturer's instructions. The concentration of extracted RNA was detected by a
spectrophotometer (Eppendorf BioSpectrometer® basic, Hamburg, Germany) and he integrity of
RNA was detected by 1% agarose gel electrophoresis. The RNA with an OD 260/280 value
ranging from 1.8 to 2.0 were used for cDNA synthesis. The template used for full-length cDNA
sequence cloning were synthesized by the SMARTer RACE 5'/3' cDNA Kit Components
(Clontech, USA). The template used for quantitative real time PCR (qRT-PCR) was synthesized
by using the PrimeScript™ RT reagent Kit (TaKaRa, Japan) in accordance with the
manufacturer’s instructions.

Full-length cDNA cloning of EsActRIIB

The full-length cDNA sequence of EsActRIIB was amplified from cDNA template that
synthesized from muscle tissue RNA. Primers for cDNA cloning of EsActRIIB, which were
designed based on transcriptome annotation results of E. sinensis in our previous study (Huang et
al., 2015) by Primer Premier 5.0 software. To obtain full-length cDNA sequences of EsActRIIB
gene, specific primers of ActRIIB-5'outer and ActRIIB-5'inner, ActRIIB-3'outer and ActRIIB-
3'inner, and Universal Primer A Mix (Table S1), were used for the amplification of 5" and 3’
ends full-length sequences, respectively. Total volume of the PCR reaction was 20 pL, including
10 uL 2xHieff® Master Mix, 1 uL ¢cDNA template, 0.5 uL 10 pmol/uL forward primer and 0.5

Peer] reviewing PDF | (2020:01:44950:0:1:NEW 20 Jan 2020)


Administrator
高亮

Administrator
高亮

Administrator
高亮


PeerJ

161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

puL pmol/uL reverse primer, 8 uL. ddH,0O. The PCR programs were run as follows: 94°C for 5
min; 30 cycles of 94 °C for 30 s, 60°C for 30 s; 72 °C for 1 min; 72 °C for 7 min. The PCR
products were extracted from the 1% agarose gel using TaKaRa MiniBEST Agarose Gel DNA
Extraction Kit, then the purified PCR products were ligated with pMD19-T Vector (TaKaRa,
Japan) and transformed into Escherichia coli DH5a competent cell (TaKaRa, Japan). The
positive colonies were sent to Sangon Biotech Company (Shanghai, China) for sequencing.

Bioinformatics analysis of EsActRIIB

The amino acids of EsActRIIB was deduced by ExPASY -translate tool (http://www.expasy.org/).
The sequence alignment analysis was performed by NCBI-BLAST
(http://www.ncbi.nlm.nih.gov/blast). The protein domains were predicted by SMART
(http://smart.embl-heidelberg.de/). The protein structure was modeled by I-TASSER server
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/). A phylogenetic tree was constructed by
MEGA 5.1 software using neighbor joining methods with a bootstrap value of 1000 (Table S2).

Tissue expression detection of EsActRIIB

The qRT-PCR reaction system, which quantify the expression levels of EsActRIIB in eleven
different tissues at the four molting stages, was consisted of 10 pL Hieff UNICON® qPCR
SYBR Green Master Mix, 1 uL ¢cDNA, 1 pL primer Mix, and 8 pL ddH,0. The programs were
run as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, and 60°C for 30 s.
Temperature increased by 0.5°C per 5 s from 60°C to 95°C for the melting curve with 30 s
elapse time per cycle. f-actin, S27, and UBE, were selected as reference genes (Huang et al.,
2017), and relative expression levels of target genes were estimated by the 2-44¢ method (Livak
& Schmittgen, 2001). The primers for gqRT-PCR were shown in Table S1.

RNA interference conduction

To obtain effective double-stranded RNA (dsRNA) of EsActRIIB, the target segment contained
more functional short-interfering RNA (siRNA) sites predicted using siDirect version 2.0
(http://sidirect2.rnai.jp/). The designed primers included a T7 RNA polymerase-binding site at
5'-end (Table 1). The dsSRNA was synthesized using T7 RiboMAX™ Large Scale RNA
Production Systems (Promega, P1300) according to the manufacturer’s instructions. In order to
test the efficiency of designed dsRNA, 6 crab individuals were injected with 3 pg/g dsRNA (1
pug/mL) used as experiment group, and 6 crab individuals were injected with PBS (3 uL/g) used
as control group, respectively. qRT-PCR was conducted to test the expression of EsActRIIB to
make sure the interference efficiency. In order to explore the function of EsActRIIB on growth
during the molting process, 60 crab individuals (4.62 £+ 0.78 g) were collected immediately after
their molting, and divided randomly and equally into two groups, experimental (injected with
dsRNA) and control (injected with PBS) groups. All carbs were cultured in the same condition.
The first injection was at 5™ days after crab molting, and then injected every five days. After the
second molt, all surviving crabs were collected for further analysis.
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Basic growth character measurement

Body weight (BW) of each carb was measured on the second day after the first molt, the molting
time was recorded daily for individual crabs, and the hepatopancreas was collected and weighted
after the second molt. The parameters were calculated as following formulae: Weight gain rate
(WGR, %) = [body weight after the second molt (BW,) - body weight after the first molt
(BW))]I/BW, x100; Specific growth rate (SGR, %/d) = (LnBW, - LnBW,) x100/molting interval
time (MI); Hepatopancreas index (HI, %) = hepatopancreas weight (HW) /BW, x100.

Nutrition ingredient analysis

At the end of the RNA interference (RNA1) experiment, the hepatopancreatic and whole muscle
tissues of each crab were sampled for fatty acid and hydrolytic amino acid ingredients analysis.
The compositions were measured by using Gas chromatography and mass spectometry (GC-MS)
technique and amino acid automatic analysis apparatus, respectively (Wei et al., 2018). Three
biological repetitions for each group were performed to significant difference analysis.

Expression of target genes

To determine the expression of target genes including ActRI, Smad3, Smad4, FoxO and mTOR
(Han et al., 2013; Guru et al., 2019), which involve in AcfRIIB signaling pathway, and pancreatic
lipase (PL), carnitine palmitoyltransferases 1B (CPT1p), fatty acid synthase (FAS) and fatty acid
elongation (FAE) (Liu et al., 2016; DeBose-Boyd, 2018; Liu et al., 2018; Wei et al., 2019),
which are related to lipid metabolism, the hepatopancreas and muscle (from third walking leg
muscle) tissues were collected from six individuals treated with dsSRNA and PBS for 48 h. qRT-
PCR was used to analyze the transcription of eleven target genes, as same method described
above.

Statistical analysis

All data were statistically analyzed by one-way ANOVA followed by Duncan’s Multiple Range
Test with SPSS 20. The P value < 0.05 was considered statistically significant. The P value <
0.01 was considered to be a highly significant difference.

Results

The full-length cDNA sequence of EsActRIIB

The full-length cDNA sequence of EsActRIIB was 4916 bp (GenBank accession number:
MN832896), which was consisted of a 618 bp 5’ terminal untranslated region (UTR), an open
reading frame (ORF) of 1683 bp, and a 2615 bp 3' UTR. The ORF encoded 560 amino acids (aa)
with a predicted molecular weight of 62.86 kDa, and a theoretical isoelectric point of 6.00 (Fig.
1). The predicted domains of EsActRIIB contain an activin receptor domain (46-140aa) and a
Serine/Threonine protein kinases domain (251-539aa), which are characteristic domains of TGF-
B type II receptor superfamily. A signal peptide and a transmembrane region were located at 1-
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28aa and 198-220aa, respectively (Fig. 2A). The tertiary structure of EsActRIIB consists of
thirteen a-helices and seven B-sheets (Fig. 2B).

cDNA sequence alignment and phylogenetic analysis

The BLAST analysis showed that EsActRIIB amino acid sequence shared high identities of 92%
with that of Portunus trituberculatus (GenBank: MPC26231.1), 69% with that of Penaeus
vannamei (GenBank: ROT74806.1), 54% with that of Daphnia magna (GenBank: JAL80963.1)
and identities of 50%~60% with that of Nasonia vitripennis (GenBank: XP_001603863.1) and
other insects. The phylogenetic tree of ActRIIB could be divided into two large branches.
ActRIIBs from arthropods were clustered together in one large branch, in which the EsActRIIB
was clustered closely with those of crustaceans. ActRIIBs of fishes, amphibians, mammals,
reptiles and bird species were clustered together in the other branches (Fig. 3).

Tissue expression levels of EsActRIIB

The relative expression levels of EsActRIIB could be detected in all eleven tissues during
different molting stages, which varied with the molting stages. The mRNA expression of
EsActRIIB in the hepatopancreas was significantly higher than the other detected tissues in
general (P<0.05), with the highest during premolt stage (PrM) (P<0.05). Generally, the
expression levels of EsActRIIB were relatively lower in muscle tissues. However, the expression
levels of EsActRIIB in the walking leg muscle, claw muscle and pectoral muscle also reached the
highest at PrM stage (P<0.05) (Fig. 4).

Growth characteristics after RNAi of EsActRIIB

After injection of synthesized dsRNA, the expression level of EsActRIIB significantly decreased
compared with control group at 48 h (P<0.01), with 60.85% of interference efficiency (Fig. 5).
After a whole molting cycle interference, dSRNA group showed higher weight gain rate (WGR)
and specific growth rate (SGR) with the significant difference, which increased 53.55% and
64.71% against control group (P<0.01), respectively. In addition, lower hepatopancreas index
(HI) showed in dsRNA group with the significant difference compared to control group
(P<0.01), which decreased 34.79% against control group. However, the molt cycle had no
significant difference between dsRNA and control groups (P>0.05) (Table 1).

The effect of EsActRIIB RNAi on nutrient composition

After EsActRIIB interference, the contents of total essential amino acid (TEAA), total non-
essential amino acid (TNEAA) and total amino acid (TAA) compared to those of the control
group was increased by 9.57%, 8.47%, 8.92% in hepatopancreas and 12.53%, 8.56%, 10.07% in
muscle, respectively (P<0.05). The ratio of TEAA/TNEAA in muscle increased by 5.08%
(P<0.05) (Table 2). The contents of saturated fatty acid (SFA) and monounsaturated fatty acid
(MUFA) increased by 2.53% and 4.46%, and polyunsaturated fatty acid (PUFA) decreased by
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9.65% in hepatopancreas of dsRNA group (P<0.05). The same trends were observed in muscle,
but with no significant differences (P>0.05) (Table 3).

Expression levels of target genes after RNAi of EsActRIIB

After dsRNA interference, the expression levels of eleven target genes (ActRI, Smad3, Smad4,
FoxO, mTOR, CPTIp, PL, FAS and FAE) were compared to control group. For ActRIIB pathway
related genes, the expression levels of ActRI and FoxO were down-regulated in hepatopancreas
and muscle after treated with dsSRNA (P<0.05). However, no significant differences were found
among the relative expressions of Smad3, Smad4 and mTOR (P>0.05). For lipid metabolism
related genes, the expression level of CPT1f was significantly down-regulated in hepatopancreas
but up-regulated in muscle, PL was up-regulated in hepatopancreas but down-regulated in
muscle (P<0.05), while FAS and FAE were down-regulated in the hepatopancreas and muscle
tissues after dSRNA injection compared to control group (P<0.05) (Fig. 6).

Discussion

In the present study, first of all, we cloned the full-length cDNA of ActRIIB from E. sinensis. Its
encoded amino acid sequence has characteristic structural domains of TGF-f type II receptor
members (Thompson, Woodruff & Jardetzky, 2003). In vertebrates, ActRIIB binds to activins
and myostatin ligand through its extracellular activin receptor domain, and its intracellular
Serine/Threonine protein kinases domain phosphorylates down-steam Smad signaling factors to
exert in signal transduction (Shi & Massagué, 2003). These domains highly conserved in E.
sinensis, it is presumed that EsActRIIB might play a role in TGF- signal transduction, similar in
vertebrates.

ActRIIB is widely distributed in various tissues and different developmental stages in mouse,
zebrafish and other vertebrates (Garg et al., 1999; Rebbapragada et al., 2003). In this study,
EsActRIIB was also widely expressed in all tested tissues at different molting stages. Molting is
the special biological process of E. sinensis to achieve growth, and the transcription levels of
numerous related genes in vivo changes with molting cycle (Huang et al., 2015). The expression
levels of EsActRIIB in different tissues had differences in four molting stages, which revealed
that it involved in molting-related growth regulation. In general, EsActRIIB was highly expressed
in the hepatopancreas tissue in all four molting stages, which might be relevant to the important
roles of hepatopancreas in carbohydrate and lipid metabolism, nutritional status, energy storage
and breakdown in crustaceans (Wang et al., 2008). The expression of EsActRIIB in all three
types of muscles were peaked at PrM, it might be related to muscle atrophy induced by molting
(Tian & Jiao, 2016). These results indicated that hepatopancreas and muscles are the target
ograns that EsActRIIB playing a role in molt-related growth.

In order to explore the function of EsActRIIB in growth regulation, we knocked-down the
transcription level of EsActRIIB successfully. The EsActRIIB mRNA knocked-down crabs in this
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study showed faster weight gain rate (WGR) and specific growth rate (SGR). Similar
interference with ActRIIB positive regulation in muscle growth has been confirmed in dystrophic
mdx mice (Dumonceaux et al., 2010). Moreover, higher contents of hydrolytic amino acids
occurred in muscles and hepatopancreas indicating that the achievement of faster growth in
EsActRIIB knocked-down individuals was caused by acceleration of protein synthesis. The
myostatin/ActRIIB signal pathways regulating muscle protein balance has illuminated in
mammals (Han et al., 2013). ActRI is the interacting protein of ActRIIB binds to myostatin (Hata
& Chen, 2016), its lower expression was observed with interference of EsActRIIB in this study.
But the expression of downstream transcription factors Smad3 and Smad4 was not influenced,
which would be the fact that the Smads as core and versatile cytokines are active in whole TGF-
B pathway, not only in myostatin/ActRIIB pathway (Massague, Seoane & Wotton, 2005).
ActRIIB signal pathway also stimulates FoxO-dependent transcription to enhance muscle protein
catabolism and suppresses Akt/mTOR signaling to inhibit muscle protein synthesis (Han et al.,
2013; Hulmi et al., 2013). The expression of mTOR after EsActRIIB RNAi was not influenced,
but the result of lower expression of FoxO could be explained. These results indicated the
interference of EsActRIIB accelerated individual growth by regulation of protein catabolism and
synthesis pathway.

It was proven that hepatopancreas is the main organ for lipid storage and lipid processing in
crustaceans (Wang et al., 2008). The lower hepatopancreas index (HI) indicated that the
inhibition in lipid metabolism. This phenotype is consistent with previous studies that the
interference with EsActRIIB regulate adipogenesis to reduced adiposity (Koncarevic et al., 2012;
Morrison et al., 2014). The corresponding result is that, the fatty acid composition (higher SFA
and MUFA, lower PUFA) significantly changed in hepatopancreas after EsActRIIB interference.
It is indicated that the lipid metabolism in vivo might be blocked. The further transcription levels
of lipid metabolism related genes were verified. PL is responsible for lipodieresis (Grove et al.,
2012) and FAE controls fatty acid elongation (Igarashi et al., 2019), higher expression of PL and
lower expression of F'AE in hepatopancreas after EsActRIIB interference might be the cause of
less hepatopancreas weight. In addition, the expression of CPT/f was down-regulated in
hepatopancreas but up-regulated in muscle. This result might due to the fact that CPT1p is the
key enzyme of B-oxidation of fatty acid which acts on muscle (Liu et al., 2018), and,
hepatopancreas might require to reduce energy consumption for muscle growth (Huang et al.,
2015). Moreover, the expression levels of FAS, which is responsible for lipid synthesis (Loftus et
al., 2000) and FAE were down-regulated in muscle after EsActRIIB interference. It indicated that
the lipid synthesis was slowed down n muscle; but the expression of PL was also down-regulated
in muscle. The balance of lipolysis and lipid synthesis was affected, but not broken. That might
be the cause of no significant difference in fatty acid composition of the muscle tissue. Anyway,
these results indicated that the RNA interference of EsActRIIB effected the balance of lipid
metabolism.
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Conclusions

In conclusion, ActRIIB of E. sinensis is a conservative functional gene belonging to TGF-f
superfamily receptors, and the RNA interference of EsActRIIB positively regulated muscle
growth after molting by effecting on protein synthesis and lipid metabolism. Our study was first
to prove the negative regulatory function of EsActRIIB in E. sinensis. Further research may focus
on the molecular mechanism of ActRIIB signal transduction related to in E. sinensis.
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The nucleotide and deduced amino acid sequence of ESActRIIB.

The start codon (ATG) and the stop codon (TAA) were indicated with bold letters in box. The
MRNA instability motif (ATTTA) was showed by bold letters. The signal peptide sequence was
double underlined. The activin receptor domain was shaded with light gray. The

transmembrane region was indicated in box. Serine/Threonine protein kinases domain was

showed with a bold underline.
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AATACCCCATGGAAATTTTAAACAGCCAAA
TATACACCAGTAAAACCCATGTAATCACCCTTAAAAACCCGCAGCGGAGGTTTTTAGAGGACTCCCCGCCAGTGGATTATGTCT
CCTGAAAATACTCGCCATATTGGATTTCGCTAACAAATCGGGCCTGAAATACTGCTGCTGGGCGAGGCATTGCTTGACGCTGCA
CCCTGOGGGCCCCGAGGCGAGTGGCCCAGCGCACTGTGATCGGTGGGG0GGCACGAGCAGG TGATGGTGTGCTGCAGCTGCTGE
AACAAGTGTGACAGTGCTCAAAATTACCCTTTCCATGAAGAAGGATACAGTGAAAAATCTAGAACCCATGTGCTTTGTTTTACA
CAGTGAAGTTCCTCTTAAAATCTGTTGCTAAAGTGAAGGAAAAACAGCTTGATGAGAGCCCGAGAGGGTTGCCATCGATGCAGG
ATATGGACATGACACGGGTCTGTCCATGAGGACAGATGTGACATTTGGAGGAGCTGAGGTGCCACACATGCAAGACCTGACTGG
ATCCTGGCTGAGAGGGATCACCCAAGGACAAGTGAGGGGTGGCTGAAGCTGAGGAGACCCAAGGCAAGGTTGGCCAGCTGTGTG
ATG6CTGGCAGCAGAAGAGTCTTGTATCCTCCATCAACCATGATGATCCTGCTAACCCTGGCAGCCTTCCCTGCCATCTCGGCC

M A GSRRV L YPPSTMMILLTLAAFPATILISA
CTAATACCTGAAGGGATGGCACAGCCTTCGGAAACCCCCCGGCCCCAGGTGACGCACTGTGAGCTATACAACAGCACACAGTGT
LT PEGMAQPSETPRPQVTHCELYNSTQ QEC
ACTGGGGACAACTCTCTCTCGCCTGTGTGTAAGAAGGAAAGCCATCCGTGTGAGGACCTAGAGAAGGCCAACCAGTGCTTTGTG
T GDNSLSPVCKEKESHPCEDTLTEEKANG QCEV
GTGTGGAGTAACATGTCTGGCACGCCAGAAGTAATCTACAAGGGATGTTTATGGAATTATAAAACTTGCAAAGATGAGTGCATC
VWSNMSGTPEVTIYKGCLWNYEKTCEKDEC!TI
AGCACTGAGCCAGTGAACAGTCTTACAGAGCAGAAGCCTCACCTGTTTTGTTGCTGCAACAACAACAATTGTAATCAGAACTTC
STEPVNSLTEG® QEKPHLEFCCCNNNNTCNA® QNF
TCGTGGCAGCCTAAGGTTGAGGTCCCCAGCACCACCCCAGAGGGGCCTTTAAGAAACATGATCCCCGCAGCTACTGGGTTAATG
SWQPEKVEVPSTTPEGPLRNMIPAATGLM
GCCCAGGGTAACAGGGCTTACACTGGAAAAAGGGATAAAAACCTTATAAACATCCTGCCACCCCAGGAACAGGACATGGTTGTA
AQGNRAYTGEKRDEKNTLTINTILPPQE®QDMVV
CAGACGGTGGCTTGGACCCTTGGGACCCTCATCCTGTTGGTGGTTACGGTGACAGTTCTCTTCTACCTCTATAGGAGACAGAAA
QT VAWTLGTLILLVVYTVTVLFYTLVYRERS® QEK
ATGGCCAACTTTATGGCAATACCTCGAGTGGAGTCCACAGCCCTTGTTCCTCCCTCTCCACCGATGGGCTTGCGACCCATACAG
M ANFMAITPRYESTALVPPSPPMGLTREPIQ
CTGAGGGAGATCAAAGCCAGAGGCCGGTTTGGTGCTGTGTGGAAGGCCAACCTTCACAATGACGTTATTGCTGTCAAGATCTTC
LREITKARGREGAVWEKANLHNDVIAVEKTIEF
CCAGTCCAGGATAAACAGTCGTGGCTGGTGGAGACGGAGGTGTACTCCCTCCCTCAGCTGTCCCATGAGAATAT CCTACACTAC
PVQDEKQSWILVETEVYSILPQLSHENTITLHY
ATTGGGGCAGAGAAGCGTGGCGATAGCCTTCAGGCTGAGTTTTGGCTTATTACAGCCTACCATGAGAGAGGCTCCTTGTGTGAC
1 G AEKRGDSTLQAEFTWLITAYHERGSTLCHD
TTTCTAAAGGCCAACCTCGTGACATGGGATGAACTGTGCAAGATTGGCGAGTCAATGGCCCGGGGGTTAATGTACATGCATGAG
FLKANLVTWDELC CKTGESMARGTLMYMHE
GAGCAACCGGCTTCCAAGTGTGAGGCCCTCAAGCCTGCCATTGCCCACCGAGACTTCAAAAGCAAAAATGTGTTGCTGAAGAAT
EQPASKCEALEKPATIAHRDEFEKSEKNVILLEKN
GACCTGACTGCCTGCATTGCTGACTTCGGCCTTGCTTTGACCTTCCACCCTGGACAGTCAACTGGTGACACTCATGGACAGGTG
DLTACTITADFGLALTEFHPG QSTGDTHG® QV
GGCACAAGGAGGTACATGGCCCCTGAAGTCTTGGAAGGGGCCATCAATTTCCAGCGTGATGCCTTCTTACGCATTGACATGTAT
G TRRYMAPEVILEGATNEFG QRDAFLRTIDMEY
GCCTGTGGCCTTGTGCTGTGGGAGCTGCTGTCCAGATGTTCAAGCCCAGATGGACCCATACCTGAGTACCACTTGCCATTTGAG
A CGLVLWELLSRCSSPDGEPTIPEYHLEPEFE
GAGGAAGTTGGCCAGCATCCAACATTGGACGACATGCAGGAGTGTGTCGTCACCCAAAAGGCTCGACCTGTCATCCACGACCAT
EEVGQHPTLDDMGQECVYVTQKARPVIHDEH
TGGCGGAAGAATGCTGCCATGATGGGATTGATAGACACCATGGAGGAGTGCTGGGACCATGATGCAGAGGCCCGTCTCTCAGCT
W R K N AAMMGTL I DTMEEGCWDHDAEARTLSA
TCATGTGTGGTGGAGAGGCTGGCCAGCTTCTCAAGGAACCCCCAGTTTTCCCCTACCTCAAATCCACAGAAGGAGTCGAGTATA
S CVVERLASFSRNPQFSPTSNPQEKESSI
TAAGGCCAAGGTGTGGTGGCCACGTACCTGGACAAGTACCTGTGCTGTAACCGCCTATGAGGGTCCTGGTGCGOOGGAGAGCCC
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2383
2467
2551
2635
2719
2803
2887
2971
3055
3139
3223
3307
3391
3475
3559
3643
3727
3811
3895
3979
4063
4147
4231
4315
4399
4483
4567
4651
4735
4819
4903

*
AGCCACCATGTCCCGCAGGCACCAGCTGTGTTGGGGGCCTCGTGTGTCGGCCTCAGTAACCCTCCCCCCTCCCTTCTCCAATCA
GCTGCACACCACAGCCAGACACTTGGTCATATTCACAGTTACCCGGTGACACCAGTTTTGTCTGGTCAAAGAGGGTTGGGTTCA
GGGAATTTCTCTTCACATTTGAAAAAAAAAAGTACTTTTACTCTCAGCATCTAAATTGGCACTGATGGGTGAGAGTCTCCGTTA
GTTAGATAGATACGTCTTCCTGTAATTAATTAGTGCAATAGTTTGATATCCCTGGCGGTGCTTCAAATGCATTTTTATGGACTG
ATGCAAAAATCATACTTAGCGGGAAGTAAATTTTGGGATCCTATAGTCCAACCATAATTGATCTGGCTTGTGTGGTTGGGAGAG
GGGGGAGGCTTAAAGTGTGGTGCCAAAGGGGTCAACAGGGAAGTTCTGGGACTGTTAGATAGAGCCACCCAAGTGAAGGTAGCT
TGTGGGAATTCACTCCATGGCCTCATGACTCCCCATAGGTTGAGATGCTCCATAACACTACCCTCTCCAGCATTATTGTTGGGA
TCATGTTTCCTTGTGTTGGGCTTGAAAGGGTTAACAATATTTAGCTGTTATTATTACTGTCCAAAAAAGAAATTGATGTTCTTT
GAAATACTTACACTTATTGGTATCGGCTGTTTATTTATGTTACGAACATGCAAGAAGGAAACCCTGTACATTTAGTGCAGACTA
TAGCATGCGCAGCTGCTAACATAGAAGAATGAAAGAGGATCTCATGGTGCGTGTTGCCATAATGGAAGAAGCACCAAGAGGTAA
AATTATTTTCGTAAAGTATCTAAATAAAATTTCAAGAGGAATGTTTTCACGTGCCACCCACACAGGGACCGTCTTGGGCATTCC
TACCTCTGAATCCTCACTGTAAGTCTCCTGATGTGAGTTGAGGAGCTGTGGTGCTGCTTCCATCTTGTAGGACGGCTGTGGAAA
GTGAATTCTGAATCTTCATCACCATCCGATTGTTTGGTGTGTACGATGGAGCTGGAGATCGTGCATGGAAAGTGGTGTTCACAG
CTGTCAGTGCATTTCCTGTCAATGAGAAACATGGTGTCTATTTAACCATCAACAGACAATTGCATCCAGCCATTCAGTTTTGCA
GCTCAGTGCAGCTTCAAGCTCAGTAACTCAGGCAAAAGGAAAACTATGGTTGTGCCTCCCTGGCAAGTGTCTAATGGCGTATGG
GGAAGAGTGGCTGTGGGTTCGTCTGTCCTAAACTGAAATTTCCCATCTGTGTTGAAAACTGGATGGATTGCAGTGTTCTAATCA
GTGAAGCTTTTGTTTTTAATTTTTGCTTAGAAAGACTCTATAGTGTGAATGATTTCTACATAAAAAGGAAACATAGTATTTCAG
CCCACTATGTTCATTATCTGTGTGTCGTCAGTGCCAGCAGAGCTCCGACACTGTCTGCTGGGCTAGTAGGACACAAGACGAGCC
CAGCCATTGTGAGGCCAGTGGAGGGCCACAATCGGGCTGCCCCTTTACTGTCAGCTCAGGACAAACTTCAGTGACCACCCTGTT
ACCACTTTGCCCCCACACACGTACATACATACCCTCATCTTGTATATATTTGCGCCTTGTTTGTAGCATTACACAAGTTGTCGC
CAACAAAATGAAACTAGTGATTATTTTAAATGTGGTTTATTTGTGAAACCAATGGTGCTTTTTTTCTTCTATTTCCAAGATGAA
TGTTAATTGTTAAACACTGAATCAAGCCAGCATGAGTGTGGAAACAAAGAGGCACATTGCCCACTCAGCATTGTAAATACCTCA
TTATTGTACACAGCATTATGACTTGTGACATCCAGACCTCACCATGACAGATCCTGAATGCTTATAAGCAGAATTCTATTACTT
CTTGATTGTGTATAGTAAGTTCTCTCTTGTTTGGGAACTATAGTTGTTGGAAAGCCATAGAAAGGTCATTTTATTGATCCAGAA
AACTTAAAAGAGGAAACTAAAGTAAACTCTGGTCTCTGCAATTTAATTCTTGTCATTGTAGTTAAGCCATTAAGAGGCTATGAG
AGAGAAAGAGAGAGAGAGAGACTGTAAAATGAGAAAATAGATAAAAGCAAAGAGAAAATTGAACTTTGCAAAACTTTGACCTTG
GGAGACTTGAGTTCATCTGCTGTGAGGCCTTCTGAGGCGAGGACGAGGCAGTGTGACTGTCAAACGAGGACTGGAGGCGTCATG
TGATAGATTGGATACGTACAGGGACTTTTGGGCACAGGTACCGCCTGTGCCTTGGGGAACCACTTGTCACTGTTACAAGACTGT
GTATGGGGGGAAATTTGCTATTTTCTTGTACTTCCTTGAATTAATTTAATTTTATTTTATGTTCATTACTTGTTAGGACACCCC
CTTTATCCTTGTTGTTCCTTGCAGGCATGAATGTAATGTCTCATATATCTGTATCCCATGTAGTAGTATAAAGTAATCGATATT
GAAAAAAAAAAAAA
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Figure 2

Schematic diagram for structure prediction of ESActRIIB.

(A) Predicted domain structure of ESActRIIB. (B) Predicted protein structure of ESActRIIB. a-
helix (red), B-sheet (yellow), the activin receptor domain (cyan) and the Serine/Threonine

protein kinases domain (magenta) were shown.
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Figure 3

Manuscript to be reviewed

Phylogenetic tree based on ActRIIB amino acid sequences.
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Figure 4

The expression levels of ESActRIIB in different tissues at four molting stages.

PoM: postmolt stage; InM: intermolt stage; PrM: premolt stage; M: molt stage; Es: eyestalk;
Hp: hepatopancreas; Ht: heart; G: gill; S: stomach; I: intestine; Mw: walking leg muscle; Mc:
claw muscle; Mp: pectoral muscle; Tg: thoracic ganglia; Ep: epidermis; Histogram plotted
with mean and standard error; Different letters showed there were significant differences

between groups (P<0.05).
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Figure 5

The interference efficiency of designed EsActRIIB dsRNA.

The different letters (a, b and c) indicated significant difference between the dsRNA group;

“**"ndicated extremely significant difference between two groups (P<0.01).
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Figure 6

The expression levels of target genes after RNAi of ESActRIIB.

“*" indicated significant difference between two groups (P<0.05); “**" indicated extremely

significant difference between two groups (P<0.01).
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Table 1l(on next page)
Effects of RNAi on growth performance of juvenile mitten crab (means = SD).

BW,: body weight after the first molt; BW,: body weight after the second molt; WGR: weight

gain rate; SGR: specific growth rate; MIl: molting interval time; HI: hepatosomatic index;
WGR=[(BW,-BW,)/BW,] x100; SGR=(LnBW,-LnBW,) x100/MI; HI=weight of
hepatopancreas/BW, x100.
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Experimental groups

Indicators of growth
dsRNA (n=14)

Control (n=14)

Statistical analysis

BW, (g) 4.72+0.86
BW, (g) 6.76+1.16
WGR (%) 43.87+8.23
MI (d) 44.79+7.53
SGR (%/d) 0.84+0.26
HI (%) 5.26+0.58

4.54+0.85
5.86+1.28
28.57+860
50.14+7.44
0.51+0.16
7.09+0.55

P>0.05
P>0.05
P<0.01
P>0.05
P<0.01
P<0.01
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Table 2(on next page)

Amino acid composition in hepatopancreas and muscle of E. sinensis (g/100 g, dry
weight).

“*II

indicated significant difference between two groups (P<0.05); “ indicated extremely

significant difference between two groups (P<0.01); “*": essential amino acid; TEAA: total

essential amino acid; TNEAA: non-essential amino acid; TAA: total amino acid.
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Ammino acid Hepatopancreas Muscle
Control dsRNA Control dsRNA

Asp 2.49+0.04 2.70+0.02™* 3.52+0.13 3.8940.13"
ThrA 1.13+£0.02 1.234+0.01* 1.60+0.04 1.78+0.07"
Ser 0.92+0.01 1.04+0.01* 1.54+0.05 1.69+0.05"
Glu 2.68+0.05 2.92+0.01™ 5.0240.18 5.49+0.14*
Gly 1.16+0.01 1.27+0.01* 2.12+0.05 2.16+£0.08
Ala 1.12+0.02 1.25+0.01* 2.23+0.06 2.39+0.08"
ValA 1.15+0.02 1.29+0.02* 1.89+0.05 2.01+0.08
Met? 0.28+0.20 0.35+0.10 0.24+0.04 0.66:+0.15"
TleA 0.83+0.04 0.88+0.02 1.54+0.04 1.67+0.02*
Leu® 1.6140.03 1.75+0.01* 2.54+0.06 2.77+0.06™
Tyr 1.10£0.01 1.18+0.01* 1.50+0.13 1.68+0.10
Phe? 1.14+0.03 1.24+0.04" 1.36+0.15 1.49+0.10
HisA 0.56+0.00 0.60+0.02" 1.03+0.05 1.13+0.03"
Lys® 1.45+0.03 1.58+0.00™ 2.34+0.09 2.59+0.09"
Arg 1.54+0.02 1.58+0.02" 3.17+0.08 3.45+0.14"
Pro 1.05+0.06 1.11£0.02 2.02+0.01 2.19+£0.10"
TEAA 8.15+0.22 8.93+0.08"* 12.53+0.45 14.10+£0.35"
TNEAA 12.04+0.11 13.06+0.05* 21.14+0.62 22.95+0.79"
TEAA/TNEAA  0.68+0.02 0.68+0.01 0.59+0.01 0.62+0.01*"
TAA 20.19+0.33 21.99+0.11™ 33.67+1.10 37.06+1.13"
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Table 3(on next page)

Fatty acid composition in hepatopancreas and muscle of E. sinensis (% of total fatty
acids).

“*II

indicated significant difference between two groups (P<0.05); “” indicated extremely

significant difference between two groups (P<0.01); SFA: saturated fatty acid; MUFA:

monounsaturated fatty acid; PUFA: polyunsaturated fatty acid.
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Hepatopancreas Muscle
Fatty Acid

Control dsRNA Control dsRNA
C14:0 1.40+0.01* 1.33+0.02 1.37+0.03 1.30+0.05
C15:0 0.64+0.00"" 0.61£0.01 0.59+0.08 0.60+0.04
C16:0 21.56+0.25 22.34+0.19" 21.86+0.0.43 22.68+0.49
C17:0 0.38+0.01 0.37+0.01 0.47+0.04 0.44+0.06
C18:0 2.79+0.04 2.83+0.03 3.71+£0.32 3.32+0.20
C20:0 0.23+0.01 0.2440.00"  —  —
C21:0 0.23+0.01 0.24+0.01 — e
C22:0 0.24+0.00 0.25+0.01 —_— —
C23:0 0.40+0.03 0.36+0.03 1.16+0.30 0.94+0.23
C24:0 0.16+0.00 0.15+0.01 —_— e
SFA 28.02+0.26 28.73+0.09" 29.16+0.12 29.28+0.21
Cl4:1 0.22+0.01 0.21+0.01 —_— —_—
Cle:1 9.54+0.05 9.80+0.04" 8.63+0.61 8.99+018
C17:1 0.68+0.00*" 0.63+0.01 0.66+0.03*" 0.54+0.01
C18:1n9t 0.23+0.04 0.18+0.02 — e
C18:1n9c 30.81+0.33 32.47+0.28"" 30.39+0.66 31.74+0.16*
C20:1n9 0.84+0.01 0.88+0.00"" 0.94+0.04 0.87+0.02
C22:1n9 0.16+0.00*" 0.12+0.00 — —_—
C24:1n9 0.35+0.03 0.45+0.02"*" e
MUFA 42.82+0.37 44.73+0.23* 40.62+1.21 42.15+0.33
C18:2n6c¢ 23.58+0.37" 21.63£0.05 23.29+0.48 22.95+0.16
C18:2n6t 0.12+0.00 0.12+0.00  —  —
C18:3n3 2.2240.11* 1.82+0.07 2.39+0.06™ 2.10+0.06
C18:3n6 0.30+0.00 0.37+0.02" —_— e
C20:2 0.83+0.01 0.84+0.03 1.05+0.07 1.05+0.05
C20:3n3 0.20+0.01 0.22+0.02 —_— e
C20:3n6 0.08+0.05 0.17+0.01" e
C20:4n6 0.15+0.01*" 0.10+0.01 —_— —_—
C20:5n3 0.8440.07" 0.64+0.04 2.34+1.34 1.57+0.39
C22:2 0.15+0.00 0.14+0.03  —  —
C22:6n3 0.64+0.07" 0.48+0.06 1.14+0.23 0.91+0.25
PUFA 29.10+0.58" 26.54+0.31 30.21+1.09 28.57+0.54
n-3 3.90+0.24" 3.17+0.19 5.87+1.52 4.57+0.61
n-6 24.22+0.33" 22.40+0.08 23.29+0.48 22.95+0.16
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