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Abstract The milin oyster Ostrea denselamellosa is a live-bearing species with a sharp decline in the natural population. Unlike
other oysters, O. denselamellosa lives in the subtidal zone and its adaptability to heat, salinity, ezc. is different from most other oys-
ters. Heat shock proteins 70 (HSP70) are a family of conserved ubiquitously expressed heat shock proteins which are produced in re-
sponse to stressful conditions, especially heat. In this study, we identified Hsp70 genes through bioinformatic analysis in five species
of oyster. Among them, O. denselamellosa holds the fewest number of Hsp70 genes, which may be one of the reasons why O. den-
selamellosa cannot tolerate high temperatures. The conserved motifs and gene structures of Hsp70B2 sub-family and other types of
Hsp70 in O. denselamellosa were different from that of Hspal2 sub-family, which may be due to performing necessary multiple phy-
siological functions. Transcription profile analysis for Hsp70 genes of O. denselamellosa indicated that gills play an important role in
responding to multiple external challenges. In addition, synteny analysis of Hsp70 genes among O. denselamellosa, O. edulis and Cras-
sostrea ariakensis showed that Hsp70 genes in genus of Ostrea genome might have evolved from a common ancestor with genus of
Crassostrea. In short, our results lay the foundation for further investigation of the evolution of O. denselamellosa Hsp70 genes and

heat adaptability.
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1 Introduction

Milin oyster Ostrea denselamellosa is a potential econo-
mically important species, which generally inhabits the sub-
tidal zone with high salinity along the coasts of China, Ja-
pan and Korea (Xu ef al., 2008; Chen et al., 2011). How-
ever, previous studies showed that oysters such as Crasso-
strea sikamea and C. nippona had a survival rate of more
than 50% at 32°C (Wang and Li, 2017; Hu et al., 2020),
while O. denselamellosa couldn not survive at 32°C (Yang
et al., 2003), which means that milin oyster is relatively
poorly adapted to high temperatures. Moreover, O. dense-
lamellosa is a kind of live-bearing oyster, which differs sig-
nificantly from oysters Crassostrea, Saccostrea and most
other bivalves. During reproduction, the eggs are fertilized
and grow to D-shaped larvae in the female mental cavity
within 1-3 days (Buroker, 1985; Foighil and Taylor, 2000;
Yang et al., 2001). Previous study showed that species are
more likely to be ovoviviviparous when they live in lower-
temperature environments, and the female keep the em-
bryos in their body to make sure they can grow in a suit-
able temperature (Webb et al., 2006). To date, previous
studies on O. denselamellosa mainly focused on its mito-
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chondrial genome, seed production and biological charac-
teristics (Insua and Thiriot-Quievreux, 1991; Chen et al.,
2011; Yu et al., 2016; Han et al., 2022), while the geno-
mic-level research on their ecological adaptation remains
limited (Xu et al., 2008).

Hsp70, also known as Hspa, has functions in a wide range
of housekeeping and stress-related activities (Rosenzweig
et al., 2019). In previous studies, several members of Hsp70
have been cloned in C. sikamea and C. virginica, and these
genes were significantly up-regulated when the oysters were
under heat stress (Nagata et al., 2017; Casas and La Peyre,
2020). In addition, with the quick development of genome
sequencing, the genome-wide Hsp70 gene family has been
studied in oysters based on their genomes. These genes
were found to be expanded in C. gigas, C. hongkongensis
and S. glomerata, which indicated that Hsp70 genes play
important roles in adaptation to heat in dynamic environ-
ments with a wide variety of stress factors (Zhang et al.,
2012; Powell et al., 2018; Peng et al., 2020). Although we
have generated the genome assembly of O. denselamello-
sa (Dong et al., 2023), no detailed analysis of the Hsp70
family has been performed in O. denselamellosa.

In this study, in order to provide a comprehensive un-
derstanding of the Hsp70 gene family in the O. densela-
mellosa, the number of gene copies, chromosomal locations,
tissue specific expression pattern, structure and motifs were
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examined based on the genome of O. denselamellosa and
other oysters. We also analyzed the evolution of Hsp70
genes among oysters by performing phylogenetic trees and
synteny analyses, and carried out a preliminary study on
the ecological adaptability of O. denselamellosa by com-
parative genomics and gene family enrichment.

2 Material and Methods

2.1 Data Preparation

The genomes, the longest peptides sequences and gff3
files of C. gigas (GCA_902806645.1) (Zhang et al., 2012),
C. virginica (GCA_002022765.4) (Gomez-Chiarri et al.,
2015) and the genome of Saccostrea glomerata (GCA
003671525.1) (Powell et al., 2018) were downloaded from
NCBI website. The longest peptides sequences and gft3 file
of S. glomerata were obtained from http:/soft.bioinfo-min
zhao.org/srog/. All these three data sets of C. ariakensis
(CNA0022698) (Wu et al., 2022) were obtained from the
China National GeneBank DataBase (CNGBdb). In addi-
tion, we have generated the genomic data of O. densela-
mellosa (Dong et al., 2023) and O. edulis (Li et al., 2023),
which can be found in Figshare https://doi.org/10.6084/m9.
figshare.19801705 and https://doi.org/10.6084/m9.figshare.
20013503, respectively. To identify Hsp70 genes in oysters,
HSP70 protein sequences from C. gigas were download-
ed from UniProt (https://www.uniprot.org/). The RNA-Seq
data of O. denselamellosa was derived from NCBI web-
site with SRA numbers: SRR19238441, SRR19238440,
SRR19238438 and SRR19238439.

2.2 Identification of Hsp70 Genes

To identify Hsp70 genes in C. ariakensis, S. glomerata,
O. denselamellosa and O. edulis, HSP70 protein sequences
in C. gigas were used as query database. First, basic local
alignment search tool algorithm program (BLASTP) (Al-
tschul et al., 1990) was used to get the initial candidate
genes of Hsp70 in each species with e-value <e¢™ and iden-
tity >30%. To make the results more accurate, these can-
didate genes were then filtered by conserved domain. The
hidden Markov model (HMM) (Eddy, 1996) profile of the
HSP70 domain (PF00012) was downloaded from the Pfam
protein family database http://pfam-legacy.xfam.org/family/
HSP70. We filtered the candidate genes of the previous
step by running ‘hmmsearch --cut_tc’ algorithm. Finally, we
selected the candidate genes with corresponding amino acid
length >300 as Hsp70 genes.

2.3 Sequence Alignment and Phylogenetic Analysis

To investigate the evolutionary relationship of Hsp70 fa-
mily, the Hsp70 genes of C. gigas, O. denselamellosa and
O. edulis were used to build a phylogenetic tree. First, the
protein sequences of these genes were aligned using MU-
SCLE (v3.6) (Edgar, 2004) and then the tree was con-
structed using FASTTREE (Price et al., 2009). The tree
was finally decorated and displayed with Interactive Tree
of Life (ITOL, https://itol.embl.de/).
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2.4 Gene Structure and Conserved Motif

PEPTIDES (2.4.4) (Osorio et al., 2015) was used to cal-
culate the molecular weight and isoelectric point (PI). We
used MEME (4.11.2) (Bailey ef al., 2015) with parameters
‘-mod anr -protein -nmotifs 10 -minw 6 -maxw 200’ to de-
tect the conserved motif. In addition, the structure of each
gene was analyzed based on the coding sequence (CDS)
and untranslated region (UTR) data from the gff3 file. Both
the conserved motif and gene structure were visualized by
TBtools (Chen et al., 2020).

2.5 Chromosomal Distribution and Synteny Analysis

Hsp70 genes of O. denselamellosa were mapped to the
chromosomes according to the gff3 file, and the results were
processed and visualized by MAPCHART (Voorrips, 2002).
To figure out what chromosomes-level changes occurred in
Hsp70 genes in oysters during evolution, DIAMOND (Bu-
chfink et al., 2015) was used to two-way align the protein
sequences of O. denselamellosa against O. edulis and C.
ariakensis with parameters ‘--max-target-seqs 5 --evalue
1e-10’. Then the synteny of genes of these three species
was identified based on MCscanX (Wang et al., 2012). The
corresponding chromosome was determined by the frac-
tion of genes in a block of approximately 25 genes. JCVI
(Sleator, 2016) was used to visualize the final result and
Hsp70 genes were marked in red.

2.6 Expression Profiles of OdeHsp70 Genes in
Different Tissues

We generated twelve sets of RNA-seq data for tissue
specific expression analysis, including gonads, gills, adduc-
tor and mantle from each of the three female O. densela-
mellosa in stage of ovulation. These data have already been
uploaded to NCBI with SRA numbers SRR19238441, SRR
19238440, SRR19238438 and SRR19238439. First, the
RNA-Seq raw data was mapped to O. denselamellosa ge-
nome by HISAT2 (v2-2.2.1) (Kim et al., 2015). Then the
quantity of transcriptomes was detected by FEATURE-
COUNTS (v2.0.1) (Liao et al., 2014). The result was stan-
dardized using TPM and TMM in order to balance the dif-
ferences between tissues and individuals. Based on the stan-
dardized quantification results, we plotted a heat map of
Hsp70 genes of O. denselamellosa using PHEATMAP in R.

3 Results and Discussion

3.1 Identification of Hsp70 Genes

With the strict filtering standard, a total of 401 Hsp70
genes were identified, including 59 in O. denselamellosa,
84 in C. ariakensis, 83 in S. glomerata, 84 in O. edulis and
88 in C. gigas (Table 1). Compared to other species of oys-
ters and previous studies of bivalves, including 133 Hsp70
genes in hard calm Mercenaria mercenaria (Hu et al., 2022),
61 Hsp70 genes in Mizuhopecten yessoensis (Cheng et al.,
2016) and 65 Hsp70 genes in Chlamys farreri (Hu et al.,
2019), O. denselamellosa holds the fewest Hsp70 genes.
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The number of Hsp70 genes among bivalves varied great-
ly, which might be a reflection of regulatory physiological
variation that can help the bivalves adapt to the changing
environment, especially temperature (Zhang et al., 2012).
Therefore, the decrease in heat shock protein gene may af-
fect O. denselamellosa to regulate heat-adaptability.
Moreover, we found that the O. denselamellosa Ode-
Hsp70 genes included 6 Heat shock protein70 B2 (Hsp-

70B2) genes, which was the same as in O. edulis, and one
copy more than that in C. gigas; 47 Heat Shock Protein Fa-
mily A Member 12 (Hspal?2) genes and 6 other types of
Hsp70 genes. Compared to Hsp70 gene family in other spe-
cies of oysters and scallops (Cheng et al., 2016; Hu et al.,
2019), the contraction of the Hsp70 gene family in O. den-
selamellosa was mainly due to the decrease in the number
of Hspal?2 genes (Table 1).

Table 1 Copy numbers of Hsp70 sub-families among mollusk genomes

Gene name M. yessoensis  C. farreri  C. gigas  C. ariakensis  S. glomerata  O. edulis  O. denselamellosa
Hsp70B2 6 9 5 5 8 6 6

Hspal?2 57 47 73 63 67 69 47

Other types 2 9 10 16 8 9 7

Total 65 65 88 84 83 84 59

3.2 Phylogenetic Analysis of the Hsp70 Genes

In order to figure out the evolutionary relationships of
Hsp70 genes among oysters, four phylogenetic trees with
maximum likelihood were constructed based on the long-
est protein sequences. Because the Hsp70 genes of C. gi-
gas are well studied and examined, we used its protein se-
quences as a reference. These four trees had similar topo-
logical structures, and the Hsp70 gene family in the five

O devs. C.gi

species of oysters all mainly had two clusters, the Hspal?2
sub-family (black branches) and other sub-families (red and
green branches), as shown in Fig.1. The O. denselamello-
sa Hsp70B2 genes were first clustered together. The other
sub-families like Hspal3 and Hspal4 gene pairs were also
clustered together. The other branch consisted of 47 Hsp-
al?2 sub-family members. Compared with C. gigas, the copy
number of Hspal?2 in O. denselamellosa is significantly
reduced (Fig.1). This condition also occurred in a small

A S gl
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® Cgi < C.ar

*® 0. de

S.glvs. Cgi

Fig.1 Phylogenetic relationships of Hsp70 genes in oysters. The phylogenetic tree was constructed using the maximum
likelihood method by Fasttree. Different labels represent different species, blue for C. gigas (C. gi, reference), pink for O.
denselamellosa (O. de), purple for C. ariakensis (C. ar), green for O. edulis (O. ed), and orange for S. glomerata (S. gl).
Different branch colors represent different sub-families, red for Hsp70B2, green for other types, and black for Hspal?2.
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subset of regions in O. edulis and S. glomerata. For oysters,
not only the total number of Hsp70 genes was changing,
but the copy number of Hsp70 sub-family genes was also
different. These differences between species may be ex-
plained by duplicated genes having independent origins or
there may have existed some genomic rearrangement in
this region (Metzger et al., 2016). This situation in O. den-
selamellosa may be due to the subtidal living environment
which is different from the environments of other oysters.

3.3 OdeHsp70 Gene Structure and Conserved Motifs

The information about Hsp70 genes’ location, amino acid
length and MolWts is summarized in https://doi.org/10.
6084/m9.figshare.24152763.v1. The predicted MolWts of
the OdeHsp70 proteins varied from 46.04kDa (ode 0040
25-RB) to 171.14kDa (ode_006273-RB). In addition, Ode-
Hsp70s encoded proteins varying from 421aa (ode_ 0004

67-RA) to 1508 aa (ode_006273-RB). Compared to other
oysters (CarHsp70 proteins from 384 aa to 2290 aa, Ode-
Hsp70 proteins from 347 aa to 2460 aa and Sg/Hsp70 pro-
teins from 316aa to 2595 aa), the protein length range of
OdeHsp70s in O. denselamellosa was relatively small. This
may be due to the evolution of Hsp70 genes themselves and
the different genome assembly-annotation methods of each
species.

A total of ten conserved motifs were detected in Ode-
Hsp70 genes. The conserved motifs and gene structures of
OdeHsp70B2 sub-family (red) and other types of OdeHsp70
(green) were different from that of Hspal2 sub-family. This
may be due to performing necessary multiple physiologi-
cal functions, according to the conjecture that different mo-
tifs may indicate different functions or functional diver-
gence (Liu ef al., 2016). Except ode_006806-RA, the con-
served motifs and gene structures of the genes in each of
the above three sub-families were highly similar (Fig.2).
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Fig.2 Architecture of conserved protein motifs and gene structure of Hsp70 genes in O. denselamellosa. Different branch
colors represent different sub-families, red for Hsp70B2, green for other types, and black for Hspal2. (A) The motifs of
Hsp70 proteins in O. denselamellosa. The ten motifs were displayed with different colors. The length of the protein can
be estimated using the scale at the bottom. (B) Exons and introns of Hsp70 proteins in O. denselamellosa. Blue boxes in-

dicated untranslated regions; orange boxes indicated exons.
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3.4 Chromosomal Distribution of OdeHsp70 Genes

A total of 59 OdeHsp70 genes were finally distributed
among 8 O. denselamellosa chromosomes (Fig.3). Among
all these OdeHsp70 genes, 28 (48.27%) were located on
chromosome 4. The other chromosomes have fewer than
7 genes on each one. Only one Hsp70 gene was observed
on chromosome 9. Similarly, OedHsp70 genes were also
located on 8 chromosomes and 42 of 84 (50.00%) were
distributed on chromosome 2 (https://doi.org/10.6084/m9.

Chr_10 Chr 2
[ N
5
ode_(111026-RA : =
10 e ode 01103 1-RA 1 ode_000467-RA
15 |11 8-RA
1-RA
20
25
30
35
40
45
50 =— ode 002212-RE
55
—— ode_(13044-RA
60
63
70
75
&0
.
Chr 6 Chr 7
~ ~
0 e 007371-R4
5 == el 021636-RC
0 —t— ole 021895-RA
5 R
15 1 ade 022245-RA
20
—— ode 022492-RB
25
l4— ade 022709-RD
30 T ade_022791-RC
35
40
45
50
55
—— ode 09835-RC
60
65
——ode_(H0234-RE  ode_(10236-RB
70— ode (H0367-RA
w
75
&0

ade_ 00047 1-RB

figshare.24152763.v1). Only one OedHsp70 gene was ob-
served on chromosome 1 and two OedHsp70 genes were
observed on chromosome 6. Unlike the European oyster
O. edulis, in which one OedHsp70 gene was distributed on
a scaffold, the Hsp70 genes of O. denselamellosa were all
found on chromosomes. It might be a common phenome-
non for members of large gene families to be unequally
distributed on chromosomes. For example, only 19 of 66
transient receptor potential channel genes were located on
chromosome 2 in C. gigas (Fu et al., 2021).
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Fig.3 Chromosomal distribution of Hsp70 genes in O. denselamellosa. The position of each gene on the chromosome can
be estimated using the scale on the right. Red labels for Hsp70B2, green labels for other types of Hsp70, and blue labels

for Hspal?2.

3.5 Synteny Analysis of OdeHsp70 Genes Between O.
edulis and C. ariakensis

Synteny analysis of the Hsp70 genes was performed
among O. denselamellosa, O. edulis and C. ariakensis.
There are many syntenic blocks between the genomes of

these oysters, with 616 between O. denselamellosa and C.
ariakensis, 396 between O. denselamellosa and O. edulis
(Fig.4). The Hsp70 genes were mainly distributed on chro-
mosome 4 of O. denselamellosa, chromosome 2 of O. edu-
lis and chromosome 5 of C. ariakensis. Interestingly, most
OdeHsp70 genes located on chromosomes 10 were Hsp-
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70B2 genes. For Ostrea, in addition to chromosomes Ode4
and Oed2, Hsp70 genes were also more or less distributed
on other chromosomes, and eight out ten chromosomes of
each species have the distribution of this gene family. But
the situation was different in C. ariakensis, only 6 chromo-
somes have the distribution of Hsp70 genes, other than chro-
mosomes Car3 and Car5. There are distributions on chro-
mosomes Car6, Car7, Car8 and Car9, but just in small quan-
tities. These results indicated that the C. ariakensis Hsp70
gene family may be more conserved and that the Hsp70
genes widely distributed on more chromosomes of Ostrea
genome might have evolved from those of a common an-
cestor with Crassostrea.

3.6 Expression Patterns of OdeHsp70 Genes in
Different Tissues

RNA-seq data of four tissues, including mantle, gill, ad-
ductor muscle and gonad, from an ovulating female O. den-
selamellosa were used to characterize the expression pro-

files of OdeHsp70s. Based on TPM+TMM values, a heat-

—li

C.ar

Q. ed

Fig.4 Synteny analyses between the Hsp70 genes of the C.
ariakensis (C. ar), O. denselamellosa (O. de), and O. edu-
lis (O. ed). Grey lines in the background indicated Syn-
teny blocks among these genomes, while red lines high-
light syntenic Hsp70 gene pairs.
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Fig.5 Expression pattern analysis of Hsp70 genes in four tissues of ovulating female O. denselamellosa based on TPM
and TMM analyses. G, gill; X, gonad; MA, mantle; RM, muscle. The labels of Hsp70B2 genes are highlighted with green,
the labels of Hspal2 genes are not highlighted and the labels of other types genes are highlighted with yellow. The color
scale represents Z-score.
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map of OdeHsp70 genes in various tissues was created
(Fig.5). Hsp70 genes were highly expressed in gills and re-
latively lowly expressed in mantle and adductor muscle.
The same expression pattern has also been reported in hard
clam M. mercenaria and Manila clam Venerupis philippi-
narum (Liu et al., 2015; Nie et al., 2017; Hu et al., 2022).
In Bivalve, gills are considered to be sensitive to environ-
mental changes, and high expression of Hsp70 genes will
promote the regulation of the environmental changes re-
sponse (Cheng et al., 2019). Interestingly, some Hsp70
genes showed highly tissue-specific expression. For exam-
ple, four Hsp70B2 genes, including ode 011342-RA, ode_
011338-RA, ode_011341-RA and ode_011340-R4, had high
expression in the gills. Genes ode 007316-RA and ode
019751-RA4 showed high expression levels in the gonad.
Genes ode _017810-RA, ode 006806-RA were highly ex-
pressed in the mantle. Genes ode_015343-RB, ode_006273-
RB had higher expression in adductor muscle. In addition
to a small part of genes like ode 021895-RA, ode_009858-
RC, ode _004025-RB and ode_005379-RF, most OdeHsp70
genes were highly expressed in only one tissue.

4 Conclusions

In summary, a genome-wide analysis of Hsp70 gene fa-
mily in 5 oyster species identified 401 genes including 59
in O. denselamellosa, 84 in C. ariakensis, 83 in S. glome-
rata, 84 in O. edulis and 88 in C. gigas. The fewest num-
ber of Hsp70 genes in O. denselamellosa is mainly due to
the decrease in the number of Hspal?2 genes, possibly ex-
plaining why O. denselamellosa cannot tolerate high tem-
perature. The gene structure and conserved motif investi-
gation revealed that the conserved motifs and gene struc-
tures of OdeHsp70B2 genes and other types of OdeHsp70
were different from that of Hspal2, which may be due to
performing necessary multiple physiological functions. Tran-
scription profile analysis for Hsp70 genes of O. densela-
mellosa support that gills play an important role in re-
sponding to multiple external challenges. In addition, syn-
teny analysis of OdeHsp70 genes between O. edulis and
C. ariakensis demonstrated that Hsp70 genes in Ostrea ge-
nome might have evolved from those of a common an-
cestor with Crassostrea. Taken together, the information
obtained in this study lay the foundation for further invest-
tigation of the evolution of Hsp70 genes and heat adapta-
bility of O. denselamellosa.
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