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ARTICLE INFO ABSTRACT

Keywords: Heat shock proteins (HSPs) are a family of conserved proteins that enhance stress resistance and protect cells
Scallop from external damage. In the present study, the full-length HSP70 cDNA from the noble scallop Chlamys nobilis
Chlamys nobilis (designated CnHSP70) was first cloned and characterized. Then, the expression of CnHSP70 in golden and brown
gi;;)st;;‘())ids scallops with different carotenoid content was evaluated under heat stress and Vibrio parahaemolyticus challenge.

The complete CnHSP70 cDNA is 2621 bp, including a 1971 bp open reading frame (ORF) encoding a polypeptide
of 656 amino acids with an estimated molecular weight of 71.55 kDa and an isoelectric point of 5.32. Based on
amino acid sequence and phylogenetic analysis, the CnHSP70 gene was identified as a member of the cyto-
plasmic HSP70 family. The CnHSP70 was ubiquitously expressed in all examined tissues, including intestines,
hemocytes, mantle, adductor and gills, with the highest expression in gills. After heat stress and V. para-
haemolyticus injection, the expression levels of CnHSP70 in gills and hemocytes of golden and brown scallops
were both significantly increased, indicating that the gene was involved in resistance or immune response.
Moreover, under both conditions, similar expression profiles of CnHSP70 were observed between gills and he-
mocytes from the same color scallop, but different expression levels were detected in the same tissue from the

Heat stress
Vibrio parahaemolyticus

different color scallop, which may be related to difference in their carotenoids content.

1. Introduction

Aquatic animals live in the complexity and variability of the marine
environment and often experience a variety of environmental stresses,
including water temperature fluctuations, pathogen infections and
water quality deterioration, which could lead to reduced productions
and significant economic losses in marine aquaculture. As important
members of aquatic animals, studies have shown that bivalve mollusks
are particularly vulnerable to environmental changes due to the lack of
specific immune responses and immune memory [1]. In the process of
adaptation, these bivalves have developed a fundamental self-protec-
tion innate immunity system that prevents potential damage from the
harmful environments [2]. Therefore, exploring their innate immunity
will contribute to better understand the bivalve immune mechanism
and promote the development of aquaculture.

Heat shock proteins (HSPs) are a group of highly conserved proteins
that help organisms regulate stress responses and protect organisms
from environmentally induced cellular damage [3,4]. According to the

sequence similarity and molecular size, the HSPs have been classified
into five major families, including HSP100, HSP90, HSP70, HSP60, and
small HSPs [5]. Among them, the HSP70 family is ubiquitous, abundant
and well-studied proteins and is involved various cellular processes
including protein folding/unfolding, translocation, targeting, degrada-
tion, and protein complex remodeling [6,7]. In bivalves, studies have
shown that HSP70 involved not only in protein folding and cytopro-
tection after heat shock [8], but also in specific immune responses
against bacterial infection [9,10]. For instance, up-regulation of the
HSP70 genes has been observed in Asiatic hard clam Meretrix mertrix
[11], Pacific oyster Crassostrea gigas [12], and mussel Mytilus coruscus
[13] after Vibrio bacterial infection etc.

The noble scallop Chlamys nobilis Reeve is famous for their brilliant
shell colors including orange/golden, yellow, purple, and brown, or-
ange-purple, etc, which has become an importantly cultured bivalve in
China since 1980s. Unfortunately, massive mortality often occurred in
the cultured scallops in recent years during summer, especially from
July to September when the seawater temperature reached 26-30 °C.
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Table 1

Primers used in the study of CnHSP70.
Primer name Sequence (5’-3") Tm (°C)
cDNA synthesis
Oligo (dT) GGCCACGCGTCGACTAGTACT 47
Gene cloning
UPM (long) CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT
UPM (short) CTAATACGACTCACTATAGGGC
NUP AAGCAGTGGTATCAACGCAGAGT
3’ RACE primers
HSP-GSP-F1 CCTGACGAGGCTGTTGCTTATGGC 66
HSP-GSP-F2 AAGCAGACGCAGACCTTCACCACC 65
5’ RACE primers
HSP-GSP-R1 AGCCAGGCGATTACTTCTGAACACTT 62
HSP-GSP-R2 AATGGTCTTCTTGTCCTCTTCGCTGA 60
RT-PCR primers
qHSP70-F ACCCAAACATTCACCACATA 53
qHSP70-R CCTCCTTAGACAAACGACCT 53
B-actin-F CAAACAGCAGCCTCCTCGTCAT 60
B-actin-R CTGGGCACCTGAACCTTTCGTT 60
Vector primers
M13-47 CGCCAGGGTTTTCCCAGTCACGAC 66
RV-M GAGCGGATAACAATTTCACACAGG 57

Since 2008, a genetic improvement program for the noble scallop has
been carried out in China, and a new variety named “Nan'ao Golden
Scallop” was successfully bred by selection breeding and authorized by
the National Aquatic Protospecies and Improved Variety Approval
Committee of China in 2015 [14]. These golden scallops contain sig-
nificantly higher total carotenoids content than others. It is well known
that carotenoids not only can be used as potent antioxidants to scavenge
free radicals caused by environmental stress [15,16], but also can im-
prove the efficiency of immune responses by stimulating both innate
and adaptive components of animals' immunity [17,18]. Our previous
studies found a positive correlation between total carotenoid content
and total antioxidant capacity in the scallop [19], and have reported
that golden scallops have higher cold tolerance than others, which may
be related to carotenoids [20].

To unravel the potential contributions of HSP70 and carotenoids to
against environmental stress and pathogen invasion in noble scallop.
The heat and Vibrio parahaemolyticus stress experiments were separately
conducted by using two shell-colored scallops from same stock with
different carotenoids content in their muscle. The molecular char-
acteristics of HSP70 (designated CnHSP70) were identified and their
expression profiles in different tissues were examined. In addition, the
expression pattern of CnHSP70 after heat and bacterial challenges were
also analyzed. The findings of present study provide valuable in-
formation on improving stress and disease resistance in bivalves, in
which will beneficial to the development of bivalve aquaculture.

2. Materials and methods
2.1. Experimental animals and tissues collection

In the present study, 300 golden and 300 brown noble scallops (12
months old) originated from the same stock, which had been cultured
under the same environment at sea-field of the Nan'ao Marine Biology
Experimental Station of Shantou University (23.4786°E, 117.1132°N)
were collected. Prior to the experiment, all scallops were cleaned and
equally acclimated in three 500 L tanks (each tank contains 100 golden
and 100 brown individuals) filled with aerated filtered seawater at
room temperature of 24.0 = 0.5°C for one week. Seawater was
changed 50% daily, and scallops were fed with diatoms (Nitzschia
closterium f. minutissima) and tetraselmis (Platymonas subcordiformis)
during acclimation period. Tissues including intestine, hemocytes,
mantle, adductor and gills were sampled from two individuals of each
color from each tank (2 individuals X 3 tanks = 6 samples) for gene

tissue distribution. After adding 1 mL of Trizol reagent (Invitrogen), all
samples were stored at —80 °C for subsequent RNA extraction.

2.2. Experiment design and treatments

2.2.1. Heat stress

Prior to the heat stress experiment, gills and hemocytes of two in-
dividuals of each color from each tank were sampled and served as
control (24.0°C * 0.5°C). Subsequently, 20 golden scallops and 20
brown scallops were randomly collected and transferred into a heat
preservation tank with the temperature of 30.0 °C + 0.5 °C (the highest
temperature of seawater in summer) as experiment group. Scallops
were not fed during the experiments. The gills and hemocytes were
sampled at 3, 6, 12, 24, 36 h post-exposure from two individuals of each
color of each tank. All samples were preserved in liquid nitrogen until
RNA extraction. Three replicates were employed.

2.2.2. Vibro parahaemolyticus challenge

In this experiment, 40 golden and 40 brown scallops were equally
divided and maintained in two 500 L tanks filled with filter seawater
(24 = 0.1°C) (each tank containing 20 golden and 20 brown scallops).
The scallops in one of the tanks (experimental tank) were injected with
100 uL of V. parahemolyticus suspension (5 X 107 cfumL™" in PBS),
while the scallops in another tank (control tank) were injected with
100 puL of PBS. Two golden and brown scallops were sampled from the
experimental and control tanks at 3, 6, 12, 24, 36 h after injection,
respectively. The gills and hemocytes of each sample were extracted for
further analysis. Experiments were conducted in triplicate.

2.3. Cloning of the full-length cDNA of CnHSP70

Total RNA was extracted from the tissues using the Trizol Reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
The RNA quantity, purity and integrity were verified by native RNA
electrophoresis on a 1% agarose gel in 50 x TAE buffer (Acetic acid
1molL™!, tris 2mol L1, EDTA 0.1 molL ™, pH 8.0) and the UV ab-
sorbance ratio at 260 nm and 280 nm (Ultrospec 2100 pro, Amersham,
USA). Then, 1 ug of total RNA was used as template for cDNA synthesis
using SuperScript III reverse transcriptase (Invitrogen, USA) and Oligo-
dT as primers to obtain first-strand following the protocol of the man-
ufacturer.

A cDNA fragment of CnHSP70 was obtained from high throughput
transcriptome sequencing [21]. Based on this known sequence, Gene-
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specific primers (Table 1) were designed for 3 RACE and 5" RACE of
CnHSP70 using the SMART™ RACE cDNA amplification kit (Clontech,
USA) and LA Taq polymerase (TaKaRa). The preparation methods of the
c¢DNA were conducted according to the instructions of manufacturers. A
touchdown PCR program was performed to obtain the 3’end and 5’ end
of CnHSP70 gene, the profile was 95 °C for 2 min followed by 35 cycles
of 94 °C for 30 s, 70-60 °C for 30 s in the initial 10 cycles decrementing
1 °C/cycle, 60 °C for 30 s for the remaining 25 cycles, 72 °C for 60 s, and
a final extension step at 72 °C for 10 min. Purified DNA fragment was
sub-cloned into vector pMD18-T(TaKaRa, Guangzhou, China), then
transformed into E.coli. And fragment from positive clones was se-
quenced (Sangon Biotech, Shanghai, China). Then the 3’- and 5-RACE
PCR fragment sequences were aligned to assemble the full nucleotide
sequence of the scallop putative CnHSP70 cDNA. The resulting se-
quences were verified by the amplification of the whole full length and
further subjected to cluster analysis.

2.4. Bioinformatics analysis

The acquired CnHSP70 nucleotide sequence and the deduced amino
acid sequence was analyzed using BLAST program(http://blast.ncbi.
nlm.nih.gov/Blast.cgi). The theoretical pI/Mw were determined by
Expasy-ProtParam online tool Compute PI/Mw program (http://web.
expasy.org/compute pi/). The deduced amino acid sequence of
CnHSP70 was aligned with other species using the Clustal X multiple
alignment program (version1.83) and software of Genedoc. In addition,
the protein motif features were analyzed by SMART program [22]. A
phylogenetic tree was generated by Boostrapped Neighbor-Joining (NJ)
method from a distance matrix with the software of MEGA 5.0 [23]. All
the analyzed sequences in this tree were retrieved from GenBank da-
tabase, whose accession numbers listed in Table 2.

2.5. Relative quantitative real-time PCR analysis

Transcripts level of CnHSP70 were performed in the LightCycler 480
(Roche) using the SYBR®Premix Ex Taq™ II Kit (Perfect Real Time)
(Takara, Japan). Primers for real-time PCR were listed in Table 1. Ac-
cording to the instruction, qRT-PCR amplificatons were carried out in a
total volume of 20 pL containing 10 uL. SYBR®Premix Ex Taq™ II, 2 pL of
the 1:10 diluted cDNA, 0.8 uL each of qgHSP70-F and qHSP70-R primer
to amplify CnHSP70 gene, 0.8 uL S-actin-F and f-actin-R to amplify the
B-actin gene, and 6.4 uL. PCR-grade water. The qRT-PCR program was
95°C for 30s, followed by 40 cycles of 95°C for 5s, 60 °C for 30s.
Melting curve analysis of amplification products was performed at the
end of each PCR reaction to confirm that only one PCR product was
amplified and detected, and the program was set as: 95 °C for 15, 60 °C
for 30s, 95°C for 15s. Each sample was run in triplicate. Relative
mRNA expression value of CnHSP70 was determined using the 2~ 44¢T

Table 2
Information of the sequences used in the phylogenetic analyze.
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algorithm with B-actin from Chlamys nobilis as the internal control [24].
The amplification efficiency of CnHSP70 and f-actin was 95.36% and
98.01%, respectively.

2.6. Statistical analysis

Data were presented as relative expression levels (mean * S.D,
n = 6). Differences in relative expression levels of CnHSP70 among
tissues and different time points were analyzed by one-way Analysis of
Variance (ANOVA).

A General Linear Model was used to evaluate the effects of genetic
group (G, golden scallop VS Brown scallop), stress time (T) and their
interaction on mRNA transcripts in tissues according to Zheng et al.
[25]. The model was:

Yim=u+ G+ T+ (GXT)+ ejn

Where, Y, = the CnHSP70 transcript level of the m replicate in the i
genetic group from the j treatment time; p = overall constant; G; = the
fixed effect of genetic group (i = 1, 2); T; = treatment time (j = 1, 2, 3,
4, 5, 6); (G X T); = interaction effect between genetic group and
treatment time; e;,, = random observation error.

All statistical analyses were performed by SPSS vision 20 (SPSS Inc.
Chicago, USA) and the significance of all analyses was set to P < 0.05
unless noted otherwise.

3. Results
3.1. Sequence analysis of CnHSP70 cDNA

A 2621 bp cDNA, containing a 1971 bp open reading frame (ORF), a
110 bp 5’-terminal untranslated region (UTR) and a 540 bp 3’-UTR, was
determined by 5’ and 3’ RACEs (Fig. 1). A canonical poly-adenylation
signal (AATAAA) and a poly(A) tail were located within the 3’-UTR.
The ORF encoded a polypeptide of 656 amino acid residues with a
theoretical molecular mass of 71.55 kDa and an isolectric point (pI) of
5.32. The predicted amino acids sequence of CnHSP70 contains three
conserved signature sequences of HSP70 family (IDLGTTYS, IFDLGG-
GTFDVSIL, IVLVGGSTRIPKIQK) and the cytoplasmic characteristic
motif EEVD. A putative ATP-GTP binding site motif and a putative bi-
partite nuclear localization signal (NLS) were also observed in the se-
quence. At the carboxyl terminal region, CnHSP70 has five terapeptides
of GGXP (where X is any aliphatic residue), four of them are GGMP,
another one is GGAP (Fig. 1). The cDNA sequence was submitted to
GenBank under the accession number MK992915.

3.2. Phylogenetic tree analysis and multiple sequence alignments

The phylogenetic tree based on an amino acid sequences alignment

Species Style Accession number
Crassostrea gigas HSC70 CAC83683.1
Crassostrea gigas HSC71 BAD15287.1
Ostrea edulis HSC70 CAC83684.1
Septifer virgatus HSC70 BAS29643.1
Mytilus galloprovincialis HSC71 CAH04109.1
Solen grandis HSC70 AFU72268.1
Rattus norvegicus HSC71 NP_077327.1
Bos taurus HSC71 NP_776770.2
Danio rerio HSC71 NP_001103873.1
Ctenopharyngodon idella HSC70 AEM75093.1
Megalobrama amblycephala HSC70 ACC93993.2
Mizuhopecten yessoensis HSP70 AAS17724.1
Azumapecten farreri HSP70 AA038780.1
Ruditapes philippinarum HSP70 AKE47619.1

Species Style Accession number
Crassostrea hongkongensis HSP70 ACH95805.1
Crassostrea gigas HSP70 BAD15286.1
Crassostrea virginica HSP70 CAB89802.1
Cristaria plicata HSP70 ADM64336.1
Mytilus galloprovincialis HSP70-1 CAE51348.1
Mytilus galloprovincialis HSP70-2 CAH04107.1
Mytilus galloprovincialis HSP70-3 CAH04108.1
Bos taurus HSP70 NP_001161367.1
Homo sapiens HSP70 NP_005518.3
Rattus norvegicus HSP70 AAA17441.1
Danio rerio HSP70 BAB72170.1
Megalobrama amblycephala HSP70 ACG63706.2
Ctenopharyngodon idella HSP70 ADX32514.1
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GGGCATAACGCCGGGAACGAAGAACAAACCGGATCGAGGGGTTTTAGGCTGTGACAAGAACTTAAATTTCTGGCTCTACTATTCAAGTTAACACACCAAAACACAGCAAC 110
ATGAGTACCAAAGTAGCAACAGCAGTCGGAATTGACTTAGGAACCACTTATTCCTGTGTTGGAGTGTTCCAGCATGGAAAAGTAGAAATCATTGCAAATGACCAGGGAAACAGAACAACC 230

MSTZKVATAVGIDLGTTYSCVGVFAQHGEKYVETITANDAI QGNRTT 40

CCAAGTTATGTAGCATTCACAGACACTGAACGTCTTGTAGGAGATGCCGCAAAGAACCAAGTGGCTATGAACCCAACAAACACCATCTTTGATGCCAAGCGTCTCATAGGAAGAAAATAC 350
PSYVAFTDTERTLYGDAAKN QVAMNPTNTTIFDAEKTRTLTIGRTEKTY 8
AATGAACCCTGTGTCGCCTCCGATAAGAAACATTGGCCATTTGAAGTGGTCTGTGATGACGGTAAACCAAAACTGCAGGTCAGCTACAAGACTGAAATGAAGACTTTCTTCCCAGAAGAA 170
NEPCVASDEKEKHWPFEVYVCDDGEKPZ KL QVSYXKTEMEKTTFTFTPTETE 12
ATCTCCTCTATGGTTCTCAACAAGATGAAGGAGACAGCAGAAGCCTATCTTGGCAAGACGGTATCAAACGCAGTGGTAACTGTCCCAGCTTACTTCAATGACTCTCAGAGACAGGCAACA 590
I SSMVLNEKMEKET DIEEEENE Kx TVSNAVVTVPAYTFNDSQRQAT 160
AAAGATGCCGGAACAATTTCTGGATTGAATGTTCTACGTATCATCAACGAACCAACAGCAGCTGCTATCGCATATGGTCTTGACAAGAAGGTTGGAACCGAAAGGAATGTACTCATCTTT 710
KDAGTTISGLNYLRTITINEPTAAATAYGLDEKTE KV GTERNVL_IF 20
GATTTAGGTGGTGGTACCTTTGATGTATCCATCCTGACGATAGAGGATGGAATCTTTGAAGTGAAATCCACATCTGGGGACACCCACTTGGGTGGTGAGGACTTTGATAACCGTATGGTG 830

DLGGGTEFDVSTITLTTIEDG GTIFEVKSTSSGDTHTLSGSGETDTFTDNRMV 240

AACCACTTTGTACAGGAATTCAAACGCAAACACAAGAAAGACATCACAGATAACAAAAGGGCTGTCCGTCGTCTGAGAACAGCCTGTGAACGAGCAAAGAGAACCCTATCATCAAGTGCT 950

NHFVQETFAKXRKHKKD I T DNKRAVRERRLRTACETRAKRTILSSS A 28

CAGGCCAGCGTTGAGATCGACTCTCTCTATGAAGGTATTGATTTCTACACCAGTATAACTCGTGCTCGTTTTGAGGAGTTGAATGCTGACCT TTTCAGAGGAACCCTGGAACCTGTAGAA 1070
QASVEIDSLYEGTIDFYTSTITITRARTFETELNADTLTEFRGTTLEPVE 32
AAGTCCCTGCGTGATGCCAAGATGGACAAATCCAAGATCCACGACATCGTACTGGTTGGAGGGTCCACACGTATTCCAAAGATCCAGAAACT TCTTCAGGATTTCTTCAACGGCAAAGAA 1190

KSLRDAKMDI K SIKTIHDIVLVGGSTRTIPIZ KTQKTLTLA QDTFTFNSGIZ K E 360

CTGAACAAGTCTATCAATCCTGATGAGGCTGTTGCCTATGGTGCAGCTGTGCAGGCCGCCATCCTTTCTGGAGATAAGTCTGAGGAGGTCCAGGATCTGCTGTTGTTGGACGTCGCTCCA 1310
LNKSINPDEAVAYGAAVQAAILSGDI KSEEVQDTLTLTLTLDVAP 400
TTGTCCCTGGGTATCGAGACCGCTGGAGGCGTGATGACATCACTTATCAAACGTAACACAACTGTTCCCACCAAACAGACCCAAACATTCACCACATATTCTGACAATCAACCTGGTGTG 1430
LSLGIETAGGVMTSLTIEKZRNTTVPTKQQTAQTTFTTYSTDNA QPG V 440
TTGATCCAGGTGTACGAGGGAGAACGAGCAATGACCAAAGACAACAATTTGCTCGGAAAGTTTGAACTGACCGGAATTCCACCCGCACCAAGAGGTGTACCCCAGATTGAGGTTACATTT 1550
LI QVyYyEGERAMTI KDNNLILGIKZFETLTSGTI®PPAPIRSGYPQTIEVTTF 480
GATGTTGACGCCAACGGAATTCTGAACGTTTCTGTTGTTGACAAGAGTACTGGCAAAGAAAACAAAATCACCATCACCAATGACAAAGGTCGTTTGTCTAAGGAGGAGATCGAGAGGATG 1670
DVDANGILNVSVVDKSTS G KENE KTITTITNDI KT GRILSZE KETETITETRM 52
GTGAACGATGCCGAGAAATACAAGGCAGAAGATGATGTACAACGTAACCGTGTCTCCGCAAAGAATTCTCTTGAGAGCTATGCTTTCCAAATGAAATCCACCTCTGAGGATGACAATCTG 1790
VNDAEEKYIKAEDDVQRNZRYVSAKNSLESYAFQMEKSTS SETDTDNL 560
AAGGGCAAGATCAGCGAAGAGGACAAGAAGACCATTGTCGATAAGTGTTCAGAAGTAATCGCCTGGCTAGATGCTAACCAGTTGGCTGAGAAGGAAGAGTTTGAACACAAACAGAAGGAG 1910
K 6¢GKISEEDIKI KTTIVDI KT CSEVTIAWLDANAQLAETZ KTETETFEHTZKAQZK E 600
TTGGAGGGAGTCTGTAATCCTATTATCACCAAACTGTACCAGGGCGCTGGTGGAGCTCCAGGAGGAATGCCCGGTGGCATGCCCGGAGGTATGCCTGGTGGCATGCCAGGTGGTGCTGAT 2030

LEGVCNPIITEKLYQG A CNGHENNN GNCGENNE GNCHNE CNCEVN GNGENE ¢ ¢ A D 640

GGTGCTTCAACTGGTGGCAGCCAAGGCCCAACCATCGAGGAGGTTGATTAGATAGGCTTCTTATACAAAATACATTCAGGACTTTGTAAGAT CATGTCGGTAACATTCAAGACTTGTTAT 2150
G ASTGGS QG P T I FNEENEE * 656
AACTTCATTTCTACGAACTTGTTCAAATGTTAATGATTTGGAAGAAAACAAATCCTATAAAATCAACCAAATCAATGTTTATAAATCTAGTTGCCACCAAACTGTTATT TAGAGAAATCA 2270
ACAGTGAATGCTTGATTGCTTGTAATTGTGTTGGCGAAAAGCTCATTTGTTATTCATTAGTTCTTTATTCACATTTAAAGTGAGGAAAATAATTATTTTAAATGACAAACGTATCTGATG 2390
GGTTTTTCATATTTTACATCTTATTGACTTTTTTTCATCATTCCACTAGCAACAAAATGAAAACTAACAATATATTGTCAAGCTTGCGAAAAACCCTCTGTGAAATGCAAATGTGACAAA 2510
TCATTAAGATGCTATTTCAAACTCTGAAAATGTGTCTTTAAAAAAATGGAAAAAATTAACTTTAAAAAAATA (B GAGCCAGAACAAAAAAAAAAAAAAAAAAAAA 2621

Fig. 1. Nucleotide and deduced amino acid sequences of CnHSP70 cDNA. The polyadenylation signal (AATAAA) was shown in gray and boxes. The characteristic
motifs of the HSP70 family were shown as followed. Three signatures were underlined; a putative ATP-GTP binding site was bold in gray; a putative bipartite nuclear
localization signal was bold in italics and highlighted with wave; four terapeptides of GGXP at carboxyl terminal region were underlined and in gray; and the
cytoplasmic HSP70 carboxyl terminal EEVD was indicated in gray.
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dark gray; “GGAP” were highlighted with light gray. The “GPTIEEVE” motifs in bivalves of group I were in solid line box and “GPT(K)VEEM(V)D” motifs in bivalves

of group II were in dash line box.
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Fig. 4. Tissue distribution of CnHSP70 mRNA ex-
pression. The mRNA expression of CnHSP70 was
determined by real-time PCR with S-actin as internal
control gene. The relative expression of CnHSP70 in
each tissue (intestine, hemocytes, mantle, adductor
and gill) was determined compared to the expression
in the intestine. Vertical bars represent means = SD
(N = 6). Significant differences are indicated by **
(P < 0.01). Different upper letters on bars indicate
significant difference (P < 0.05) among different
tissues in the same golden scallops, while different
lower letters on bars indicate significant difference
(P < 0.05) among different tissues in the same
brown scallops.
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between CnHSP70 and other bivalves HSP70/HSC70 showed that all
sequences were divided into two major groups, group I and group II
(Fig. 2). CnHSP70 was placed in group I and had the closest relationship
to Mizuhopecten yessoensis HSP70 and Azumapecten farreri HSP70. In-
terestingly, the inducible (HSP70) and cognate (HSC70) genes were
found in group I, whereas only the inducible genes (HSP) gene was
found in group II. In addition, all bivalve sequences in group I con-
tained more than one GGXP motif and GPTIEEVD motif in the C-
terminal of the sequence, and no two motifs were found in the se-
quences of bivalves in group II (Fig. 3).

3.3. Expression profile of CnHSP70 in different tissues

Real-time quantitative PCR was used to investigate the tissue dis-
tribution and expression level of CnHSP70 under normal conditions.
Expression levels of CnHSP70 were detected in all tested tissues, in-
cluding intestine, hemocytes, mantle, adductor and gills (Fig. 4). The
highest expression level of CnHSP70 was observed in gills, which sig-
nificantly higher than that in other tissues, and the basal CnHSP70
expression level in hemocytes of golden scallops was significantly
higher than that in brown scallops (P < 0.05).

3.4. Comparison of CnHSP70 transcript profiles between the golden and
brown scallops in response to heat stress

In gills, the expression levels of CnHSP70 in golden and brown
scallops were both significantly upregulated after acute heat stress
(P < 0.05), and respectively reached the highest at 12h and 6h
(Fig. 5A). Furthermore, the value at 3 and 6 h in golden scallops was
lower than that in brown ones, but after 12 h, which was significantly
higher in former than that in latter (P < 0.05). Analysis of variance
demonstrated (Table 3) that genetic group and stress time made sig-
nificant impact on the gene expression level (P < 0.001), and their
interaction was also significant (P < 0.001).

In hemocytes, the expression levels of CnHSP70 in golden and
brown scallops were also both significantly upregulated after acute heat
stress (P < 0.05) (Fig. 5B). The expression level in golden scallops
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increased with stress time lengthening, whereas the value in brown
scallops was firstly increased significantly (P < 0.05), peaked at 12h,
and then declined. Moreover, the gene expression level from 3 to 12h
in golden scallops was lower than that in brown ones, but at 24 and
36h, which was significantly higher in former than that in latter
(P < 0.05). Analysis of variance demonstrated (Table 3) that both
genetic group and stress time made significant impact on the gene ex-
pression level (P < 0.001), and their interaction was significant
(P < 0.001).

3.5. Comparison of CnHSP70 transcript profiles between golden and brown
scallops in response to pathogen challenge

In gill, the expression level of CnHSP70 in golden and brown scal-
lops at 3-24 h post-infection was significantly higher than (P < 0.05)
control and reached a maximum level at 12h (Fig. 6A). After 12 h, the
expression level dropped significantly and returned to control level at
36 h after injection. There was no significant difference in the gene
expression level between golden and brown scallops (P > 0.05). Ana-
lysis of variance in Table 4 demonstrated that only stress time had a
significantly effect on the gene expression level (P < 0.001).

In hemocytes, the expression level of CnHSP70 in hemocytes of both
color scallops was significantly upregulated at 3h post-injection and
reached the highest level at 12 h post-injection (Fig. 6B). The expression
level of CnHSP70 in golden scallops was lower than that in brown
scallops at 3-12h post-injection. After 24 h post-infection, the expres-
sion level of CnHSP70 in golden scallops was significantly higher than
that in brown scallops (P < 0.05). Analysis of variance demonstrated
(Table 4) that both genetic group and stress time made significant
impact on the gene expression level (P < 0.001), and their interaction
was also significant (P < 0.001).

4. Discussion

In this study, CnHSP70 was cloned and characterized for the first
time in the noble scallop Chlamys nobilis, and the nucleotide sequence
was submitted to the GenBank under accession number of MK992915.



D. Cheng, et al.

Gill

Fish and Shellfish Inmunology 94 (2019) 924-933

Bl Golden scallop

i [ Brown scallop

Relative mRNA expression of CnHSP70

Hemocytes

be

Relative mRNA expression of CnHSP70

24

36

Time(h)

Fig. 5. The expression levels of CnHSP70 mRNA in gill and hemocytes from golden and brown scallop after acute heat stress. Vertical bars represent means *= SD
(N = 6). Significant differences between golden and brown scallops at same time point are indicated by * (P < 0.05), ** (P < 0.01). Different upper letters on bars
indicate significant difference (P < 0.05) among different stress times in the same golden scallop, while different lower letters on bars indicate significant difference

(P < 0.05) among different stress times in the same brown scallop.

Table 3
Analyses of variance for CnHSP70 expression level in response to acute heat
stress in gill and hemocytes of C. nobilis.

Source df Gill Hemocytes

MS F P MS F P
Genetic group (G) 1 2.195 16.382 < 0.001 2.89 28.071 < 0.001
Time (T) 5 13.017 97.167 <0.001 4.989 48360 < 0.001
GXT 5 2884 21530 <0.001 2376 23.035 < 0.001
Error 60 0.134 0.103

The amino acid sequence of CnHSP70 has three different signature se-
quences (IDLGTTYS, IFDLGGGTFDVSIL, and IVLVGGSTRIPKIQK),
which are well conserved in the eukaryotic HSP70 family [26],
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indicating that the sequence is a member of the HSP70 family. An ATP-
GTP binding motif (AEAYLG) and a putative bipartite nuclear locali-
zation signal (KRKHKKDITDNKRAVRR) were observed in CnHSP70 that
were required for the selective translocation of HSPs into the nucleus
[27,28]. In addition, a conserved cytoplasmic specific motif, EEVD was
present at the gene C-terminal, indicating CnHSP70 could be classified
as a member of the cytoplasmic HSP70 family [29].

Phylogenetic analysis between CnHSP70 and other species HSP70/
HSC70 showed that all sequences were divided into group I and group
II. Alignment of the C-terminal of the sequences showed that all the
sequences of bivalves in group I contained terapeptides of GGXP, none
of the sequences of bivalves in group II contained GGXP. A previous
report indicated that GGXP is possibly present in the C-terminal region
of the vertebrate HSC70 [30], and the absence of GAP/GGMP repeats is
the main characteristic in sequence discrepancy between HSP70s and
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Fig. 6. The expression levels of CnHSP70 mRNA in gill and hemocytes from golden and brown scallops after V. parahaemolyticus challenge. Vertical bars represent the
mean *= SD (N = 6). Significant differences are indicated by * (P < 0.05), ** (P < 0.01).

Table 4
Analyses of variance for CnHSP70 expression level in response to bacterial in-
fection in gill and hemocytes of C. nobilis.

Source df Gill Hemocytes

MS F p MS F 14
Genetic group (G) 1 0.318 2.708 > 0.05 1.199 7.546 < 0.001
Time (T) 4 6.567 55879 <0.001 7979 50.235 < 0.001
GXT 4 0.049 0.421 >0.05 3.232 20.349 < 0.001
Error 50 0.118 0.159

HSC70s [31]. In our present study, CnHSP70 contains one GGAP tet-
rapeptides and three GGMP tetrapeptide in the C-terminal region. In
addition, a GPTIEEVD octapeptide was also found in the CnHSP70 C-
terminal region. The GPTIEEVD octapeptide was specific for HSC70s
[11,32]. And it was believed to be responsible for interacting with
tetratricopeptide repeat (TPR) domains of the HSP-organizing protein
(HOP), which is an adapter protein that mediates the association of
HSP70 and HSP90 into a multi-chaperone complex [30]. Taken to-
gether, we can conclude that the characteristics of CnHSP70 were more
closely related to those of HSC70s.

The distribution of CnHSP70 gene expression can provide useful
information for analyzing its biological function in mollusks. Real time
RT-PCR analysis showed that CnHSP70 was ubiquitously expressed in

all tested tissues of C. nobili, and the highest expression level was found
in gill. These results are consistent with previous findings in Manila
clam Ruditapes philippinarum [8]. It is well known that gill consists of
only a single layer of fragile cells and is covered with a thin protective
mucus layer with extensive environmental exposure. The high expres-
sion level of CnHSP70 in the gills of golden and brown scallops in-
dicates that CnHSP70 significantly promotes the regulation of en-
vironmental stress response. Additionally, the present study showed the
basal mRNA level of CnHSP70 in hemocytes of golden scallops was
significantly higher than that of brown scallops (P < 0.05), suggesting
that the regulation mechanism of CnHSP70 in two color scallops is
different.

Since sedentary filter feeders are broadly inhabit in coastal and
estuarine areas, scallops are susceptible to temperature fluctuations.
When organisms are continuously exposed to high temperature, ex-
cessive amounts of reactive oxygen species (ROS) are generated in the
body [33], which severely impairs the normal cells function and may
indirectly act as a signal molecule for DNA damage [34]. HSP70 is a
general molecular chaperone involved in repairing or degrading da-
maged proteins [35], thereby protecting cells from environmental
stress. In the present study, the expression levels of CnHSP70 in gills
and hemocytes of both scallops were significantly upregulated after
heat shock compared with the control group (P < 0.05). Similar results
were reported in the mussels Mytilus coruscus [13] and Manila clam
Ruditapes philippinarum [8]. The present findings suggest that CnHSP70
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is involved in the response to heat stress, and up-regulation of CnHSP70
presumably reflect the need for more CnHSP70 proteins to repair da-
maged or misfolded proteins.

Vibrio parahaemolyticus is a common bacterium in marine aqua-
culture system and is associated with mass mortality of marine mol-
lusks, including scallop Pecten maximus [36], abalone Haliotis diversi-
color supertexta [37] and clam Meretrix meretrix [38]. In recent years,
HSP70s have received the most attention in aquatic animals because
they regulate cellular immune responses and protect organisms from
pathogenic stress [39]. For instance, in bay scallop Argopecten irradians,
the expression level of HSP70 in the hemocytes was up-regulated and
reached a maximum level at 8 h after Vibrio anguillarum injection [40].
In pacific abalone Haliotis discus hannai, the expression of HSP70 mRNA
in muscle and gill tissues was significantly increased after challenged
with Vibrio anguillarum [41]. In pearl oyster Pinctada fucata, the HSP70
gene was inducible and reached a maximum level at 4h after Vibrio
alginolyticus injection [42]. In the present study, the expression levels of
CnHSP70 in gills and hemocytes of both color scallops were up-regu-
lated after challenge with V. parahaemolyticus compared with that
control group. The findings suggested that CnHSP70 was involved in the
response of scallops to pathogen stress. Up-regulation of CnHSP70
mRNA expression following infection indicated that the HSP70 gene
was inducible and may play important role in resistance to pathogen
attack.

In addition, some interesting results were observed by comparing
the expression levels of CnHSP70 between golden and brown scallops.
Under heat stress, the expression levels of CnHSP70 in gills and he-
mocytes of golden scallops were lower than those of brown scallops at
3-6h and 3-12h, respectively. Our previous study had shown that
golden scallops contain significantly higher TCC than brown scallops
[25]. Since carotenoids are powerful antioxidants, which efficiently
scavenges oxygen free radicals to protects cell organelles from oxidative
damage [43-45]. Therefore, this could partly explain the less sensitive
of golden scallops than brown scallops. However, over time, the ex-
pression levels of CnHSP70 in gill and hemocytes of golden scallops
were significantly higher than those of brown scallops at 12-36 h and
24-36 h, respectively. Similar results were also observed in hemocytes
after infected with V. parahaemolyticus. It is well known that car-
otenoids can regulate the immune gene expression [46], including,
CuZnSOD [20], CnTRX [47], Cnlec-1 [48] and Ferritin gene [49].
Therefore, we speculate that the TCC could also regulate the expression
of CnHSP70 in the golden scallop.

In conclusion, CnHSP70 was cloned and identified in the noble
scallop Chlamys nobilis for the first time. The CnHSP70 was involved in
the responses to heat and pathogen stress. Under both conditions, si-
milar expression profiles of CnHSP70 were observed between gills and
hemocytes from the same color scallop, but different expression levels
were detected in the same tissue from the different color scallop. This
work provides valuable information on improving stress and disease
resistance in bivalves.
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