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ABSTRACT. Two heat-shock protein (HSP) 70 family transcripts,
heat-shock protein 70 cognate 5 and heat-shock protein 70 cognate
3 (designated as EsHSC70-5 and EsHSC70-3, respectively), were
isolated from the Chinese mitten crab Eriocheir sinensis and their
expression profiles were evaluated for their responsiveness to larval
development and immune challenge in adult crabs. The HSPs exhibited
45-89% identity with other heat-shock proteins, and they shared similar
structural features. EsHSC70 mRNA expression was detected not only
during infection but also during the developmental larval stages. The
EsHSC70s were enriched, and their expression fluctuated during early
development. EsHSC70 mRNA expression was significantly induced
by Vibrio parahaemolyticus challenge in all of the tissues studied (P <
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0.05). Expression of EsHSC70 mRNA in the hepatopancreas and at the
early zoeal stages was particularly pronounced, and the two EsHSC70s
exhibited differential expression patterns both chronologically and
spatially. The EsHSC70-5 mRNA level was significantly downregulated
in the intestine and gills compared to that in controls at nearly all time
points, and was expressed at a lower level after the bacterial challenge,
indicating that EsHSC70-5 and EsHSC70-3 respond to immune
challenges. The stage-specific enrichment of EsHSC70 transcripts in
crabs suggests that these stress proteins play an essential role during
brachyurization events.

Key words: Eriocheir sinensis; Heat-shock cognate protein 70;
mRNA expression; Brachyurization development; Immune challenge

INTRODUCTION

Heat-shock proteins (HSPs) are a family of ubiquitously expressed proteins that
are conserved in many different kinds of organisms. HSPs are divided into several families
according to their molecular weights, homologies, and functions, and include HSP110,
HSP100, HSP90, HSP70, HSP60, HSP40, and small HSPs (sHSPs, with molecular weights
ranging from 12 to 42 kDa) (Wang et al., 2013). The eukaryotic HSP70 family consists of
four monophyletic groups: cytosol, endoplasmic reticulum, mitochondria, and chloroplast
HSP70s (Kregel, 2002; Bausero et al., 2005). HSP70s act as molecular chaperones, and
their expression is regulated by environmental and physiological stressors (Sun et al., 2012;
Chichester et al., 2015) and non-stressful conditions, such as cell growth, development, and
pathophysiological conditions (Behnke and Hendershot, 2014; Tiroli-Cepeda et al., 2014).
Their functions include translocation, folding newly synthesized proteins, degradation
of unstable and misfolded proteins, as well as the prevention and dissolution of protein
complexes. Molecular chaperones are probably the only proteins involved in infections that
have dual roles as pathogen-associated molecular patterns and pattern recognition receptors
(Das et al., 2015). The cognate forms of HSP70, the heat-shock cognate proteins 70 (HSC70s),
are abundantly and ubiquitously expressed in all cells, are present under most conditions,
and may or may not be influenced by stress (Daugaard et al., 2007; Zhang and Denlinger,
2010). HSC70s function as molecular chaperons or housekeeping proteins, and have been
shown to be involved in many cellular physiological processes, such as protein folding in
the cytoplasm, cell survival during neurulation, prevention of apoptosis induced by virus
infections, and trafficking of receptors and coated vesicles (Guerrero et al., 2002; Yan et al.,
2010; Iwanaga et al., 2014). HSC70s also act as molecular chaperones to regulate Melg2
expression in the greasyback shrimp (Metapenaeus ensis) (Chan et al., 2014). Some HSC70
cDNAs have been isolated, and the expression patterns of these genes have been investigated
in several crustaceans, including the giant freshwater prawn Macrobrachium rosenbergii (Liu
et al., 2004), the oriental river prawn Macrobrachium nipponense (Xiu et al., 2014), and the
greasyback shrimp (Chan et al., 2014). However, no studies have been conducted on HSC70s
in brachyuran decapod crustaceans.

The Gram-negative bacterium Vibrio parahaemolyticus is one of the most important
pathogens in crab seed breeding and aquaculture (Wan et al., 2000; Xu etal.,2002). It also causes
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high mortality in broodstock populations of the Chinese mitten crab (Eriocheir sinensis) during
reproduction (Cheng et al., 2013). At present, it is still unclear whether heat-shock cognate
proteins are involved in metamorphosis and bacterial challenges in the Chinese mitten crab.
In the present study, we identified full-length cDNAs of two HSP70 family transcripts: HSP70
cognate 5 and HSP70 cognate 3 (designated as EsHSC70-5 and EsHSC70-3, respectively)
from E. sinensis, and examined their expression profiles in response to larval brachyurization
and V. parahaemolyticus challenge in adult crabs. These HSC70 cDNA and mRNA expression
data will provide useful molecular information for further investigations of their roles in the
development and innate immunity of crabs.

MATERIAL AND METHODS
Experimental animals and sample preparation

Whole-body tissue samples from E. sinensis embryos (stage O, embryo stage;
heartbeat, 90 times/min) and nine larval stages (stage Z1, the 1st zoeal stage; stage Z2, the 2nd
zoeal stage; stage Z3, the 3rd zoeal stage; stage Z4, the 4th zoeal stage; stage Z5, the 5th zoeal
stage; stage M, megalopa stage; stage J1, the 1st juvenile crab stage; stage J2, the 2nd juvenile
crab stage; stage J3, the 3rd juvenile crab stage) were collected from an aquatic nursery. The
samples (each about 15 to 30 mg in weight) were isolated at the 10 stages (Table S1). The
samples were dissected and preserved in RNA/ater RNA Stabilization Reagent (Qiagen,
Germany), cut into tiny particles (less than 0.2 mm thick) in separate tubes, kept overnight at
4°C, and finally stored at -20°C before total RNA isolation.

Adult E. sinensis crabs (with an average mass of about 100 g) were collected from
an aquaculture farm. The crabs were placed in aerated glass containers that were filled with
a circular flow of fresh water at a density of 10 crabs per tank, and were acclimated for more
than two weeks before the bacterial infection experiment. V. parahaemolyticus (Collector No.
1.1614) was purchased from the China General Microbiological Culture Collection Center.
After rejuvenation, the strain was static-cultured in Luria Bertani medium at 28°C for 24 h.
The bacteria were then washed off and diluted into 1 x 107 colony-forming units (CFU)/mL in
0.1 M phosphate-buffered saline (PBS, pH 7.4). Live V. parahaemolyticus (1.0 x 107 CFU/100
g body weight) were injected into the arthrodial membrane of the last pair of walking legs
of 30 crabs that were then placed in clean tanks. Meanwhile, 30 other crabs were injected
with PBS (0.1 M/100 g body weight) as controls. Thirty crabs that were fed normally and not
injected were used as blank controls. The procedures adopted in this study were approved
by the Institutional Animal Care and Use Committee of Nanjing Normal University [SOXR
(Jiangsu) 2012-004]. Five crabs were randomly sampled at time intervals of 0, 6, 12, 24, 36,
and 48 h after V. parahaemolyticus or PBS injection. Various tissue samples (heart, gills,
hepatopancreas, and intestine) were collected from the infected and control crabs. The samples
were harvested as described above and stored at -20°C before total RNA isolation.

Total RNA isolation and cDNA synthesis

Total RNA from the tissues was extracted separately using an RNeasy® Mini
Kit (Qiagen) according to the instruction manual. The quality and quantity of total RNA
were determined by agarose gel electrophoresis and absorbance spectrophotometry in a

Genetics and Molecular Research 15 (3): gmr.15036319


http://www.geneticsmr.com/year2016/vol15-3/pdf/6319-su6.pdf

P. Li et al. 4

BioPhotometer (Eppendorf, Germany). The cDNAs used to obtain 5'- and 3'-end sequences
of each gene were synthesized using the 5'-RACE System for Rapid Amplification of cDNA
Ends (RACE), Version 2.0 (Invitrogen, USA) and the SMART™ RACE ¢cDNA Amplification
Kit (Clontech, USA) with SuperScript I RT (Invitrogen), following the manufacturer protocol.
The synthesized cDNA was stored at -70°C until use.

Cloning of full-length cDNA sequences using RACE

The full-length cDNA sequences of EsHSC70-5 and EsHSC70-3 were made up of
5'-RACE segments, expressed sequence tag (EST) segments, and 3' RACE segments. Based
on EST information (412 bp, dbEST Id 62013203, and GenBank accession No. GE329279
for HSC70-5; 255 bp, dbEST 1d 62013204, and GenBank accession No. GE329280 for HSC70-
3), new gene-specific primers (Table 1) were designed and synthesized to obtain full-length
cDNA sequences. The primers used were a 10-uM abridged anchor primer, a 10-uM anchor
primer, and a 10-uM abridged universal anchor primer or a 10-uM universal amplification
primer. HSC705-GSP51/HSC705-GSP52/HSC705-GSP53 for EsHSC70-5 and HSC703-GSP1/
HSC703-GSP2/HSC703-GSP3 for EsHSC70-3 were used to amplify the 5’-ends of each cDNA.
A 10X Universal Primer A Mix (UPM) and HSC705-GSP31/HSC705-GSP32 for EsHSC70-5
and a UPM and HSC70-31/HSC70-32 for EsHSC70-3 were used to obtain the 3’-ends of each
c¢DNA. Polymerase chain reactions (PCRs) with HSC705-QCF/HSC705-QCR and HSC703-
QCF/HSC703-QCR were used to amplify the open reading frames (ORFs) of EsHSC70-5 and
EsHSC70-3 cDNA, respectively. The PCR products were separated on 2% agarose gel, and bands
of the expected size were cut from the gel and purified using a gel purification kit (Axygen, USA).
The freshly purified PCR products were cloned into a pMD19-T vector (TaKaRa, Japan) and
sequenced. The sequences obtained after 5'- and 3'-RACE were assembled using the DNAStar
Lasergene 7.1 software to generate full-length cDNA.

EsHSC70-5 and EsHSC70-3 expression profiles

The mRNA expression profiles of EsHSC70-5 and EsHSC70-3 were examined using
the real-time fluorescent quantitative PCR (RT-qPCR) method. In addition, a semi-quantitative
reverse transcription PCR (SqQRT-PCR) was used to investigate EsTUBA expression at different
developmental stages.

Total RNA was isolated using an RNeasy Mini Kit (Qiagen). cDNA first-strand
synthesis was conducted based on PrimeScript™ RT Reagent usage information (TaKaRa),
using total RNA treated with DNase I (TaKaRa) as a template. The cDNA mix was diluted
to 1:10 with Milli-Q water (Toyobo, Japan), and stored at -20°C until used as a template
for subsequent RT-qPCRs and SqQRT-PCRs. All of the primers used for RT-qPCR and SqRT-
PCR were designed according to the corresponding sequences in E. sinensis (Table 1). The
gene-specific primers qHSC705-F and gHSC705-R were used to amplify a 106-bp product for
EsHSC70-5, and the gene-specific primers gHSC703-F and qHSC705-R were used to amplify
a 102-bp product for EsHSC70-3. A constitutive expression gene (f-actin) was used as an
internal control. Two S-actin primers, QB-actin-F and Qp-actin-R (Table 1), were used to
analyze the expression profiles of the E. sinensis f-actin. Negative controls missing a cDNA
template were included, and the RT-qPCR was conducted using a SYBR® Premix Ex Tug™ II
(TaKaRa) with a Rotor-Gene® Q (Qiagen) real-time PCR instrument.
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The RT-qPCR amplifications were conducted in triplicate on a 96-well plate and in a 20-
uL reaction volume per well, which consisted of 10 uL. 2X SYBR® Premix Ex Tug™ II (TaKaRa),
0.8 uL 10 uM PCR forward primer, 0.8 puL 10 uM PCR reverse primer, 2.0 uL cDNA template,
and 6.4 pL sterile deionized water. The thermal profile for SYBR® Green RT-qPCR consisted
of an initial step at 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and 51°C (51°C for
EsHSC70-5 and 55°C for EsHSC70-3) for 30 s. SQRT-PCR primers (Table 1) were selected to
produce a 301-bp amplicon for EsHSC70-5 and a 321-bp amplicon for EsHSC70-3. SQRT-PCR
was performed in a final volume of 30 pL that consisted of 15 pL 2X Taq PCR Master Mix
(Lifefeng, China), 0.7 pL 20 mM primer, 12.2 pL sterile deionized water, and 1.4 pL first-strand
cDNA as a template. The PCR conditions were as follows: 25 cycles at 95°C for 30 s, 53°C for
30 s, and 72°C for 50 s. Internal control PCRs for f-actin were performed in a separate tube as
described above, with the exception of an alternative gene-specific primer pair (-actin-R and
B-actin-F; Table 1), which was designed based upon a cloned E. sinensis f-actin cDNA fragment
(GenBank accession No. AY910691) to produce a 65-bp amplicon. All of the SQRT-PCRs were
completed in triplicate using independently extracted RNA. SqQRT-PCR products were size-
separated on an ethidium bromide-stained 1.5% agarose gel, visualized under ultraviolet light,
and images were captured with a UVP DS7500 Gel imaging system (Upland, CA, USA).

The RT-qPCR data from the three replicated experiments, which were run to ensure
the accuracy and validity of the experimental results, were then analyzed with the Rotor-
Gene® Q Series software v.1.7.94 (Qiagen). All of the analyses were based on the C, values
of the qPCR products. To maintain consistency, the baseline was set automatically by the
software. The expression levels of EsHSC70-5 and EsHSC70-3 were calculated by the 244
comparative method, and the data were assessed for statistical significance using SPSS v.16.0
software. The data were analyzed using a one-way analysis of variance followed by the Tukey
and the post hoc Duncan multiple range tests, and are reported as means = SEMs for N =
5 crabs per group. P < 0.05 was considered statistically significant. All values with n-fold
differential expression were plotted on a graph.

EsHSC70-5 and EsHSC70-3 sequence analysis

The full-length cDNA sequences were subjected to a homology analysis using the
National Center for Biotechnology Information (NCBI) Basic Local Alignment Search Tool
(BLAST) database. The resulting sequences were verified and subjected to cluster analysis. The
EsHSC70-5 and EsHSC70-3 amino acid sequences, plus other HSC70 and HSP70 amino acid
sequences retrieved from the NCBI protein database (Table S2), were subjected to Clustal W2 for
multiple sequence alignment. Multiple sequence alignment was performed with the Clustal W2
Multiple Alignment program on the EMBL-EBI website. The ORFs of the EsHSC70-5 and
EsHSC70-3 cDNAs were determined using ORF Finder. The molecular mass and theoretical
isoelectric point were predicted using the Compute pI/Mw tool. A motif scan was performed
in motif databases and by the Simple Modular Architecture Research Tool (SMART). The
putative signal peptide was predicted using the SignalP 4.1 Server, and the potential protein
subcellular localization was predicted by PSORT II. The three-dimensional domain structures
of EsHSC70-5 and EsHSC70-3 were predicted by SWISS-MODEL. Additional assessments of
domain structures were performed using ProSA-web and Verify 3D. Transmembrane topology
prediction was performed using the TMHMM Server v. 2.0 and the DAS-TMfilter server. All of
the analytical procedure URLSs are available in Table S3.
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RESULTS

Identification and characterization of full-length cDNAs encoding EsHSC70-5 and
EsHSC70-3

Several fragments (1905, 1928, and 2011 bp for EsHSC70-5; 1884, 1864, and 1826
bp for EsHSC70-3) were amplified by the 5'-RACE technique from the 5' end of each cDNA,
and several fragments (677 and 572 bp for EsHSC70-5, 545 and 362 bp for EsHSC70-3)
were amplified by the 3'-RACE technique. The ORF full-length cDNA sequence validation
produced a 2041-bp fragment for EsHSC70-5 and a 1972-bp fragment for EsHSC70-3.

The sequence data indicated a 2563-bp full-length EsHSC70-5 cDNA with a 1905-bp
OREF starting at nucleotide 159 and stopping at nucleotide 2176, which encodes 634 amino acid
residues with a putative molecular mass of 73.7 kDa and a calculated theoretical isoelectric
point of 5.48, and a 2314-bp full-length EsHSC70-3 cDNA with a 1965-bp ORF starting at
nucleotide 145 and stopping at nucleotide 2109, which encodes 654 amino acid residues with a
deduced molecular mass of 72.3 kDa and a calculated theoretical isoelectric point of 4.95. The
EsHSC70-5 cDNA included a 144-bp 5'-terminal untranslated region (UTR) and a 385-bp 3'-
UTR, while the EsHSC70-3 cDNA included a 144-bp 5'-UTR and a 205-bp 3'-UTR. In addition,
stop codons (TAG in EsHSC70-5 and TAA in EsHSC70-3), canonical polyadenylation signals
(AATAAA located at nucleotide 2529 in EsHSC70-5 and at nucleotide 2281 in EsHSC70-3),
and poly-(A) tails were found in the 3' end of the EsHSC70-5 and EsHSC70-3 cDNAs (Figure
S1A and B). TGTnACA consensus sequences (27-33 nt and 180-186 nt) and several putative
transcription factor-binding sites, such as ten E-box (CANNTG) motifs, were identified in
the EsHSC70-3 cDNA [one was located in the 5-UTR (124-129 nt), eight were located in
the ORF (391-396, 529-534, 644-649, 1531-1536, 1669-1674, 1864-1869, 1947-1952, and
2054-2059 nt), and one was located in the 3'-UTR (2255-2260 nt)] (Park et al., 2001). Seven
E-box (CANNTG) motifs were identified in the EsHSC70-5 cDNA, six were located in the
ORF (686-691, 977-982, 1156-1161, 1543-1548, 1556-1561, and 1939-1944 nt) and one was
located in the 3'-UTR (2375-2380 nt). The deduced amino acid sequences of EsHSC70-5 and
EsHSC70-3 revealed several canonical features of the HSC70 family. Three HSP70 protein family
signature sequences, including IDLGTTNS (aa 54-61 in EsHSC70-5) or IDLGTTYS (aa 33-40
in EsHSC70-3), VYDLGGGTFDVSIL (aa 239-252 in EsHSC70-5) or VFDLGGGTFDVSLL
(aa 221-234 in EsHSC70-3), and VILVGGMSRVPKVIS (aa 380-394 in EsHSC70-5) or
IVLVGGSTRIPKIQQ (aa 358-372 in EsHSC70-3) (Zdobnov and Apweiler, 2001; Sonoda et al.,
2006) were identified in most of the individuals sampled (Figures S1A and B, S2, and S3). In
addition, other typical motifs were found in the ESHSC70-5 and EsHSC70-3 sequences (Figure
S1A and B). The first was a deduced ATP-GTP binding site, GEAYLNTP (aa 175-182) (Sonoda
et al., 2006) in ESHSC70-5, and AEAYLGKT (aa 156-163) (Sonoda et al., 2006) in EsHSC70-3.
The second was a non-organellar consensus motif, RAKFEEL (aa 323-329) (Tungjitwitayakul
et al., 2008) in EsHSC70-3. The C+G content of the EsHSC70-5 and EsHSC70-3 cDNAs was
51.66 and 48.88%, respectively. Multiple sequence alignment revealed that the deduced amino acid
sequences of ESHSC70-5 and EsHSC70-3 exhibited more than 45 and 57% identity, respectively,
to their corresponding sequences in other species (Figure S4 and Table S2). The 2564 and 2315-bp
nucleotide sequences represented the full-length cDNA sequences of EsHSC70-5 and EsHSC70-3,
respectively. The full-length EsHSC70-5 and EsHSC70-3 cDNA sequences were assigned the
GenBank accession Nos. KC493625 and KC493626, respectively.
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Structural analysis of EsSHSC70-5 and EsHSC70-3

No signal sequence was identified in the EsSHSC70-5 transcript, whereas a signal
sequence was identified in the ESHSC70-3 transcript using SignalP (Figures S1B and S3). The
results from BLASTp in NCBI indicated that both the EsHSC70-5 and EsHSC70-3 proteins
have a HSP70 family domain, with multiple nucleotide binding sites, ATP-GTP binding
sites, and protein interaction sites (Figures S2 and S3). Protein motif-domain scanning by
SMART revealed that ESHSC70-5 and EsHSC70-3 contain a HSP70 domain (from 54 to 653
amino acid residues for EsSHSC70-5 and from 30 to 635 amino acid residues for ESHSC70-3).
EsHSC70-5 contained three N-glycosylation sites, one amidation site, one cAMP- and cGMP-
dependent protein kinase phosphorylation site, fifteen casein kinase II phosphorylation sites,
one leucine zipper pattern, ten protein kinase C phosphorylation sites, and one tyrosine
kinase phosphorylation site (Figure S1A). EsHSC70-3 contained fourteen casein kinase II
phosphorylation sites, the endoplasmic reticulum-targeting sequence “KDEL”, eight protein
kinase C phosphorylation sites, and one tyrosine kinase phosphorylation site (Figure S1B).
Three-dimensional structural analysis of EsHSC70-5 revealed that it contains two clearly
distinguishable domains attached to each other by a relatively flexible loop. A highly twisted,
ten-stranded [-sheet was covered on one side by five a-helices in the C-terminal domain,
whereas sixteen-stranded -sheets were covered inside by fourteen o helices in the NH2-
terminal domain. A similar X-ray crystal structure of bovine HSC70 has been reported
(Schuermann et al., 2008). Nests, such as GLY 175, GLU176, ALA177, TYR178, LEU179,
ASN180, THR181, and PRO182, were located in these o-helices and loop chains, which form
ATP-GTP binding sites (see Figure SSA). The overall model quality (Z-score) was -10.32, and
local model quality values were generally below zero. The average 3D-1D score ranged from
-0.02 to 0.71. The predicted three-dimensional structure of EsHSC70-3 possessed a common
o/P fold. These 29 highly twisted, stranded -sheets were covered inside by 14 a-helices. Some
important structural motifs, including ATP-GTP binding sites (such as ALA156, GLU157,
ALA158, TYR159, LEU160, GLY161, LYS162, and THR163) and non-organellar consensus
motifs (such as ARG323, ALA324, LYS325, PHE326, GLU327, GLU328, and LEU329) that
were located in the o-helices and loop chains were identified (Figure SSB). The Z-score for the
overall model quality was -11.16, and local model quality values for all residues were generally
below zero according to ProSA-Web. The 3D-1D average score obtained from Verify 3D ranged
from -0.04 to 0.77. The quality evaluation results of the predicted three-dimensional structure of
EsHSC70-5 and EsHSC70-3 indicated that they were accurate and valid.

A transmembrane topology prediction indicated that ESHSC70-5 and EsHSC70-3
are probably non-transmembrane proteins. The potential protein subcellular localization
prediction indicated that ESHSC70-5 is probably located in the cytoplasm (39.1%), while
EsHSC70-3 is probably located in the endoplasmic reticulum (44.4%). The SignalP prediction
indicated that both ESHSC70-5 and EsHSC70-3 are non-secretory proteins.

Expression analysis of EsHSC70-5 and EsHSC70-3 mRNA during larval
brachyurization

The mRNA expression levels of EsHSC70-5 and EsHSC70-3 in the embryo and in nine
larval stages of E. sinensis were analyzed by SQRT-PCR and RT-qPCR. The relative expression
levels of the two EsHSC70 mRNAs at the embryo stage were used as a calibrator and set at 1.0.
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The relative mRNA expression levels of EsHSC70-5 and EsHSC70-3 at different larval stages
were indicated as n-fold differences relative to the calibrator. As determined by RT-qPCR and
SqRT-PCR, the mRNA transcripts of EsHSC70-5 and EsHSC70-3 were frequently detected
and differentially expressed at different juvenile stages of E. sinensis (Figure 1), and the
internal control constitutive expression gene, f-actin, was consistently expressed at different
juvenile stages (Figures 1-B, D). It was clear that the expression profile of EsHSC70-5 was quite
similar to that of EsHSC70-3 at all of the developmental stages. The highest EsHSC70-5 mRNA
levels appeared at stage Z2, whereas the highest expressive EsHSC70-3 transcript was found at
stage Z1 (P <0.05). The lowest level of expression for EsHSC70-5 was detected at stage J2. The
EsHSC70-5 mRNA expression level increased at first and then decreased from stages O to Z5, and
then slightly increased at stages M and J1. EsHSC70-5 was significantly downregulated at stage
J2 (~6.1-fold lower than that at stage J1, P < 0.05), and slightly upregulated at stage J3 (Figure
1A). Similarly, the EsHSC70-3 mRNA expression level increased at first and then decreased
from stages O to Z5, and the lowest level of expression appeared at stage Z5. EsHSC70-3 was
significantly upregulated at stage M (~6.9-fold higher than that at stage Z5, P < 0.01), slightly
downregulated from stages M to J2, and finally slightly upregulated at stage J3 (~1.6-fold higher
than that at stage J2, P> 0.05) (Figure 1C). The SqQRT-PCR results confirmed those obtained by
RT-qPCR (Figures 1B and D).
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Figure 1. Relative EsHSC70-5 and EsHSC70-3 expression levels (2724%) in Eriocheir sinensis larvae at different
developmental stages. A. B. EsHSC70-5 (A) and EsHSC70-3 (B) mRNA expression levels were detected by RT-
qPCR. Bars represent means = SE (N = 3). Statistical significance is indicated with lowercase letters (Tukey’s post
hoc test, a. = 0.05). C. D. EsHSC70-5 (C) and EsHSC70-3 (D) mRNA expression profiles were detected by SqQRT-
PCR. O (embryo stage), Z1 (the first zoeal stage), Z2 (the second zoeal stage), Z3 (the third zoeal stage), Z4 (the
fourth zoeal stage), Z5 (the fifth zoeal stage), M (megalopa stage), J1 (the first juvenile crab stage), J2 (the second
juvenile crab stage), and J3 (the third juvenile crab stage). f-actin gene is used as an internal control.

EsHSC70-5 and EsHSC70-3 expression profiles after V. parahaemolyticus challenge

The expression patterns of EsHSC70-5 and EsHSC70-3 mRNA were examined at 6, 12,
24,36, and 48 h after an immune challenge (Figures 2 and 3) in different tissues (Figures 4 and
5), and in controls that were not immune challenged. Following the RT-qPCR, the dissociation
curves of EsHSC70-5, EsHSC70-3, and S-actin (internal control) exhibited a single, sharp peak,
which confirmed that the amplifications were specific. The expression levels of EsHSC70-5
and EsHSC70-3 mRNA in the blank controls were used as a calibrator and set at 1.0. As
determined by RT-qPCR, EsHSC70-5 and EsHSC70-3 were widely expressed in all of the
sampled tissues of healthy and immune-challenged crabs, but their levels differed between the
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bacterially infected tissues (Figures 2-5). The expression levels of EsHSC70-5 and EsHSC70-3
mRNA in all of the tissues were significantly induced by V. parahaemolyticus at 6 to 48 h post-
injection compared to the controls (Figures 2 and 3). EsHSC70-5 and EsHSC70-3 expression
fluctuated at all of the time points in all of the tissues, but was maintained at a relatively high
level in the hepatopancreas. EsHSC70-5 in the heart was significantly upregulated at 12 h
(~2.3-fold higher than that in the controls, P < 0.01), significantly downregulated at 24 and 48
h compared to the controls, and stabilized to near-normal levels at 6 and 36 h post-challenge
(Figure 2A). In the hepatopancreas, EsHSC70-5 was significantly downregulated after 6 h
compared to the control (P < 0.05) and significantly upregulated after 12 h (~2.5-fold higher
than that in the controls, P < 0.01). EsHSC70-5 was then significantly downregulated at 24 h
(P <0.05) and reached its lowest level at 36 h post-injection compared to the controls, before
being significantly upregulated at 48 h (~1.2-fold higher than that in the controls, P < 0.05)
(Figure 2B). EsHSC70-5 expression was significantly downregulated in the intestine and gills
at nearly all of the time points compared to the controls. EsHSC70-5 mRNA levels in the
intestine slightly decreased at 6 and 24 h to 74.31 and 67.89%, respectively, of the control
level. At 12, 36, and 48 h, the mRNA expression levels of EsHSC70-5 significantly decreased
to 38.99, 51.45, and 64.31%, respectively, of the control level (Figure 2C). In contrast,
EsHSC70-5 mRNA levels in the gills significantly decreased at 6 to 48 h to 5.43, 3.84, 16.04,
24.89, and 16.49%, respectively, of the control level (Figure 2D).

30 EsHSC70-5 in hepatopancreas
ok OPBS

25 - O blank

g
)
N
o

=

Relative mRNA expression
5 o

o
1

Relative mRNA expression
n

=4
=3

blank 6h 12h 24h 36h 48h blank 6h 12h 24h 36h 48 h
Hours post V. parahaemobyticus challenge Hours post V. parahaemobticus challenge
© (D)
301 EsHSC70-5 in intestine OpBs 301 EsHSC70-5 ingill OpBs

O blank
myp

gl
ISR

Relative mRNA expression
Relative mRNA expression
&

1.0
i %
05 il ok = a ab
b o ab
0.0
blank  6h 12h 24h 36h 48h blank 6h 12h 24h 36h 48h
Hours post V. parahaemobticus challenge Hours post V. parahaemolyticus challenge

Figure 2. EsHSC70-5 mRNA expression in heart (A), hepatopancreas (B), intestine (C), and gill (D) tissues of
Eriocheir sinensis in response to Vibrio parahaemolyticus challenge (black bars). Tissues collected from crabs
injected with V. parahaemolyticus (black bars) or PBS (white bars) and healthy crabs (gray bars) were compared
with respect to EsHSC70-5 mRNA expression (relative to S-actin) using the Tukey post hoc test. Bars represent
mean + SE of three independent investigations. Statistical significance is indicated with an asterisk between tissues
injection with VP and PBS. *P <0.05 and **P < 0.01. Different lowercase letters indicating statistical significantly
among different time points post-injection with VP (Tukey’s post hoc test, oo = 0.05). h = hours post-challenge.
Blank control group (healthy crabs) was taken as the calibrator.
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Figure 3. EsHSC70-3 mRNA expression in heart (A), hepatopancreas (B), intestine (C), and gill (D) tissues of
Eriocheir sinensis in response to Vibrio parahaemolyticus challenge (black bars) at 6 h, 12 h, 24 h, 36 h and 48 h.
Tissues collected from crabs injected with V. parahaemolyticus (black bars) or PBS (white bars) and healthy crabs
(gray bars) were compared with respect to EsHSC70-3 mRNA expression (relative to f-actin) using Tukey’s post
hoc test. Error bars represent mean + SE of three independent investigations. Statistical significance is indicated
with an asterisk between tissues injection with VP and PBS. *P < 0.05 and **P < 0.01. Different lowercase letters
indicating statistical significantly among different time points post-injection with VP (Tukey’s post hoc test, o. =
0.05). h = hours post-challenge. Blank control group (healthy crabs) was taken as the calibrator.
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Figure 4. Tissue distribution of EsHSC70-5 mRNA in heart, hepatopancreas, intestine, and gill tissues of Eriocheir
sinensis at different time periods after Vibrio parahaemolyticus infection. Fold expression relative to f-actin was
calculated as 222, h = hours post-challenge. Statistical significance is indicated with lowercase letters (Tukey’s
post hoc test, oo = 0.05).
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Figure 5. Tissue distribution of EsHSC70-3 mRNA in heart, hepatopancreas, intestine, and gill tissues of Eriocheir
sinensis at different time periods after Vibrio parahaemolyticus infection. Fold expression relative to f-actin was
calculated as 222", h = hours post-challenge. Statistical significance is indicated with lowercase letters (Tukey’s
post hoc test, o. = 0.05).

Unlike EsHSC70-5, the expression level of EsHSC70-3 was upregulated in all of the
tissues at nearly all of the time points compared to the controls, except for 24 h post-challenge
in the hepatopancreas and 12 h post-challenge in the intestine and gills. EsHSC70-3 in the
heart exhibited an expression pattern similar to that in the intestine, and EsHSC70-3 in the
hepatopancreas exhibited an expression pattern similar to that in the gills. In the heart and
intestinal tissues, EsHSC70-3 mRNA levels decreased at first and then significantly increased
and reached a peak at 36 h, before significantly decreasing at 48 h (Figures 3A and 3C). In the
hepatopancreas and gill tissues, EsHSC70-3 mRNA expression levels decreased at first and
then significantly increased, and reached their highest level at 48 h post-injection (Figures
3B and 3D). EsHSC70-3 expression in the heart increased to 2.1-, 1.8-, 1.9, 2.1-, and 4.9-times
above the control at 6, 12, 24, 36, and 48 h post-challenge, respectively (Figure 3A). EsHSC70-3
mRNA levels in the hepatopancreas significantly decreased at 24 h to 86.56% of the control
level, and it significantly increased to 2.3-, 1.7-, 1.6-, and 2.0-times above the control at 6, 12,
36, and 48 h post-challenge, respectively (Figure 3B). EsHSC70-3 expression was almost at
normal levels at 12 h, but increased to 1.6-, 2.5-, 12.9-, and 1.4-times above the control at 6,
24, 36, and 48 h post-challenge, respectively (Figure 3C). EsHSC70-3 mRNA levels in the gills
significantly decreased at 12 h to 66.46% of the control level, and increased to 1.1-, 4.7-, 2.0-,
and 34.8-times above the control at 6, 24, 36, and 48 h post-challenge, respectively (Figure
3D). Significant differences (P < 0.05) were detected at all time points between the control and
challenged groups, except at 6 and 36 h post-challenge in the heart and 6 and 24 h post-challenge
in the intestine for EsHSC70-5, and at 12 and 48 h post-challenge in the intestine and 6 h post-
challenge in the gills for EsHSC70-3. Although EsHSC70-5 and EsHSC70-3 expression levels in
the control group fluctuated slightly between the different time points, few significant differences
were found between them (white and gray bars in Figures 2-3). The f-actin expression level was
also not affected by the challenge (data not shown).
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Tissue distribution of EsHSC70-5 and EsHSC70-3 after V. parahaemolyticus challenge

The mRNA transcripts of EsHSC70-5 and EsHSC70-3 were detected in all of the
examined tissues with different expression levels under immune challenge. The EsHSC70-5
transcript was most abundant in the hepatopancreas, with a moderate expression level in the
heart, and a low expression level in the intestine and gills (Figures 2 and 4). EsHSC70-3 was
mainly expressed in the hepatopancreas, but was also detected in the heart, intestine, and gills
(Figures 3 and 5). The statistical analyses revealed that significant differences existed in the
EsHSC70-5 and EsHSC70-3 expression levels between the tissues. EsHSC70-5 expression
levels in the hepatopancreas were significantly higher (P < 0.01) than those in the intestine,
heart, and gills at 0 h. The lowest EsHSC70-5 expression level was found in the intestine at 0 h
(~0.07-fold lower than that in the hepatopancreas, P < 0.01) (Figure 4-A). EsHSC70-5 mRNA
expression in the gills was downregulated 6 h post-challenge, and reached its lowest level
(~0.01-fold lower than that in the hepatopancreas, P < 0.01) at 12 h post-challenge (Figures
4B and C). The expression level of EsHSC70-5 had increased in the intestine at 24 h (~1.9-fold
higher than that at 12 h, P < 0.01) and in the gill at 24 h (~3.8-fold higher than that at 12 h)
post-challenge (Figure 4D). At 36 h, the highest mRNA expression level of EsHSC70-5 was
in the hepatopancreas, while the lowest was in the intestine (Figure 4E). EsHSC70-5 mRNA
levels in the hepatopancreas and intestine increased by 2.7- and 1.4-fold, respectively, at 48 h
compared to those at 36 h post-challenge. The EsHSC70-5 mRNA level in the gills significantly
decreased at 48 h to 43.12% of the level at 36 h (Figure 4F). EsHSC70-3 expression levels
in the hepatopancreas were significantly higher than those in the intestine, heart, and gills
under no challenge stress (P <0.01), as was the case with EsHSC70-5. The lowest EsHSC70-3
expression level was found in the heart at 0 h (~0.2-fold lower than that in the hepatopancreas,
P <0.01). EsHSC70-3 expression levels in the gills were significantly higher (P < 0.05) than
those in the intestine (~0.6-fold higher) and heart (~0.5-fold higher) at 0 h (Figure 5SA). After
the challenge, EsHSC70-3 mRNA expression in the gills was downregulated between 0 and
12 h, upregulated between 24 and 48 h, and reached its highest level at 48 h. At 6 h post-
challenge, the highest EsHSC70-3 mRNA expression level (~31.1-fold higher than that in
the gill) was in the hepatopancreas, while the lowest was in the gills (Figure 5B). At 12 to
48 h post-challenge, the lowest EsHSC70-3 mRNA expression levels were all in the heart.
EsHSC70-3 mRNA expression levels in the hepatopancreas were about 44.9-, 26.3-, 10.3-,
and 30.1-fold higher than those in the gills at 6, 24, 36, and 48 h post-challenge, respectively
(Figures 5C to 5F). In addition, EsHSC70-3 mRNA expression levels in the intestine were
significantly higher (P < 0.01) than those in the heart and gills at 24 and 36 h post-challenge
(Figures 5C and SE), whereas those in the gills were significantly higher (P < 0.05) than those
in the heart and intestine at 48 h post-challenge (Figure 5-F).

DISCUSSION

HSP90, HSP70, and HSC70 are molecular chaperones that regulate protein degradation
in crustaceans (Spees et al., 2003). HSC70s play essential roles in protein metabolism (Park
et al., 2001), and they function as molecular chaperones or housekeeping proteins in many
cellular physiological processes (Guerrero et al., 2002; Yan et al., 2010; Iwanaga et al.,
2014). The identification and characterization of HSC70s may provide valuable information
for farming freshwater crabs. In the present study, two different HSC70s, EsHSC70-5 and
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EsHSC70-3, were identified in E. sinensis. Although HSC70 and HSP70 have been previously
identified in many species, this is the first report of HSC70 cDNAs from brachyuran
decapod crustaceans. The putative protein sequences of the cloned full-length EsHSC70-5
and EsHSC70-3 cDNAs shared more than 45 and 57% identity, respectively, with HSC70s/
HSP70s of other known arthropods (Table S2 and Figures S2 and S3). As shown in Table
S2, the EsHSC70s exhibited a lower identity (45 to 77%) with related HSC70s/HSP70s in
crustaceans than those in insect HSC70s. We have failed to find a reasonable explanation
for these puzzling results. The consensus sequences TGTCACA (27-33 nt) and TGTGGCA
(180-186 nt) were identified in EsHSC70-3. The central TGTnACA sequence is essential for
muscle-specific factor recognition; although sequences flanking the central TGTnACA may
also participate in binding activity within HSC71 in Rivulus marmoratus, and TGTCACA has
greater binding affinity than TGTGGCA (Park et al., 2001). Amino acid sequence analysis
demonstrated that both of the isolated cDNAs conserved the typical structural features of
eukaryotic cytoplasmic HSP70 family members (Figure S1). In addition, the EsHSC70-5
and EsHSC70-3 sequences included two additional specific motifs that were indicative of
HSP70 cytosolic localization: a non-organellar stress protein consensus motif, RAKFEEL (aa
323-329) (Tungjitwitayakul et al., 2008), in ESHSC70-3 and a deduced ATP-GTP binding
site, GEAYLNTP (aa 175-182) (Sonoda et al., 2006) in EsHSC70-5, and AEAYLGKT (aa
156-163) (Sonoda et al., 2006) in EsHSC70-3. However, the endoplasmic reticulum-targeting
sequence “KDEL” (aa 651-654) in ESHSC70-3 indicated that it is probably located in the
endoplasmic reticulum. The conserved characteristics shared with known HSC70s/HSP70s
suggest that EsSHSC70-5 and EsHSC70-3 belong to the HSP70 family, and their molecular
characteristics suggest that they play important roles in binding interactional proteins and
responding to stimulation, as reported in other organisms.

The results of previous studies indicate that the cognate HSC70s are present under
most conditions, and may or may not be influenced by stress (Daugaard et al., 2007; Zhang
and Denlinger, 2010). HSC70s play essential roles in protein metabolism, are constitutively
expressed under normal conditions, and change relatively little on exposure to stressors
(Park et al., 2001; Kregel, 2002). Basal HSP70 and HSC70 expression profiles vary with
developmental stage. In the beet armyworm (Spodoptera exigua), HSP70 expression is at its
highest in young larvae and decreases with age (Jiang et al., 2012), whereas in the diamondback
moth (Plutella xylostella), it is very low in fourth-instar larvae, increases in the pupae, and
reaches a peak in adults (Sonoda et al., 2006). In the present study, the two EsHSC70 mRNA
transcripts appeared to be present in all of the tested larval stages, and their expression profiles
were similar. EsHSC70-5 and EsHSC70-3 mRNA expression levels increased at first and then
decreased from stages O to Z5. EsHSC70-3 mRNA levels slightly increased at stages M and J1,
were significantly upregulated at stage M compared to stage Z5, slightly downregulated from
stages M to J2, and slightly upregulated at stage J3. This fluctuation in expression patterns has
also been reported in other animals during development. For example, HSC70-4 in Drosophila
melanogaster is expressed at a high level in the embryo, larva, and adult (Perkins et al., 1990).
In Chironomus tentans, HSC70 expression has been observed at all developmental stages, but
is slightly lower in the embryo than in the later stages (Karouna-Renier et al., 2003). Significant
variations in HSC7( expression between organs at various developmental stages of Manduca
sexta have been reported, which suggest that HSC70 could be involved in a negative feedback
loop-regulating assembly of the ecdysone receptor complex (Rybczynski and Gilbert, 2000).
The larval development of E. sinensis undergoing brachyurization metamorphosis (including

Genetics and Molecular Research 15 (3): gmr.15036319


http://www.geneticsmr.com/year2016/vol15-3/pdf/6319-su1.pdf
http://www.geneticsmr.com/year2016/vol15-3/pdf/6319-su2.pdf
http://www.geneticsmr.com/year2016/vol15-3/pdf/6319-su3.pdf
http://www.geneticsmr.com/year2016/vol15-3/pdf/6319-su7.pdf
http://www.geneticsmr.com/year2016/vol15-3/pdf/6319-su7.pdf
http://www.geneticsmr.com/year2016/vol15-3/pdf/6319-su7.pdf

Identification of two HSC70 genes in the Chinese mitten crab 15

organizational differentiation, neuronal integration, and molting, etc.) is accomplished from
the megalopa to the first juvenile crab stage (Stevéié, 1971). Crabs have a soft shell after
molting, and are vulnerable to physiological stresses such as pathogen infections and attack
by other organisms. Megalopa larvae migrate from salt to freshwater and molt into the first
juvenile crabs, which is followed by several juvenile stages of metamorphosis in freshwater
(Kim and Hwang, 1995). Desalination during this period would impose an osmotic stress
challenge to crabs. In this study, the highest EsHSC70 mRNA levels appeared at the embryo
and early zoeal stages. The lowest EsHSC70 mRNA levels occurred at later zoeal stages, stages
J2 and J3. In S. exigua, basal HSP70 expression is at its highest in young larvae and decreases
with age (Jiang et al., 2012). In the present study, EsHSC70-5 was gradually upregulated at
stages M and J1, while EsHSC70-3 was at a relatively higher level at stages Z5 and J2. In
juvenile mitten crabs, HSP70 levels under high-salinity conditions are higher than those under
low-salinity conditions (Sun et al., 2012). Therefore, the high EsHSC70 expression levels at
stages M and J1 may be elicited by osmotic stress or brachyurization metamorphosis. The fact
that high EsHSC70 mRNA levels occurred at an earlier stage of larval development suggests
that EsHSC70s may play a role in E. sinensis development. Previous studies have demonstrated
that HSC70 has specific developmental functions in teleosts. High muscle-specific expression
of HSC71 correlates with muscle growth and differentiation, and with adaptive responses to
muscle-specific physiological stress, such as the demand for oxidative metabolism (Park et al.,
2001). Liu et al. (2004) suggested that HSC70 might play an important role in the growth and
development of M. rosenbergii. Therefore, the stage-specific enrichment of EsHSC70 transcripts
in crabs may signify a critical role for these stress proteins during brachyurization events.

As with the HSC70s in M. nipponense after an Aeromonas hydrophila challenge
(Xiu et al., 2014), HSC70s in E. sinensis are inducible under V. parahaemolyticus challenge.
Previous studies have shown that HSP70 expression levels are significantly induced by
pathogen stimulation (Cui et al., 2010; Rungrassamee et al., 2010; Das et al., 2015). In this
study, quantitative RT-PCR analysis revealed that the two EsHSC70 mRNA transcripts were
present in all of the tissues sampled. The differential expression profiles of EsHSC70-5
and EsHSC70-3 were obvious, and EsHSC70 expression levels in different tissues varied.
EsHSC70-5 and EsHSC70-3 expression levels fluctuated at all of the time points in all of the
tissues, and were maintained at relatively high levels in the hepatopancreas.

The innate immune system is the first line of defense for invertebrates. Crustaceans
can induce rapid and effective immune responses to defend themselves against most potential
pathogens, and rely largely on innate immunity (Vazquez et al., 2009). The hepatopancreas,
hemocytes, intestines, and gills of crustaceans are immune-associated tissues, and the
hepatopancreas and hemocytes are regarded as the most important tissues involved in crustacean
immunity (Jiravanichpaisal et al., 2006). In this study, we found that both EsHSC70-5 and
EsHSC70-3 were highly expressed in the hepatopancreas, based on a tissue distribution
analysis of their transcripts. The high expression profiles of EsHSC70s in the hepatopancreas
confirm their important roles in crab innate immune responses against pathogens.

The midgut, along with the gills, represents an extremely important route of infection
in crustaceans. For example, infections with V. harveyi are known to cause extensive pathology
and tissue inflammation in the gut and hepatopancreas of shrimps (Jiravanichpaisal et al.,
2010). Encapsulated pathogens are cleared from the circulation, and are often collected in the
gills or hepatopancreas (Hauton, 2012). In this study, the EsHSC70-5 mRNA transcript was
significantly upregulated in the heart and hepatopancreas as early as 12 h after challenge by
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V. parahaemolyticus, while the expression of EsHSC70-5 was significantly downregulated in
the intestine and gills at nearly all time points compared to the controls. However, EsHSC70-3
expression was upregulated in all of the tissues at nearly all of the time points compared to
the controls. High expression was also reported in infected crabs, clams, shrimps, and rohu, as
well as during Gram-negative bacterial exposure (Cui et al., 2010; Rungrassamee et al., 2010;
Das et al., 2015). M. nipponense HSC7( transcription initially increases and then decreases
after challenge by 4. hydrophila (Xiu et al., 2014), which is similar to the pattern of EsHSC70
transcription found in the present study. The increased initial expression may be due to the
processing of bacterial antigens that were infecting the cells (Das et al., 2015). EsHSC70-3
transcription decreased at first and then steadily increased to a peak, while that of EsHSC70-5
fluctuated at different time points post-injection. In the heart and intestinal tissues, EsHSC70-3
mRNA levels decreased at first and then significantly increased, and reached a peak at 36 h
before significantly decreasing at 48 h post-injection. In the hepatopancreas and gill tissues,
EsHSC70-3 mRNA expression levels decreased at first and then significantly increased and
reached a peak at 48 h post-injection. Similar tissue-tropic expression of HSC70s has been
reported in turbot Scophthalmus maximus (Wang et al., 2013) and oriental river prawns M.
nipponense (Xiu et al., 2014). However, in the swimming crab Portunus trituberculatus,
PtHSP70 expression gradually increases to a peak at 12 h in hemocytes after stimulation
with V. alginolyticus (Cui et al., 2010), which is similar to that found with EsHSC70-5 in the
hepatopancreas in the present study, but is very different to that found with EsHSC70-3. The
EsHSC70-5 mRNA level was significantly downregulated in the intestine and gills at nearly
all time points compared to the controls, and was expressed at a low level post-challenge. The
depression of HSP70 activity by cadmium exposure might be regulated through a cAMP-
responsive regulatory pathway (Vilaboa et al., 1995), which suggests that the significant
downregulation of EsHSC70-5 in the intestine and gills may also be regulated by cAMP.
The transcriptional responses of EsHSC70-5 and EsHSC70-3 to bacterial challenge varied
in degree, but EsHSC70-5 exhibited specific immune responses against the infectious agent,
indicating that the two HSC70 genes have distinct biological tasks and may be involved in
different immune mechanisms.

In conclusion, two HSC70 members in the Chinese mitten crab E. sinensis, designated
as EsHSC70-5 and EsHSC70-3, were identified and characterized for the first time in this
study. EsHSC70-5 and EsHSC70-3 are ubiquitously expressed during the crab’s larval stages
and in adult tissues. Both EsHSC70-5 and EsHSC70-3 transcripts exhibited varying levels of
inducibility after V. parahaemolyticus challenge, and different expression levels were observed
during larval brachyurization metamorphosis. Based on the molecular characterization and
expression results, EsHSC70s may be involved in anti-bacterial immune responses and
contribute to brachyurization metamorphosis in crabs. The differential expression profiles of
EsHSC70-5 and EsHSC70-3 support the hypothesis that the two HSC70 genes have distinct
biological tasks. The results presented here provide useful insights for investigating stress-
related responses in E. sinensis. Further studies are necessary to identify additional crab
HSP70s, and to investigate their innate immune responses to different environmental and
physiological stresses.
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Supplementary material

Figure S1. Structures of full-length cDNA sequences and deduced amino acid sequences of (A) EsHSC70-5,
(B) EsHSC70-3 in Eriocheir sinensis. The putative polyadenylation signals (AATAAA) are marked in green and
bold. The stop codons are indicated by asterisk (*). Sequences of the primers used for obtaining open reading
frame fragments (HSC705-QCF and HSC705-QCR for EsHSC70-5, HSC703-QCF and HSC703-QCR for
EsHSC70-3) and RACE products (HSC705-GSP51/HSC705-GSP52/HSC705-GSP53 and HSC705-GSP31/
HSC705-GSP32 for EsHSP70-5, HSC703-GSP1/HSC703-GSP2/HSC703-GSP3 and HSC703-31/HSC703-32 for
EsHSC70-3) are underlined and arrowed from the 5’- to 3’-end. Three HSP70 family signatures sequences in
EsHSC70-5 and EsHSC70-3 are boxed, respectively. Deduced ATP-GTP binding sites are wavy underlined and
highlighted as shaded region. (A): Amidation site of ESHSC70-5 is underlined. Three N-glycosylation sites are
circled in red. cAMP- and cGMP-dependent protein kinase phosphorylation site is wavy underlined. Casein kinase
II phosphorylation sites are double underlined. Leucine zipper pattern sequence is boxed and shadowed. Protein
kinase C phosphorylation sites are indicated by dotted line. Tyrosine kinase phosphorylation site is highlighted as
shaded region. (B): Signal peptides sequence of ESHSC70-3 is wavy underlined. Endoplasmic reticulum targeting
sequence is double underlined and shadowed. Casein kinase II phosphorylation sites are highlighted as shaded
regions. Protein kinase C phosphorylation sites are boxed and shadowed. Tyrosine kinase phosphorylation site is
double underlined. Non-organellar consensus motif is underlined and shadowed.

Figure S2. Multiple alignment of representative HSC70-5 amino acid sequences. (A): Predicted HSP70 domain
with some nucleotide-binding sites from BLASTX; (B): a helices and B-sheets of EsHSC70-5 are indicated
by ESPript 3.0 (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). Three HSP70 family signatures sequences
are boxed in green. See Table S3 for GenBank accession numbers. Consensus sequences of the HSC70-5s are
highlighted with red background.

Figure S3. Multiple alignment of representative HSC70-3 amino acid sequences. (A): Predicted HSP70 domain
with some nucleotide-binding sites from BLASTX; (B): o helices and p-sheets of EsHSC70-3 are indicated by
ESPript 3.0 (http://espript.ibep.fr/ESPript/cgi-bin/ESPript.cgi). Signal peptides sequences are boxed in purple.
Three HSP70 family signatures sequences are boxed in green. See S3 Table for GenBank accession numbers.
Consensus sequences of the HSC70-3s are highlighted with red background.

Figure S4. Phylogenetic analysis of ESHSC70s and other representative HSC70s and HSP70s are inferred using
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the Neighbor-Joining method. Bootstrap values greater than 50% for neighbor-joining (NJ) analysis is shown above
major branches. The scale bar represents 0.02 substitutions per site. An asterisk indicates a branch having less than
50% bootstrap values support. The species names, common names and the GenBank accession numbers of all taxa
are listed in Table S2.

Figure S5. The predicted three-dimensional structure of EsSHSC70-5 and EsHSC70-3 from Eriocheir sinensis. (A).
Ribbon diagram of EsHSC70-5 three-dimensional structure, showing EsHSC70-5 consists of two domains and
possesses a distinctive o/f} fold, a helices, B strands and loop are colored blue/green, yellow and red respectively.
The partial enlarged view showed ATP-GTP binding site in green (nests such as GLY175, GLU176, ALA177,
TYR178, LEU179, ASN180, THR181 and PRO182 are marked in purple). (B): Ribbon diagram of EsHSC70-3
protein 3D-structure. In the upper part, the partial enlarged view showed non-organellar consensus motif in
brownish red (nests such as ARG323, ALA324, LYS325, PHE326, GLU327, GLU328 and LEU329 are shown in
purple); In the lower half, the partial enlarged view showed ATP-GTP binding site in green (nests such as ALA156,
GLUI157, ALA158, TYR159, LEU160, GLY 161, LYS162 and THR163 are shown in purple).

Table S1. The sampling number for various organs of Eriocheir sinensis at different larvae stages and immune
challenge stress.

Table S2. Blastp homology search partial results of ESHSC70-5 (A) and EsHSC70-3 (B) amino acid sequence.

Table S3. Analytical procedures urls for bioinformatic analyses of EsSHSC70-5 and EsHSC70-3 sequences.
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