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Abstract: Heat shock proteins 90 (HSP90s) are a class of ubiquitous, highly conserved, and multi-
functional molecular chaperones present in all living organisms. They assist protein folding processes
to form functional proteins. In the present study, three HSP90 genes, CfHSP90, CfGRP94 and CfTRAP1,
were successfully identified in the genome of Chlamys farreri. The length of CfHSP90, CfGRP94 and
CfTRAP1 were 7211 bp, 26,457 bp, and 28,699 bp, each containing an open reading frame (ORF) of
2181 bp, 2397 bp, and 2181 bp, and encoding proteins of 726, 798, and 726 amino acids, respectively.
A transcriptomic database demonstrated that CfHSP90 and CfGRP94 were the primary functional
executors with high expression during larval development and in adult tissues, while CfTRAP1
expression was low. Furthermore, all of the three CfHSP90s showed higher expression in gonads and
ganglia as compared with other tissues, which indicated their probable involvement in gametogenesis
and nerve signal transmission in C. farreri. In addition, under heat stress, the expressions of CfHSP90
and CfGRP94 were significantly up-regulated in the mantle, gill, and blood, but not in the heart.
Nevertheless, the expression of CfTRAP1 did not change significantly in the four tested tissues. Taken
together, in coping with heat stress, CfHSP90 and CfGRP94 could help correct protein folding or
salvage damaged proteins for cell homeostasis in C. farreri. Collectively, a comprehensive analysis of
CfHSP90s in C. farreri was conducted. The study indicates the functional diversity of CfHSP90s in
growth, development, and environmental response, and our findings may have implications for the
subsequent in-depth exploration of HSP90s in invertebrates.

Keywords: heat shock proteins 90; Chlamys farreri; heat stress; cell homeostasis

1. Introduction

Aquatic animals live in the complexity and variability of the marine environment and
often experience a variety of environmental stresses, including temperature fluctuations,
salinity shifts, oxygen deprivations, and pollution, which lead to a reduction in production
and cause significant economic losses in marine aquaculture [1,2]. In recent years, unabated
global warming has consequently increased the number of extremely high-temperature
weather events [3]. Stress due to sudden changes in temperature or chronic heat stimuli
above optimal levels can interrupt cellular homeostasis and result in serious growth and
development deficiency in, and large-scale death of bivalves [4–8]. To date, a large number
of organisms, especially those in the tropics, (such as insects, fish, reptiles, and amphibians)
are living quite close to their thermal limits [9–12]. Therefore, the identification of the
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genes related to thermal responses is important to understand the molecular mechanisms
underlying stress acclimatization.

Heat shock proteins (HSPs) are a family of molecular chaperones and were first
discovered in 1962 in Drosophila melanogaster reared under heat stress conditions [13].
According to their monomeric molecular mass, HSPs can be broadly categorized into five
major families: HSP100, HSP90, HSP70, HSP60, and the small HSP family [14]. HSPs
play critical roles in the maintenance of protein homeostasis and protect organisms from
environmental induced cellular damage [15]. When animals are exposed to continuous
thermal stress, HSPs exert protective effects against the environmental perturbations [16].
Many insect species are seasonally exposed to suboptimal or supra-optimal temperatures
which have led to the evolution of protective biochemical and physiological mechanisms,
including the expression of HSPs [17]. In the Pacific oyster Crassostrea gigas, the expansion
and massive upregulation of HSP genes may help the oyster’s adaption to sessile life in the
highly stressful intertidal zone [18]. Under pressure, denatured proteins can be stabilized
and folded by heat shock proteins. HSPs allow the binding proteins to either reach their
natural conformations or target them for degradation and subsequent remove from the
cell. This minimizes the probability of other proteins forming unproductive or cytotoxic
aggregations [19].

In eukaryotes, every HSP families comprise multiple members and differs in their
inducibilities, intracellular localization, and functions [20]. The members belonging to the
HSP90 protein family are highly conserved and ubiquitous with an approximate molecular
weight of 90-kDa. They are molecular chaperones that are importantly involved in the
protein quality control (PQC) system and client-protein folding. Moreover, they can also
regulate and assemble the protein complexes [21–24]. Additionally, HSP90s are essential
for eukaryotic cell growth. They for a hub and interact with over 10% of the proteins in
the proteome [25]. In mammalian cells, HSP90s are abundant and represent 1% to 3%
of the total cytoplasmatic soluble proteins in physiological conditions [26]. The HSP90
family includes three main members: HSP90, located in the cytoplasm; GRP94 (94-kDa
glucose-regulated protein), in the endoplasmic reticulum; and TRAP1 (tumor necrosis factor
receptor-associated protein 1), primarily localized to the mitochondrial matrix and, to a
certain extent, in the inter-membrane space [20]. There are two forms of HSP90 proteins in
vertebrates, HSP90α (inducible) and HSP90β (constitutive) [15]. Unlike HSP90α, HSP90β
lacks the glutamine-rich sequence (QTQDQ) at its N-terminus [27]. In invertebrates, only
one form of HSP90 protein has been reported [28–30]. However, GRP94 and TRAP1 are
found in both vertebrates and invertebrates [31]. Recently, many structural and functional
similarities between GRP94 and HSP90 have been reported [32,33]. TRAP1, in recent years,
has become a major therapeutic target for cancer and neurodegenerative disorders. It
also plays a crucial role in the development of anti-viral and anti-protozoan treatment
strategies [31]. As part of a large complex with other chaperones or essential cofactors,
HSP90s can modify the misfolding of denatured proteins [20,34]. Moreover, they are also
involved in hormonal signal transduction, cell differentiation, cell proliferation, apoptosis,
morphogenesis, immune response, and stress defense in organisms [35,36]. Additionally,
they play important roles in protecting organisms from stresses induced by a range of
stressors, including heat or cold shock, hyperosmotic stress, food deprivation, reduced
oxygen level, and heavy metals [37]. The induction of HSP90s under stress condition makes
them biological monitors for environmental toxicants and stressors [37]. Previous studies
indicate a positive relationship between thermotolerance and the transcript expression
patterns of HSP90s in D. melanogaster [38]. In Pacific oysters, a short heat shock at a
sublethal temperature can induce up-regulation of the expression of stress genes, including
HSP90s [39]. After acute heat stress, the expression of HSP90s increases markedly in the
scallops Aropecten irradians and Patinopecten yessoensis [40,41]. Taken together, HSP90s play
important roles in heat stress responses and acclimatization of invertebrates.

Zhikong scallop (Chlamys farreri), a commercially important species in China, has been
cultivated since the 1970s. The large-scale death of scallops caused by high temperatures in
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summer seriously affects the development of the industry and causes serious economic
losses to farmers [42]. The molecular mechanism underlying heat stress acclimatization has
been poorly understood in this scallop. In the present study, we systematically identified
and characterized the HSP90 family in C. farreri, and examined the gene expression profiles
during development stages, in healthy adult tissues, and under heat stress. The results may
provide an important reference and contribute to a better understanding of the functioning
of HSP90s and pave the way for their subsequent in-depth exploration of HSP90s in
invertebrates.

2. Materials and Methods
2.1. Genome-Wide Identification and Sequence Analysis of HSP90 Genes in C. farreri

The whole-genome database of C. farreri (PRJAN185456) [43] was used to query the typ-
ical HSP90 sequences of other species, including HSP90, GRP94, and TRAP1 in Caenorhab-
ditis elegans, Drosophila melanogaster, Crassostrea gigas, Homo sapiens, Mus musculus, Xenopus
tropicalis, and Danio rerio retrieved from NCBI (https://www.ncbi.nlm.nih.gov/guide/
proteins/, accessed on 1 September 2021), Wormbase (https://wormbase.org/, accessed
on 1 September 2021) and Flybase (http://flybase.org/, accessed on 1 September 2021)
(Table S1). The amino acid sequences were predicted using ORF Finder (https://www.ncbi.
nlm.nih.gov/orffinder/, accessed on 1 September 2021) and confirmed using BLASTP in the
NCBI non-redundant protein sequence database. The conserved domains were predicted
by SMART (http://smart.embl.de/, accessed on 1 September 2021) and the theoretical
molecular mass and putative isoelectric point (pI) were predicted through the ProtParam
tool (http://br.expasy.org/tools/protparam.html, accessed on 1 September 2021).

2.2. Phylogenetic Analysis

For the identified HSP90 proteins sequences of C. farreri and other selected organisms,
Multiple protein sequences alignments were performed using the ClustalW2 tool (http:
//www.ebi.ac.uk/Tools/msa/clustalo/, accessed on 1 September 2021). A phylogenetic
tree was constructed using MEGA-7, based on the neighbor-joining method [44]. The
robustness of the resulting phylogenies was tested by the reanalysis of 1000 bootstrap
replicates.

2.3. Spatiotemporal Expression of HSP90 Genes in C. farreri

The expression profiles of CfHSP90s were analyzed using RNA-seq datasets of C. farreri
(SRX2444844-SRX2444876, SRX2508197-SRX2508199, SRX2444668-SRX2444682, SRX2444950-
SRX2444979, and SRX2445405-SRX2445440). The expression level was described by RPKM
values (reads per kilobase per million mapped reads), which were obtained from the RNA-
seq datasets, including different developmental stages (zygote, multicell, blastula, gastrula,
trochophore, D-shaped larvae, early umbo, middle umbo, post umbo, eyespots larvae and
juvenile), and adult tissues (striated muscle, smooth muscle, foot, mantle, eye, gill, blood,
digestive gland, kidney, female gonad, male gonad, cerebral ganglia, and visceral ganglia).
These RPKM values were log10 transformed and, subsequently, expression analysis by
thermogram visualization was performed using the pheatmap package in R [45].

2.4. Expression Analysis of CfHSP90s under Heat Stress

The transcriptomic datasets of C. farreri in response to heat stress were independently
constructed in our laboratory. A total of 160 scallops were randomly divided into four
groups. The control group was kept in filtered and aerated seawater at 20 ◦C, the tem-
perature of the sampling location. The other three groups were stress groups and kept
in seawater at 27 ◦C, which was close to the maximum sea temperature in the C. farreri
distributional area. Transcriptomic datasets at eight-time points (3 h, 6 h, 12 h, 24 h, 3 d,
6 d, 15 d, and 30 d) in four tissues, including mantle, gill, heart, and blood, and for three
individuals per time point were used to analyze the expression levels of CfHSP90s under
heat stress. The expression of CfHSP90s was calculated in TPM (transcripts per million)
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using the previously described formula [46]. Fold change (FC) for each test time point was
calculated for the stress and control groups. Differentially expressed genes were identified
and analyzed using the edgeR package with statistically significant cutoffs at |log2FC| > 1
and FDR < 0.05.

3. Results
3.1. Sequence Identification and Analysis

Three HSP90 family genes, CfHSP90, CfGRP94, and CfTRAP1, were identified in
the genome of C. farreri, their presence was further confirmed using protein sequences
of HSP90s. As shown in Table 1, the lengths of CfHSP90, CfGRP94, and CfTRAP1 were
7211 bp, 26,457 bp, and 28,699 bp; open reading frame (ORF) consisted of 2181 bp, 2397 bp,
and 2181 bp, which encoded proteins of 726, 798, and 726 amino acids, respectively. The
predicted molecular weights ranged from 83.27 to 91.12 kDa, and theoretical pIs from 4.72
to 5.84. CfHSP90 is composed of 7 exons, CfGRP94 has 14 exons, and 18 exons were found in
CfTRAP1 (Figure 1). The amino acid sequences of CfHSP90 genes were aligned with those
of the known HSP90s from other species (Figure 2). Although their genomic structures
varied, three highly conserved domains, including the N-terminal domain (NTD), middle-
domain (MD), and C-terminal domain (CTD), were found in amino acids encoded by
all CfHSP90 family of genes (Figure 2). Specifically, there were three highly conserved
family signatures in NTD, including signature 1 (NKEIFLRELISNSSDALDKIR), signature 2
(LGTIAKSGT), and signature 3 (IGQFGVGFYSAYLVAD). Two other family signatures were
found in MD, including signature 4 (IKLYVRRVFI) and signature 5 (GIVDSEDLPLNISRE).
Moreover, in HSP90, the last five amino acids form the ‘MEEVD’ motif at the CTD, but in
GRP94, the CTD signal sequence was ‘H/KDEL’.

Table 1. Characteristics of HSP90s in C. farreri.

HSP90 GRP94 TRAP1

Total length (bp) 7211 26,457 28,699
5’UTR length (bp) 357 96 —
3’UTR length (bp) 726 841 358
ORF length (bp) 2181 2397 2181

Amino acids length 726 798 726
Weight (kDa) 83.274 91.120 82.862
Theoretical pI 4.80 4.72 5.84

Number of exons 7 14 18
Number of introns 6 13 17

Number of alpha helixes 33 34 39
Number of beta strands 33 26 38

Number of coils 38 45 50
Number of turns 28 34 37

Figure 1. Gene structures for CfHSP90s. Green boxes indicate the exons, and the polylines indicate the introns. The numbers
on the boxes indicate the lengths of the exons, the numbers under the lines indicate the lengths of introns.
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Figure 2. Multiple alignment of the amino acid sequences of HSP90s of Chlamys farreri with those of other species. Red box
indicates HSP90 family signatures. The last five amino acids of HSP90 form the ‘MEEVD’ motif, which is marked with the
orange box and the last four amino acids of GRP94 form the ‘H/KDEL’ motif which is marked with the green box.

3.2. Phylogenetic Analysis

A phylogenetic tree was constructed using the HSP90 protein sequences form C. farreri
and other select organisms belonging to Nematoda, Arthropoda, Mollusca, Echinodermata,
and Vertebrata (Figure 3). According to the phylogenetic analysis, the NJ tree is specifically
clustered into three clades consisting of HSP90 proteins, GRP94 proteins, and TRAP1
proteins. In the HSP90 clade, CfHSP90 first clustered with HSP90 of another scallop species,
P. yessoensis, followed by C. gigas, forming the branch of mollusks, and then clustered
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with C. intestinalis+ A. japonicas+ A. planci, and vertebrates. As for the classification of
CfGRP94 and CfTRAP1, the results were similar to that of mollusks’ HSP90 protein, which
indicated consistency in the evolutionary status of the three HSP90 subfamilies. In the
clade composed of GRP94 proteins, the first cluster included mollusks and Echinodermata,
while the vertebrates were assembled in the second cluster; the third cluster consisted of
nematode and Arthropoda. In the TRAP1 tree, mollusks and vertebrates were directly
clustered.
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3.3. Spatiotemporal Expression of CfHSP90s

The expression profiles of CfHSP90s at different developmental stages and, in adult tis-
sues, were analyzed (Figure 4, Table S2). During the developmental processes (Figure 4A),
the expression of CfGRP94 was higher than that of CfTRAP1 but lower than that of
CfHSP90. In particular, the expression of CfHSP90s was constitutively high, with an
average log10RPKM of 3.19. The expression of CfGRP94 gradually increased from the
zygote stage and reached its peak at the D-shaped larvae stage (log10RPKM = 2.52). Expres-
sion was moderate until the juvenile stage, with log10RPKM ranging from 2.35 to 2.43. In
adult tissues (Figure 4B), the expression of CfHSP90s was ubiquitous, whereas the expres-
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sion of CfTRAP1 (average log10RPKM = 0.94) was substantially lower than both CfHSP90
(average log10RPKM = 2.80) and CfGRP94 (average log10RPKM = 2.01) expressions; similar
expression patterns were observed in developmental stages. Specifically, CfHSP90 and
CfGRP94 showed higher expression in the gonads (average log10RPKM = 3.37/2.28) and
ganglia (average log10RPKM = 3.07/2.24) as compared with the other tissues.
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3.4. Expression Profiles of CfHSP90s under Heat Stress

RNA-seq data (Table S2) showed diverse expression patterns of CfHSP90s under
heat stress in the mantle, gill, heart, and blood of C. farreri (Figure 5). In general, the
expression patterns of CfHSP90 and CfGRP94 were similar in the above-mentioned four
tissue types. They were up-regulated under heat stress, whereas the expression of CfTRAP1
did not change significantly under heat stress. Specifically, the expression of CfHSP90 was
significantly up-regulated under heat stress in the gill (at all time points), mantle (at all time
points except 6 d), and blood (at all time points except 3 h). The expression of CfGRP94
was significantly up-regulated under heat stress in the mantle (at all time points except
6 d), gill (at all time points except 3 d and 15 d), and blood (at 6 h, 12 h, and 30 d). In heart,
the expressions of CfHSP90 and CfGRP94 did not change significantly.
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4. Discussion

The HSP90 family of genes has been identified in almost all the studied eukaryotic
species. To data, the necessary roles of HSP90s in invertebrates have been investigated in
response to biotic and abiotic stresses [28,37,47–49]. Based on the whole genome and tran-
scriptome databases for C. farreri, we systematically identified and performed evolutionary
analysis for CfHSP90s. We also investigated the expression profiles of these genes during
larval development stages, in adult tissues, and under heat stress.

A total of three HSP90 genes were identified in the genome of C. farreri. The number of
HSP90s was the same as in other invertebrate species, such as Caenorhabditis elegans [50]
and C. gigas [48]. But in the vertebrates, such as Homo sapiens, Mus musculus, four HSP90s
are reported, including two HSP90 isoforms (HSP90α, HSP90β), GRP94, and TRAP1 [20].
All proteins of the CfHSP90 gene family consist of three conserved domains, including the
NTD, CTD, and MD. This was consistent with a previous report on other species [15]. Each
domain within the HSP90 gene structure performed a specific function. For instance, ATP
binds to NTD; proteins bind to MD, and the CTD is responsible for protein dimerization
and consists of special motifs [20]. Specifically, the observed special motifs were the
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same as in other species, including the “MEEVD” motif in CfHSP90 and the “H/KDEL”
motif in CfGRP94. Therefore, we speculated that CfHSPs may be executive of similar
functions as those of HSPs in other species, such as to promote the folding of incorrectly
folded proteins [20], and to activate steroid receptors [31]. Moreover, the NJ phylogenetic
tree contained both orthologs and paralogs of the HSP90 family from vertebrates and
invertebrates, which suggests that HSP90 genes of C. farreri and vertebrates are potentially
descended from a common ancestor. Additionally, there were three HSP90 family members
in C. farreri and other invertebrate species, which indicated the maintenance of a relatively
constant number; no large gene expansion was observed. However, both HSP90α and
HSP90β exist only in vertebrates and are clustered separately and then clustered along
with other HSP90s of invertebrates. This indicated that the two homologous isoforms of
HSP90 genes in vertebrates originated from an ancestral gene during evolution.

The CfHSP90 genes were expressed at all developmental stages in C. farreri, which
indicated that they played a significant role in the growth and development of the scallop
larvae. The expressions of CfHSP90 and CfGRP94 were higher than that of CfTRAP1, which
indicated CfHSP90 and CfGRP94 were functionally the main HSP90s in C. farreri. At early
developmental stages, some transcripts of CfHSP90 were detected in the zygote and multi-
cell stages, which indicated the maternal expression of CfHSP90. Moreover, the continually
high expression of CfHSP90 in the developmental stages indicated its involvement in
the regulation of growth and development of the scallop larvae, as the synthesis of large
amounts of protein are required for cell division, cell differentiation, and organogenesis.
Knorr and Vilcinskas silenced HSP90 expression by RNAi in Tribolium castaneum. They
found lethality in larvae within 10 days at all developmental stages [51]. Their results were
in line with our findings. During early developmental stages, relatively higher levels of
CfGRP94 from the trochophore to juvenile stages indicated that the transcript initiated
autologous synthesis functions. Thereafter, the expression dramatically increased in the
D-shaped larva stage, crucial for the promotion of morphological and behavioral char-
acteristics, formation of organs and shells, and the initiation of predation [52]. Similar
expression profiles were also reported in P. yessoensis [40] and M. musculus [53,54]. During
mouse embryonic development, GRP94 transcripts are expressed in early embryos, while
high levels of GRP94 protein are detected at later stages of organogenesis [55]. For TRAP1,
to date, numerous studies have focused on understanding the relationship between its
aberrant expression and tumorigenesis. Zhang et al. [56] report the upregulation of TRAP1
expression in various human malignancies. Its aberrant expression may also lead to the
development of cancer [57–60]. In our study, the expression of CfTRAP1 was low and stable
during developmental processes, in adult tissues, and under heat stress. However, the
function of CfTRAP1 remains ambiguous and needs further experimental evidence.

In adult tissues, CfHSP90, CfGRP94, and CfTRAP1 were ubiquitously expressed,
but their expression levels were different. Specifically, CfHSP90s were highly expressed
in gonads of C. farreri, consistent with the findings for the homolog transcripts in C.
hongkongensis, the black tiger shrimp, Penaeus monodon, marine crab, Portunus trituberculatus,
and Paphia undulata [61–63]. HSP90 usually activates the mitogen-activated protein kinase
pathway, necessary for oocyte maturation in Xenopus [64]. During spermatogenesis, HSP90
expression is largely up-regulated in rat testis [65]. Therefore, we speculated that CfHSP90
was probably involved in the gametogenesis of C. farreri. Furthermore, CfHSP90s were
also significantly expressed in the ganglia. In rabbits and bovine, the highest expressions
of HSP90s are reported in the brain and they facilitate the binding of a glucocorticoid to
its receptor [66,67]. Taken together, these results indicated that CfHSP90s could play an
important role in nerve signal transmission in C. farreri. Similar results were also reported
in Macrobrachium nipponense, in which HSP90 is expressed ubiquitously in ganglia, heart,
muscle, intestine, hemocytes, and gill; the highest expression is reported in the thoracic
ganglia [68].

Temperature is an important abiotic factor that affects the organism’s survival, growth,
and reproduction [69]. Previous studies have shown that when animals are exposed to
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continuous thermal stress, heat shock proteins (HSPs) exert protective effects [16]. Peng
et al. [70] report that, during heat stress, the expression of HSP70 and HSP90 increase
gradually to maximum levels, at 28 ◦C, in Huso dauricus. In C. nobilis [30], Laternula
elliptica [71], Argopecten irradians [41], and Sitodiplosis mosellana [16], the expression of HSP90
significantly increases during the thermal stress period. In our study, the expressions of
CfHSP90 and CfGRP94 were significantly up-regulated in the mantle, gill, and blood under
heat stress. We speculated that heat stress, at 27 ◦C, induced the expression of CfHSP90s to
promote correct protein folding or the salvaging of damaged proteins for cell homeostasis.
This is proven in C. gigas [72], Paphia undulata [63], and Huso dauricus [70]. Zhu et al. [72]
report that heat stress in oysters destroys cellular homeostasis by damaging proteins, which
further induces a highly conserved program of gene expression, leading to the selective
transcription and translation of HSPs. In addition, we found that CfHSP90 and CfGRP94
had lower expression levels in the heart as compared with the mantle and gills. Their
expressions were not different in the heart, which indicates that the roles of CfHSP90 and
CfGRP94 in the heart were not significant.

5. Conclusions

In conclusion, we identified a complete HSP90 family of genes, including CfHSP90,
CfGRP94, and CfTRAP1, for the first time in the scallop C. farreri. The expression profiles
of these genes were analyzed in the larval developmental stages, in adult tissues, and
under heat stress. CfHSP90 and CfGRP94 were the main functional HSP90s for growth and
development; these were expressed in almost all tissues. Under heat stress, the expressions
of CfHSP90 and CfGRP94 were significantly up-regulated in the mantle, gill and blood,
which suggested their crucial roles for coping with heat stress in C. farreri. The findings of
this study provided a detailed explanation for CfHSP90s which could be implicated in the
functions of HSP90s and further the understanding of the mechanism of environmental
acclimatization in bivalves.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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