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Abstract: Hyphantria cunea (Drury), a destructive polyphagous pest, has been spreading southward
after invading northern China, which indicates that this insect species is facing a huge thermal chal-
lenge. Small heat shock proteins (sHSPs) function as ATP-independent molecular chaperones that
protect insects from heat stress damage. In order to explore the role of sHSPs in the thermotolerance of
H. cunea, five novel sHSP genes of H. cunea were cloned, including an orthologous gene (HcHSP21.4)
and four species-specific sHSP genes (HcHSP18.9, HcHSP20.1, HcHSP21.5, and HcHSP29.8). Bioinfor-
matics analysis showed that the proteins encoded by these five HcHSPs contained typical α-crystallin
domains. Quantitative real-time PCR analysis revealed the ubiquitous expression of all HcHSPs
across all developmental stages of H. cunea, with the highest expression levels in pupae and adults.
Four species-specific HcHSPs were sensitive to high temperatures. The expression levels of HcHSPs
were significantly up-regulated under heat stress and increased with increasing temperature. The
expression levels of HcHSPs in eggs exhibited an initial up-regulation in response to a temperature of
40 ◦C. In other developmental stages, the transcription of HcHSPs was immediately up-regulated
at 30 ◦C or 35 ◦C. HcHSPs transcripts were abundant in the cuticle before and after heat shock. The
expression of HcHSP21.4 showed weak responses to heat stress and constitutive expression in the
tissues tested. These results suggest that most of the HcHSPs are involved in high-temperature
response and may also have functions in the normal development and reproduction of H. cunea.

Keywords: Hyphantria cunea; small heat shock protein; expression profiles; high temperature;
different developmental stages

1. Introduction

Heat shock proteins (HSPs) are widely distributed in both eukaryotes and prokary-
otes [1]. HSPs were first identified in the insect Drosophila melanogaster by Ritossa et al. [2].
They occur when organisms are subjected to stress, including starvation, extreme tem-
perature, virus invasion, heavy metals, chemical agents, and UV light [3–6]. HSPs act as
molecular chaperones that can protect proteins from irreversible denaturation and help
proteins to refold correctly [7,8]. HSPs have been classified into five families based on
molecular mass and homology: HSP100, HSP90, HSP70, HSP60, and small heat shock
proteins (called sHSPs) [7,8].

Compared to the other HSP families, individual sHSPs show less homology [9], with
greater diversity in molecular weight, protein structure, and biological function [10]. The
sHSPs range in molecular weight from 12 to 43 kDa and consist of an α-crystal domain
(ACD), a variable N-terminal, and a conserved C-terminal. The conserved ACD generally
contains 80–100 amino acid residues, consisting of seven or eight antiparallel β-strands
that form a β-sandwich structure. The N-terminal contains a specific structure consisting of
approximately 55 amino acids, and the C-terminal of the sequence possesses a conserved
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I/V/L-X-I/V/L motif [11–13]. The sHSPs normally function as the first line of cellular
defense in an ATP-independent manner, binding equal-molecular-weight substrate proteins
such as oligomers [8,13,14]. Thus, the accumulation of denatured proteins is prevented
from causing irreversible damage to cells [9,15].

sHSPs are common in insects and are involved in growth, development, and resistance
to environmental stressors [8,16–18]. High temperature is an abiotic factor that can induce
sHSP expression in insects [19]. When insects are exposed to extremely high temperatures,
sHSPs protect proteins from misfolding, denaturation, and aggregation to maintain cellular
proteostasis [8,20]. The expression of sHSPs can enhance heat adaptation, heat tolerance,
and heat protection [5,8,21,22]. For example, the HSP21 of Antheraea pernyi [23], HSP21.8 of
Glyphodes pyloalis [24], and HSP22.2 of Tribolium castaneum [25] were all rapidly up-regulated
after heat treatment in different trials. Also, the expression patterns of sHSPs in many
insects can vary in different developmental stages or tissues. For example, HSP21.3 and
HSP22.0 in Choristoneura fumiferana are most highly expressed in the head and cuticle,
while most sHSPs are significantly up-regulated in the fat body after heat stress [26]. In
Bombyx mori, HSP19.1 and HSP22.6 were highly expressed in the cuticle, head, and midgut,
while HSP20.1, HSP20.4, and HSP27.4 were highly expressed in the gonads [27]. These
findings demonstrated that multiple sHSPs have different expression patterns and variable
functions, which are related to the thermotolerance of insects.

The fall webworm, Hyphantria cunea Drury (Lepidoptera: Erebidae), is a quarantine
pest that feeds on more than 600 plant species, including forest and fruit trees, shrubs,
herbaceous plants, and crops [28–30]. H. cunea is native to North America. It spread
to Eurasia in the 1940s and is now present in 32 countries worldwide [31]. In 1979, it
invaded China via Dandong City, Liaoning Province, and caused significant economic and
ecological damage [32]. Due to its polyphagy, adaptability, and high fecundity, H. cunea
has spread rapidly in China. Invasion has proceeded from north to south, and the species
now occurs in 14 provinces and regions [33]. During the summer, the temperature inside
the H. cunea larval webs often exceeds 50 ◦C and can sometimes reach 60 ◦C. In spite of
these high temperatures, the larvae are able to survive and develop [34]. In our previous
studies, up to 50% of H. cunea larvae survived exposure to 40 ◦C for 62 h and even 43 ◦C
for 14.5 h. [35]. The sHSP genes were considered to be related to the high temperature
tolerance in invasive H. cunea [22,35]. For example, the recombinant HCsHSP20.0 protein
could protect malate dehydrogenase from thermal aggregation, and four sHSPs were
sensitive to heat stress in the fourth-instar larvae of H. cunea [35]. These studies indicated
that H. cunea has strong thermal tolerance. However, the molecular mechanisms of heat
stress tolerance are unknown in H. cunea, and the function of sHSPs in other developmental
stages remains poorly understood.

Based on previous transcriptomic data, we cloned and analyzed five novel sHSP
genes from H. cunea. Quantitative Real-time PCR was used to detect the expression
patterns in different developmental stages and various tissues suffering heat stress. The
results will increase our knowledge of the sHSP family of H. cunea and advance further
research on the mechanisms of H. cunea adaptation to high temperatures during its
southward spread in China.

2. Results
2.1. Molecular Cloning and Sequence Analysis

Five sHSP genes (HcHSP18.9, HcHSP20.1, HcHSP21.5, HcHSP21.4, and HcHSP29.8)
from H. cunea (GenBank accession numbers: OP964824, OP964825, OP964826, OP964827,
and OP964828, respectively) were cloned. These five HcHSP genes contained ORFs of
501 bp, 528 bp, 576 bp, 564 bp, and 786 bp, which encoded 166, 175, 191, 187, and 261 amino
acids, respectively. The predicted molecular weights of the HcHSP genes ranged from
18.9 to 29.8 kDa, the theoretical isoelectric points ranged from 5.79 to 6.38, and the instability
indices ranged from 39.94 to 49.80. The instability index of HcHSP18.9 was smaller than
40, but it was predicted to be stable (Table 1). The deduced amino acid sequences all
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contain the conserved alpha crystallin domain (ACD). Subcellular localization analysis
indicated that HcHSP29.8 exists in the extracellular region and was predicted to have a
signal peptide of 15 amino acids. The locations of the other four sHSPs were predicted to
be in the cytoplasm (Table 1).

Table 1. Characteristics of the mRNAs of sHSPs of H. cunea.

Gene Name GenBank
Accession Number

ORF
(bp)

Protein
Length (aa)

Molecular Weight
(kDa)

Isoelectric
Point (IP)

Instability
Index (II)

Signal Peptide
(AA)

Subcellular
Location

HcHSP18.9 OP964824 501 166 18.9 5.96 39.94 No Cytoplasmic
HcHSP20.1 OP964825 528 175 20.1 6.00 49.62 No Cytoplasmic
HcHSP21.5 OP964826 576 191 21.5 6.38 49.80 No Cytoplasmic
HcHSP21.4 OP964827 564 187 21.4 5.79 48.88 No Cytoplasmic
HcHSP29.8 OP964828 786 261 29.8 5.84 46.27 15 Extracellular

2.2. Multiple Sequence Alignments

Using the five HcHSPs as query sequences, the basic local alignment search tool
(BLAST) of NCBI (https://blast.ncbi.nlm.nih.gov/ (accessed on 2 April 2022)) was used to
search for similar protein sequences. Then, several sequences from other insects with highly
matching identities were selected, and the five HcHSPs were subjected to multiple sequence
alignment with the selected genes. HcHSP21.4 showed 99.47% similarity with homologous
sHSPs from other insects, and the other four HcHSPs showed 71.19% to 83.79% similarity
with other insect sHSPs (Figure 1, Table S1).
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Mythimna separata (ATN45241.1), Grapholita molesta (AKS40082.1), and Chilo suppressalis (QYR68970.1).
(B) Amino acid sequence alignment of HcHSP20.1 and four selected sHSPs from Mythimna separata
(ATN45242.1), Bombyx mori (NP_001164470.2), Eogystia hippophaecolus (AYA93247.1), and Antheraea
pernyi (APX61064.1). (C) Amino acid sequence alignment of HcHSP21.5 and four selected sHSPs
from Bombyx mori (NP_001091794.1), Actias selene (ALI87024.1), Grapholita molesta (AKS40075.1),
and Glyphodes pyloalis (QGZ00461.1). (D) Amino acid sequence alignment of HcHSP21.4 and four
selected sHSPs from Sesamia inferens (AJA32863.1), Helicoverpa armigera (AGC39039.1), Bombyx mori
(NP_001036985.1), and Grapholita molesta (AKS40074.1). (E) Amino acid sequence alignment of
HcHSP29.8 and four selected sHSPs from Spodoptera frugiperda (QLR06860.1), Ostrinia furnacalis
(UTU55755.1), Bombyx mandarina (XP_028036235.1), and Nymphalis io (XP_050345805.1). Amino acids
that were conserved in all sHSPs and over 75% of sHSPs are shaded in dark blue and grey, respectively.
Secondary structures are indicated by arrows (β-sheets) and red rectangles (α-crystallin domain).
The I/V-X-I/V motifs of the C terminal are indicated with blue boxes.

We predicted the secondary and three-dimensional protein structures of the five HcHSP
genes. The amino acid sequences encoded by the five HcHSPs contained a typical α-
crystallin domain, which consisted of approximately 80 amino acids, six to seven β-sheets,
and the conserved motif I/V-X-I/V at the C-terminal (Figure 1). The predicted 3D structures
showed that the α-crystallin domain exhibits a typical sandwich structure consisting of
two β-sheets, each consisting of three and four antiparallel β-strands (Figure 2).
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Figure 2. Predicted three-dimensional structures of five sHSPs in H. cunea: (A) HcHSP18.9;
(B) HcHSP20.1; (C) HcHSP21.5; (D) HcHSP21.4; (E) HcHSP29.8. The red parts indicate the curly
α-helix structure of the peptide chain, and the yellow parts indicate the β strands. The conserved
residues corresponding to the I/V-X-I/V motif, including VALs or ILEs, PROs, and ILEs, are displayed
as blue, green, and yellow sticks, respectively.

2.3. Phylogenetic Analysis

To analyze the relationship between the sHSPs of H. cunea and the sHSPs of other insect
species, sHSPs from different orders (Lepidoptera, Hymenoptera, Coleoptera, Diptera,
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Orthoptera, and Hemiptera) were compared with the sHSPs of H. cunea (including the
four HcHSPs in this study and four previously published sHSPs) via phylogenetic tree
analysis. None of the HcHSPs were clustered with each other, but they were clustered with
sHSPs from other species of Lepidoptera. HcHSP21.4 was alone on a branch, clustered
with sHSPs from different species, and belonged to the orthologous HSP21.4-like protein
group [27] (Figure 3A). Except for this cluster, sHSPs from insects of the same order
were generally located on nearby branches. In addition, most HcHSPs were clustered
on one branch with sHSPs of Spodoptera frugiperda (Figure 3A), suggesting that sHSPs of
H. cunea are closely evolutionarily related to the sHSPs of Noctuidae.
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Figure 3. Phylogenetic analysis and motif analysis of sHSPs from H. cunea (the five HcHSPs and
identified HcHSPs) and species in other orders (Lepidoptera, Hymenoptera, Coleoptera, Diptera,
Orthoptera, and Hemiptera). (A) A phylogenetic tree was constructed using the neighbor-joining
method with 1000 bootstrap replications. The five HcHSPs, the identified HcHSPs, and the sHSPs of
other species in this study are labeled with red, blue, and gray circles, respectively. (B) MEME-based
motif analysis. All motifs were identified using the complete sHSPs amino acid sequences. Motif
lengths for each sHSP protein are shown proportionally. The sequence information of the species
used in the construction of this phylogenetic tree and motif analysis is listed in the attached table.

Motif analysis showed that motifs 1, 2, and 3 occur in all HSP genes, which form a
conserved ACD domain at the C-terminus. Motifs 5, 12, 10, and 11 were present only in
orthologous sHSPs. Most of the species-specific sHSPs contained eight conserved motifs
with similar motif distributions (Figure 3B).
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2.4. Temporal and Spatial Expression Patterns of HcHSPs under Normal Conditions

Stage-specific expression patterns of the H. cunea sHSPs were determined at different
developmental stages (eggs, second-instar larvae, fourth-instar larvae, sixth-instar larvae,
pupae, female adults, and male adults) and in different tissues (the gut, Malpighian tubules,
silk glands, hemolymph, fat bodies, and the cuticle) via quantitative RT-qPCR reactions.

In the temporal expression patterns analysis, it was observed that most HcHSPs were
enriched in the pupal and adult stages, with the lowest expression in the sixth-instar
larvae. HcHSP18.9 exhibited the highest expression in the female pupae and male adults,
while HcHSP20.1 was highly expressed in male pupae and female adults. HcHSP21.5 was
highest in female adults and was also highly expressed in eggs and pupae. HcHSP21.4 and
HcHSP29.8 exhibited high expression in male adults (Figure 4A).
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Figure 4. Relative mRNA expression levels of five HcHSPs in different developmental stages and various
4th-instar larvae tissues of H. cunea. (A) The different developmental stages were as follows: E: eggs;
L2: 2nd-instar larvae; L4: 4th-instar larvae; L6: 6th-instar larvae; FP: female pupae; MP: male pupae;
FAs: female adults; MAs: male adults. The relative expression levels of the HcHSPs were determined via
comparison with the 2nd-instar larvae. (B) The various tissues from 4th-instar larvae were as follows:
gut, Malpighian tubules, silk gland, hemolymph, fat body, and cuticle. The relative expression levels of
the HcHSPs were determined via comparison with silk glands. The values are expressed as means ± SE.
Different lowercase letters indicate statistically significant differences (p < 0.05).
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In the spatial expression pattern analysis, the five HcHSP genes were expressed in
larval tissues. However, there were significant differences in the expression patterns of
the different sHSPs among the tested tissues. HcHSP21.4 was more evenly distributed in
all tissues, where it showed high expression levels (Figure 4B). The expression levels of
HcHSP18.9, HcHSP20.1, and HcHSP29.8 were highest in the cuticle tissues, followed by the
gut, fat body, and Malpighian tubules. The expression levels of HcHSP21.5 was highest in
the hemolymph tissues. The relative expression of most HcHSP genes was lowest in the
silk glands (Figure 4B).

2.5. Heat-Induced Expression of HcHSPs on the Temporal and Spatial Scales
2.5.1. Heat-Induced Expression Profiles of HcHSPs in Different Developmental Stages

After heat treatment, the expression levels of the five HcHSPs in the different develop-
mental stages were determined. The expression of HcHSP21.4 did not change significantly
under heat stress and was only slightly down-regulated in some developmental stages. The
expression levels of HcHSPs increased significantly, except for HcHSP21.4, and the relative
expression of most HcHSPs increased with an increasing treatment temperature. In the
eggs, HcHSPs started to be transcriptionally up-regulated at 40 ◦C (Figure 5). In the larvae,
pupae, and adults, HcHSP expression was up-regulated immediately under the 30 ◦C and
35 ◦C treatments. The induction peak occurred at 43 ◦C (Figure 5).
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Figure 5. Temporal expression of HcHSPs under different high temperature treatments. Only the
expressions with significant differences are labeled in the figure. Red arrows indicate significantly
up-regulated expression, while white arrows indicate significantly down-regulated expression, and
numbers indicate the fold-change values of gene up-regulation. Quantitative data of gene expression
levels were Z-score-normalized. (a) Eggs; (b) 2nd-instar larvae; (c) 4th-instar larvae; (d) 6th-instar
larvae; (e) female pupae; (f) male pupae; (g) female adults; (h) male adults. Note: A detailed
expression and significance analysis is shown in Table S6.

Under the high temperature treatment, the expression patterns of different HcHSPs
varied among the different developmental stages of H. cunea. HcHSP20.1 and HcHSP21.5
showed the strongest responses to high temperature. HcHSP20.1 was heavily transcribed in
all developmental stages under high-temperature stress. The induction peaks of HcHSP20.1
were 2459.4-, 1347.3-, and 3343.0-fold greater in the second-, fourth-, and sixth-instar larvae;
671.2- and 1652.6-fold greater in the female and male pupae; and 145.7- and 1980.2-fold
greater in the male and female adults. In contrast, the expression levels of HcHSP21.5 were
high at the larval stage and in the female adults; 995.2-, 472.3-, and 1935.6-fold higher than
the control in the second-, fourth-, and sixth-instar larvae, respectively; and 678.79-fold
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higher than the control in the male adults. There was a weaker response in the other stages.
The expression patterns of HcHSPs differed among the sexes in the pupae and adults.
HcHSP18.9 showed greater up-regulation in male pupae, while HcHSP20.1 and HcHSP21.5
were most up-regulated in male adults (Figure 5).

2.5.2. Heat-Induced Expression Profiles of HcHSPs in Various Tissues

After the high-temperature treatment (43 ◦C for 1 h), the expression levels of HcHSP18.9,
HcHSP20.1, HcHSP21.5, and HcHSP29.8 were significantly up-regulated in all the tested
tissues. In contrast, HcHSP21.4 expression was only slightly up-regulated in some tissues
(fat body and cuticle). Under heat stress, the expression levels of HcHSP18.9, HcHSP20.1,
HcHSP21.5, and HcHSP29.8 were highest in the cuticle, followed by the Malpighian tubules
and fat body, with the lowest levels observed in the silk gland and gut. In addition, the
relative expression of most sHSP genes was lowest in the silk glands but up-regulated
to the greatest extent after heat stress. These results suggest that, during heat stress, the
HcHSP genes respond differently in different tissues (Figure 6).
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Figure 6. Tissue-specific gene relative expression of HcHSPs in H. cunea 4th-instar larvae under
normal temperature (25 ◦C) and after high temperature (43 ◦C) treatment. Red cells indicate high
expression, while blue cells indicate low expression. Red arrows in the cells indicate significant
up-regulation, and numbers indicate the relative expression of HcHSPs genes. Quantitative data of
gene expression levels were Z-score-normalized. Note: A detailed significance analysis is shown
in Table S7.

3. Discussion

Under high-temperature-stress conditions, sHSPs act as a molecular chaperone that
prevents the irreversible aggregation of misfolded proteins [11,12]. Insects possess sev-
eral types of sHSPs, which differ in structure and function [5,36,37]. We identified and
cloned five sHSP genes of H. cunea. Based on multiple sequence comparisons, phylogenetic
analysis, and motif prediction, we identified HcHSP21.4 as belonging to the orthologous
protein group. Sequence analysis indicated that the five H. cunea sHSPs had high similarity
with the sHSPs of other Lepidoptera species. The deduced amino acid sequences of the
HcHSPs contained a conserved ACD at the C-terminus, which is a β-sandwich structure
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consisting of six to seven antiparallel β-strands [12]. This structural homogeneity aligns
with the shared characteristics observed in small heat shock proteins (sHSPs) across diverse
insect species [37,38]. Furthermore, it is noteworthy that a conserved I/V-X-I/V motif
has been unequivocally identified within the C-terminal region of all five HcHSPs. This
particular motif serves a pivotal role as an anchor point during the process of oligomeriza-
tion, a phenomenon commonly associated with sHSPs. It is involved in the stabilization of
sHSP assembly and contributes to structural diversity in α-crystallins [11,12]. However,
the amino acid lengths and sequences of the N-terminal extensions are highly variable,
possibly reflecting the monophyletic origin of the α-crystallin domain and the independent
evolution of the flanking regions. This situation increased variability in specific small parts
of the protein and facilitated the functional and structural differentiation of sHSPs [39].
These results suggest that the high variation of sHSP sequences contrasts markedly with
the conserved patterns of the other HSP families [12]. In addition, diversity in the subcellu-
lar localization and signal peptide sequences of HcHSPs was also observed. HcHSP18.9,
HcHSP20.1, HcHSP21.5, and HcHSP21.4 were predicted to be in the cytoplasm, confirming
the involvement of sHSPs in important intracellular physiological processes. HcHSP29.8
was predicted to be in the extracellular region and to contain a signal peptide. This suggests
that it functions extracellularly as a secretory protein after transmembrane transport [40,41].

The sHSPs of Insects can be divided into two categories (orthologous clusters and
species-specific clusters) [27] according to the clustering methods used to construct the
phylogenetic trees [42,43]. Phylogenetic analysis revealed that HcHSP21.4 is clustered
on a branch that belongs to an orthologous cluster of HSP21.4-like proteins consisting of
one sHSP from each insect species [44,45]. Most insect sHSPs are species-specific [27], as
demonstrated by the other four sHSPs in this study, and this clustering method shows the
evolutionary pattern of lineage-specific expansion. Furthermore, the species’ sHSPs do
not cluster with each other but instead cluster with sHSPs from other insects of the same
order (Figure 3). This is consistent with research on Plutella xylostella, Chilo suppressalis, and
Spodoptera litura [5,42,43]. The interspecific relationships of H. cunea sHSPs appear to be
more akin to intraspecific relationships, suggesting that sHSP genes might have duplicated
early in insect evolution [44]. These results further validate the accuracy of the sequence
and motif analysis in this study. Notably, the phylogenetic relationship between HcHSPs
and the sHSPs found in Noctuidae exhibits a remarkable degree of similarity. It has also
been shown that Erebidae and Noctuidae belong to the superfamily Noctuoidae [46], with a
similar taxonomic status. These results demonstrate that the amino acid sequences of insect
sHSPs are less conservative, with only closely related species showing high similarity [12].

Variation in the expression levels of sHSPs in the developmental stage is widely
observed in insects. In this study, we found the expression of HcHSPs reached maximum
levels in the pupal and adult stages. Similar phenomena have been observed in other
insects. For example, most of the sHSPs of P. xylostella [5], and HSP19.7, HSP20.0, and
HSP20.8 of S. litura [43], were expressed at the highest levels in pupae and adults. This
suggests that HSPs may be involved in specific physiological events in insect pupae and
adults. The pupal stage is a critical period of metamorphosis, and it is also a period of
high basal metabolism, which may induce sHSPs expression [20]. sHSPs may also act as
chaperone proteins for promoting tissue and organ degradation and remodeling during
the pupal stage [7]. Hyphantria cunea demonstrates a remarkable reproductive capacity,
characterized by an average fecundity of 800–900 eggs per female and a maximum potential
of up to 2000 eggs [47]. High expression of sHSPs may be involved in the reproductive
events of adults, including the development of the reproductive system and the formation
of germ cells [48].

The up-regulation of HSP expression levels contributes to increased heat tolerance [49].
As members of the HSP family, sHSPs play an essential role in resistance to heat stress.
We found that the relative expression levels of HcHSPs, except for HcHSP21.4, were sig-
nificantly up-regulated under heat stress and continued to increase with the increase in
temperature stress. In previous studies, four of the six identified sHSPs were sensitive
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to high temperatures [35]. These results indicate that H. cunea has strong heat tolerance,
which may enhance its survival as it spreads to the warmer southern areas of China.

Previous studies have indicated that sHSPs play an important role in the regulation of
insect growth and development [20,50]. Expression patterns differed at different develop-
mental stages of H. cunea. In general, the transcription of HcHSP genes was more sensitive
to high temperature. In the developmental stages other than eggs, the transcription of
HcHSPs was immediately up-regulated at 30 or 35 ◦C, and expression continued to be
up-regulated with an increasing temperature. Heat stress constitutes an exogenous stressor
affecting cellular functions, and the prompt induction of Heat Shock Proteins (HSPs) serves
to safeguard cellular proteins and uphold an organism’s physiological homeostasis [51]. In
contrast, in this study, the expression level of HcHSPs began to be up-regulated when the
eggs were exposed to a heat stress treatment of 40 ◦C. The sexually dimorphic Ericerus pela
has a thick wax layer on the body surface that is insensitive to high temperatures [52].
Similarly, the wax layer structure of the outer eggshells of H. cunea eggs [53] may form a
protective barrier that makes the eggs less sensitive to high temperatures.

Our results also showed that HcHSPs respond differently to high temperatures at
different developmental stages and that the expression patterns varied with the growth
stage. Under high-temperature stress, HcHSP20.1 was highly expressed throughout the
life cycle of H. cunea, while HcHSP21.5 was strongly expressed in larvae and male adults.
Multiple and distinct sHSP response networks may exist throughout a life cycle, with
H. cunea regulating the expression of different sHSPs at different developmental stages in
response to high temperatures. These results indicate that HcHSPs play important roles
in the heat resistance of H. cunea at different developmental stages. HcHSPs were more
highly expressed in male adults than female adults. A similar phenomenon was observed
in Frankliniella occidentalis [15]. This is probably because female adults of Hcunea are larger
and more thermotolerant than male adults.

The expression pattern of sHSPs in insects is tissue-specific. For example, in male
adults of S. frugiperda, the expression levels of SfsHsp20.1 and SfsHsp19.3 were highest
in the abdomen, while those of SfsHsp21.3, SfsHsp20, and SfsHsp29 were highest in the
thorax, head, and compound eyes, respectively [54]. In Lasioderma serricorne, LsHSP19.4
and LsHSP20.3 were most highly expressed in the fat body, and LsHSP20.2 was most highly
expressed in the gut [38]. In H. cunea, five HcHSPs were widely distributed in the larval
tissues. The expressions of HcHSPs were highest in the cuticle, similar to the expression
of HSP19.22, HSP19.23, and HSP20.09 in P. xylostella [5] and BmHSP22.6 and BmHSP19.1
in B. mori [27]. Under normal conditions, HcHSPs were highly expressed in the cuticle,
which indicates their involvement in larval growth and development. In addition, the
expression of HcHSPs remained highest in the epidermis after heat stress and was greatly
up-regulated. The cuticle is an immunocompetent tissue, and sHSPs may play a role in
the immune defense mechanism of H. cunea against external heat stress [27]. However,
the reasons for the high expression of sHSPs in the tested tissues are unclear, and further
studies are needed to elucidate their exact role in H. cunea.

The similarity between the amino acid sequences encoded by HcHSP21.4 and HSP21.4-
like proteins of other lepidopteran species (Sesamia inferens, Helicoverpa armigera, B. mori,
and Grapholita molesta) was as high as 99.47%. This shows high conservation in the entire
sequence. The conserved α crystal domain is more conserved than the species-specific
sHSPs, and this is a major structural feature of genes in the orthologous cluster [27,42,43].
As a constitutive gene, HcHSP21.4 was insensitive to heat stress and maintained a constant
expression level in different tissues and at different developmental stages (Figures 4–6).
The same findings were observed for the HSP21.4 gene of S. litura [43], the HSP21.8
gene of P. xylostella [5], and the HSP21.8b gene of T. castaneum [55]. These genes are
considered housekeeping genes, and HcHSP21.4 may play an important role in maintaining
the basal metabolism of tissues and the growth and development of insects [27]. On
the other hand, the overexpression of sHSPs may have harmful effects on insects. For
example, the overexpression of sHSP negatively affects the fecundity of Liriomyza trifolii
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females [56]. Therefore, orthologous sHSPs are slightly expressed or not expressed under
stress conditions to maintain the normal life activities of insects [25,55].

4. Materials and Methods
4.1. Insects

Fourth-instar larvae of H. cunea were collected from Populus deltoides in Huaian City,
Jiangsu Province, China (33.62◦ N, 119.03◦ E), and reared on fresh P. deltoides leaves in an
incubator at 25 ± 1 ◦C with 60 ± 5% humidity and a 16:8 h (L:D) photoperiod. Leaves
were replaced daily until the larvae pupated. Newly emerged adults were placed in
screen cages (40 × 50 × 30 cm) for mating and oviposition on fresh P. deltoides leaves. The
second-generation H. cunea subjects were used in the subsequent experiments.

4.2. Sample Preparation

Our previous investigations revealed that the Ltim50 values for H. cunea 4th-instar
larvae were 62.0 h at 40 ◦C, 14.5 h at 43 ◦C, and even 2.3 h at 45 ◦C [35]. To consider
the differences in the thermotolerance of H. cunea at different developmental stages, we
set the treatment duration to one hour and used 43 ◦C as the upper temperature limit.
Two-day-old eggs (n = 300), two-day-old 2nd-instar larvae (n = 50), two-day-old 4th-instar
larvae (n = 10), two-day-old 6th-instar larvae (n = 10), two-day-old female and male pupae
(n = 10), and two-day-old female and male adults (n = 10) were individually placed in
plastic boxes (14 × 8 × 6 cm) and exposed to different temperature treatments (30, 35, 40,
and 43 ◦C) for 60 min using a temperature gradient incubator (60 ± 5% RH, 16L:8D).

After treatment, the vigorous individuals from each treatment were randomly sampled
for subsequent RNA extraction and qPCR experiments. Since the embryos in the eggs did
not feed or move, it was not possible to ensure their health. Each replicate was divided into
two groups at the time of treatment, namely, one for freezing for subsequent experiments
and another group that continued to be reared at room temperature after treatment until
the eggs hatched, and the frozen samples were considered as valid samples if the eggs
hatched. Each replicate consisted of 100 eggs, ten 2nd-instar larvae, one 4th-instar larva,
one 6th-instar larva, one female pupa, one male pupa, one female adult, and one male adult,
respectively, and three replicates per treatment were used in this experiment. Various tissues
(including guts, Malpighian tubules, silk glands, hemolymph, fat bodies, and cuticles) of
4th-instar larvae treated at 43 ◦C were dissected and sampled for RNA extraction and qPCR
experiments. The tissues from five larvae were pooled to represent a biological replicate.
All samples were immediately frozen in liquid nitrogen and kept at −80 ◦C until tested. In
all experiments, a negative control group of H. cunea at the same stage was maintained at
25 ◦C for 60 min. Three biological replicates were employed for each treatment.

4.3. RNA Extraction and cDNA Synthesis

Total RNA was extracted using Trizol reagent (TIANGEN, Beijing, China) according
to manufacturer’s instructions. The quality and purity of RNA after DNAase treatment
were determined using NanoDrop 2000C spectrophotometer (Thermo Scientific, Waltham,
MA, USA) and 1% gel electrophoresis. Finally, cDNA was synthesized from 1 µg of RNA of
each sample using the Hiscript First Strand cDNA Synthesis Kit (Vazyme, Nanjing, China)
and used for PCR and RT-qPCR.

4.4. HcHSPs Sequence Cloning

The original sequences of sHSP genes were obtained from H. cunea transcriptome data
(unpublished by our laboratory). Primers for PCR amplification of sHSP Open Reading
Frame (ORF) were designed using an online tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi
(accessed on 25 March 2022)) and are listed in Table 1. The PCR program consisted of
30 cycles, 98 ◦C for 10 s, 55 ◦C for 30 s, and 72 ◦C for 1 min. PCR products were detected
on 1% agarose gel and extracted with a DNA purification kit (TIANGEN, Beijing, China).
The PCR products were cloned into a T/A vector and transformed into DH5α competent

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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cells (Vazyme, Nanjing, China). After 14 h, positive clones were selected and sequenced by
Sangon, Shanghai, China.

4.5. Bioinformatics and Phylogenetic Analyses

The conserved domains of sHSP were predicted using the online software CD-Search
(https://www.ncbi.nlm.nih.gov/structure/cdd/wrpsb.cgi (accessed on 3 December 2022)).
The molecular weights, isoelectric points, and hydrophobicity values were predicted using
the ExPASy tool (https://web.expasy.org/ (accessed on 3 December 2022)). Signal peptides
were identified using SignalP 4.1 (https://services.healthtech.dtu.dk/service.php?SignalP-
4.1 (accessed on 3 December 2022)). The subcellular locations were predicted using the
WoLF PSORT tool (https://wolfpsort.hgc.jp/ (accessed on 3 December 2022)). Multiple
sequence alignments were generated using the DNAMAN 8.0 sequence analysis software
(Lynnon Biosoft, San Ramon, CA, USA). The secondary structure of sHSP proteins was
analyzed with SOPMA (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_
sopma.html (accessed on 5 December 2022)). The online protein structure prediction tool
SWISS-MODEL (https://swissmodel.expasy.org/ (accessed on 5 December 2022)) was used
to predict the tertiary structures of the sHSP genes, and PyMOL 2.5 (https://pymol.org/2/
(accessed on 22 February 2023)) was used to visualize the proteins’ 3D structures. A
phylogenetic tree was constructed based on the deduced amino sequences of sHSPs from
H. cunea and insects from different orders in the NCBI database. This was performed
using MEGA 11 software and the neighbor-joining method with 1000 iterations; values
lower than 50% are not shown. The online tool ChiPlot (https://www.chiplot.online/
(accessed on 10 May 2023)) was used to visualize the phylogenetic tree. The MEME online
program (http://meme.nbcr.net/meme/intro.html (accessed on 10 May 2023)) was used
for motif analysis.

4.6. RT-qPCR

The Applied Biosystem 7500 System (Applied Biosystems, Foster City, CA, USA) was
used to perform qPCR in a 20 µL volume containing 10 µL of Hieff UNICON® qPCR SYBR
Green Master Mix (YEASEN, Shanghai, China); 0.4 µL of (10 µM) of each gene-specific
primer; 2 µL of cDNA; and 7.2 µL of nuclease-free water. All primers used for qPCR were
designed online using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/
(accessed on 21 May 2022)), available on the NCBI website (Table 2). The qPCR procedure
was as follows: 95 ◦C for 5 min, 40 cycles of 95 ◦C for 10 s, and 60 ◦C for 40 s. We then
conducted a melting curve analysis for continuous fluorescence monitoring to ensure
the specificity and consistency of the products amplified. The EF1α gene was used as
an internal reference gene [57]. The relative expression levels of sHSP genes at different
developmental stages and various tissues under normal conditions were calculated using
the 2−∆∆CTmethod [58]; the relative expression levels of sHSP genes in tissues after heat
shock treatment were calculated using the 2−∆CTmethod [58].

Table 2. Primers used in this study.

Application Primer Name Forward Primer (5′-3′) Reverse Primer (5′-3′)

PCR

HcHSP18.9 ATGTCTCTTTTGCCATACTTCT CTATTTTGGTTCATCAACAGCAACC
HcHSP20.1 ATGTCATTGGTGCCGTATTGG CTAAGCTTTTTCTTCCTGTGCT
HcHSP21.5 ATGTCTCTGCTACCATTTGTTTTGG TTACTTCTTATCTTCAGCGCCG
HcHSP21.4 ATGGCTGATAGTGGTCTGAAGA TCAGTGCTTCTGGATAGGGA
HcHSP29.8 ATGCAGAAATATTTCTTAGTACTCGCA TTACTCTTCTTGTTCCATTAGTACA

qPCR

HcHSP18.9 AAGCTGTCTTCGGATGGTGT GCCTCACGGGTCCTGTATG
HcHSP20.1 CAGTGGCTGGACCAAGAGTC CCGATCTAAACGCCACCAGA
HcHSP21.5 GAATCCCGGCTTTCATCCGA CCTGTCTGCGAAATAGGCAC
HcHSP21.4 ACATCGTCACAACACAGCGA GCTTGAGTGACTTGCCGTCT
HcHSP29.8 GAGGCGAAGACCCATTCTCC CAGTTGACTCCAAGGCCACA

EF1α TTATCGTCGCTGCTGGTACA GAGTGTGAAAGCGAGCAGAG

https://www.ncbi.nlm.nih.gov/structure/cdd/wrpsb.cgi
https://web.expasy.org/
https://services.healthtech.dtu.dk/service.php?SignalP-4.1
https://services.healthtech.dtu.dk/service.php?SignalP-4.1
https://wolfpsort.hgc.jp/
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html
https://swissmodel.expasy.org/
https://pymol.org/2/
https://www.chiplot.online/
http://meme.nbcr.net/meme/intro.html
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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4.7. Data Analysis

The mRNA levels of sHSPs in the same tissues under the control and heat treatments
were compared using independent samples t-tests. Statistically significant differences in
other quantitative data were analyzed using one-way ANOVA followed by Tukey’s HSD
test. Quantitative data of gene heat-induced expression levels were Z-score-normalized
before plotting the heatmaps. Each sHSP gene was normalized at different develop-
mental stages and in various tissues, respectively. All values reported in the text are
means ± standard error (SE). The data were log2-transformed, and the homogeneity of the
data was tested before conducting ANOVA. p < 0.05 indicated a statistically significant
difference. All statistical analyses were conducted using SPSS 21.0 software (IBM SPSS
Statistics, Chicago, IL, USA), and plots were generated with GraphPad Prism 8.0 (Graph-
Pad Software, La Jolla, CA, USA) and online tool ChiPlot (https://www.chiplot.online/
(accessed on 27 July 2023)). Flowcharts were generated using BioRender.com.

5. Conclusions

We identified five new sHSPs in H. cunea and analyzed their transcriptional expression
profiles at different developmental stages and in different tissues under heat stress. All
of these putative amino acid sequences contain the conserved ACDs of sHSPs, which are
diverse in terms of subcellular localization and signal peptide sequence prediction. HcHSPs
were expressed at the highest levels in the pupal and adult stages. They may be involved
in metamorphosis in the pupal stage and reproductive events in the adult stage. The
relative expression levels of HcHSPs were significantly up-regulated under heat stress and
continued to increase with the increase in temperature. Concerning eggs, the wax layer
structures of the eggshells may help reduce sensitivity to high temperatures. The high
expression of HcHSPs in the cuticle may be related to the immune defense function. The
orthologous protein HcHSP21.4 is not sensitive to high temperatures but may be involved
in the regulation of normal physiological metabolism. In conclusion, the results suggest
that HcHSPs play an important role in metamorphosis and reproduction as well as in the
resistance to heat stress in H. cunea. These functions will help H. cunea adapt to the higher
temperatures of southern China. This study provides a better understanding of the sHSPs
family in H. cunea. However, the exact role of the heat resistance mechanism of HcHSPs
requires further study.
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