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Response of heat shock protein genes of the oriental fruit moth
under diapause and thermal stress reveals multiple patterns
dependent on the nature of stress exposure
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Abstract Heat shock protein gene (Hsp) families are thought

to be important in thermal adaptation, but their expression

patterns under various thermal stresses have still been poorly

characterized outside of model systems. We have therefore

characterized Hsp genes and their stress responses in the ori-

ental fruit moth (OFM), Grapholita molesta, a widespread

global orchard pest, and compared patterns of expression in

this species to that of other insects. Genes from four Hsp

families showed variable expression levels among tissues

and developmental stages. Members of the Hsp40, 70, and

90 families were highly expressed under short exposures to

heat and cold. Expression of Hsp40, 70, and Hsc70 family

members increased in OFM undergoing diapause, while

Hsp90 was downregulated. We found that there was strong

sequence conservation of members of large Hsp families

(Hsp40, Hsp60, Hsp70, Hsc70) across taxa, but this was not

alwaysmatched by conservation of expression patterns.When

the large Hsps as well as small Hsps from OFM were com-

pared under acute and ramping heat stress, two groups of

sHsps expression patterns were apparent, depending on

whether expression increased or decreased immediately after

stress exposure. These results highlight potential differences

in conservation of function as opposed to sequence in this

gene family and also point to Hsp genes potentially useful as

bioindicators of diapause and thermal stress in OFM.
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Introduction

Insects and other ectotherms possess various plastic responses

to deal with thermal changes in the environment, including

short-term acclimation and long-term diapause (Angilletta

2009; Fischer and Karl 2010; Hoffmann et al. 2012). These

responses differ in their timing and duration, and their cumu-

lative effects influence development and survival (Colinet and

Hoffmann 2012; Gillespie et al. 2012; Kvist et al. 2013; Ma

et al. 2015). Molecular mechanisms behind temperature stress

responses are likely to be complex (Angilletta 2009), involv-

ing a number of genes/proteins activated during heat/cold

treatment (Zhao and Jones 2012).

The most well-characterized molecular responses to ther-

mal extremes in insects remains those involving heat shock

proteins (Hsps), which are considered to play crucial roles in

environmental stress tolerance and in thermal adaptation

(Bedulina et al. 2013; Colinet et al. 2013) and often represent

sensitive indicators for phenotypic adjustments (Colinet et al.

2010). Proteins like Hsp70 can respond to a range of adverse

conditions and also interact with a variety of other proteins in

producing phenotypic effects under stress (Bettencourt et al.

2008; Choi et al. 2014; Colinet et al. 2010). The expression of

Hsp70 and other Hsps in insects can also have indirect effects

on plastic responses by influencing the development of stress-

resistant diapause phases, although these effects appear to be
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taxon specific (Gkouvitsas et al. 2008; Rinehart et al. 2007;

Tungjitwitayakul et al. 2008; Yocum et al. 1998; Zhang and

Denlinger 2010).

Insect Hsp genes constitute a subset of a larger group of

genes coding for molecular chaperones that are involved in

multiple developmental processes and that assist repair stress

injuries via transportation and degradation of aggregated pro-

teins in the organism (Choi et al. 2014; Kim et al. 2014; Shu

et al. 2011). For example, Hsc70 and Hsp90 interact with

ecdysone receptor activation which is vital in ecdysone re-

sponse pathway (Arbeitman and Hogness 2000), while

Hsp27 is known to involve in eye development (Chen et al.

2012). Hsp70 and Hsp90 as well as small heat shock proteins

(Hsp22, Hsp67Ba, and Hsp67Bc) are also implicated in the

maintenance of phenotypic stability under variable environ-

mental conditions (Morrow and Tanguay 2015; Takahashi

et al. 2010).

Most Hsp expression patterns under adverse conditions and

during development have been characterized in Drosophila

species and a few other model insects (Ashok Kumar et al.

2014; Kregel 2002; Tower 2011). Hsp expression profiles are

lacking for many insect groups including Lepidoptera, which

include several of the most important pest species. Where

expression profiles of Hsps have been characterized, they

have tended to involve a limited number of stress treatments

that may not capture the complexity of organismal responses

to stress in nature. In practice, plastic responses of insects to

thermal extremes can be complex, depending on the speed of

onset of the stress and level of stressful conditions reached.

This has led to debate about relevant assays of thermal resis-

tance in insects for simulating stressful conditions encoun-

tered under natural conditions (e.g., Choi et al. 2014;

Mitchell and Hoffmann 2010; Rezende et al. 2011). This level

of complexity is rarely considered in expression studies.

The oriental fruit moth (OFM),Grapholita molesta, one of

the world’s most invasive orchard pest insect of stone and

pome fruits, causes severe economic loss in the global fruit

industry (Jones et al. 2010; Kirk et al. 2013; Russell 1986).

OFM has gained recognition as a pest of peaches and other

fruit crops since its introduction into the Americans in the last

century (Jones 2010). The developmental threshold of OFM

ranges from 4 to 11 °C at the lower end and from 30 to 35 °C

at the upper end. To overwinter in cold areas, OFM enters

diapause at a late larvae stage induced by low temperature

and a short photoperiod (Russell 1986). These characteristics

give OFM a wide thermal performance breadth (Jones 2010)

and suggest that it is a useful Lepidopteran model system to

investigate altered patterns of gene expression under different

thermal conditions.

In this study, we considered Hsp expression in OFM under

temperature extremes and diapause.We cloned four novel Hsp

genes (GmHsp40, GmHsp60, GmHsp70, and GmHsc70) and

examined expression patterns across development, across

tissues, and in response to heat stress, cold stress, and dia-

pause. We also considered expression profiles of 11 Hsps in

response to different types of heat stresses (including ramped

increases in temperature and abrupt temperature shifts), cov-

ering most of the Hsp families in OFM. We use these data to

answer the following questions: (1) How do GmHsp se-

quences compare to those for related genes in other

Lepidoptera and other insects? (2) What patterns of Hsp ex-

pression occur under thermal stresses (including ramping and

acute thermal stress) and under diapause phase and how do

these compare to expression patterns in other insects? (3) Can

the expression patterns of Hsps be placed into different cate-

gories to assist in functional characterization? We also consid-

er the potential of Hsps to act as bioindicators of diapause and

stressed states.

Materials and methods

Insect preparation

The OFM population used in this study was sampled from

Hebei Province, Northern China (N 39° 47′, E 118° 41′).

Moths were reared in the laboratory over 2 years at 24 °C

and 60 % humidity under a photoperiod of 15L/9D. Six de-

velopmental stages of OFM were collected to study GmHsps

temporal expression, including 3-day eggs, first instar larvae,

third instar larvae, fifth instar larvae, pupae, and adults. To

examine the tissue distribution of Hsp expression, the fifth

instar larvae were dissected on ice, and each tissue including

head, thorax, abdomen, fat body, and midgut were kept in

RNAlater (Qiagen, Hilden, Germany) at −80 °C before

RNA extraction.

cDNA synthesis and full-length cloning of Hsp

Total RNA was obtained by RNeasy Mini kit (Qiagen,

Valencia, CA, USA) following supplier’s instructions before

digesting with DNase I (Invitrogen) for 15 min. The concen-

tration of RNAwas then measured by NanoDrop spectropho-

tometer (ND-1000, Thermo Fisher Scientific, Wilmington,

DE). The single-strand complementary DNA (cDNA) from

the whole body of fifth instar larvae serving as the rapid am-

plification of cDNA ends (RACE) template was synthesized

by SMART RACE cDNA Amplification Kit (Clontech,

Mountain View, CA, USA). Using 5′- and 3′-RACE

degenerated primers, PCR reactions were run with the follow-

ing cycles: five cycles consisting of 94 °C for 5 s, 72 °C for

3 min, then five cycles consisting of 94 °C for 5 s, 70 °C for

10 s, and 72 °C for 3 min, and then 25 cycles consisting of

94 °C for 5 s, 68 °C for 10 s, and 72 °C for 180 s. A final

extension was performed under 72 °C for 10 min. The PCR

products were visualized by electrophoresis in a 1.5% agarose
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gel and purified using an ABgene Ultra PCR Clean-Up Kit

(Thermo Scientific) before they were cloned into a pGEM-T

vector (Promega, Madison, WI, USA). The products were

sequenced on a 3730xl DNA Analyzer (Applied

Biosystems). The final cDNA templates used for real-time

PCR of gene expression were started with 2 μg total RNA

in the first-strand cDNA synthesis with M-MLV reverse tran-

scriptase (Promega, Madison, WI, USA).

Phylogenetic analysis

NCBI BLAST tools were used to detect conserved domains of

each Hsp family. The open reading frames (ORFs), transla-

tions, and predicted secondary structure of sHsps were obtain-

ed online (http://www.bioinformatics.org/sms2). The

molecular weights of sHsps were also estimated by an

online tool (http://web.expasy.org/protparam). To construct

the phylogenetic trees, the Hsp sequences derived from other

insect species were downloaded fromGenBank and aligned in

MEGA6 (Tamura et al. 2011). All phylogenetic analyses were

run using both Bayesian inference (BI) and maximum likeli-

hood (ML) methods. BI analysis was performed using

MrBayes, v 3.1.2 (Ronquist and Huelsenbeck 2003). Two sets

of four chains were allowed to run simultaneously for

1,000,000 generations. Each set was sampled every 100 gen-

erations with a burn-in of 25%. Stationarity was considered to

have been reached when the average standard deviation of

split frequencies was less than 0.01. Bayesian posterior prob-

abilities (BPPs) were estimated based on a 50 % majority rule

consensus tree of the remaining trees. ML analysis was con-

ducted using an online program (http://www.atgc-montpellier.

fr/phyml/) with a GTR substitution model. Bootstrap values

were obtained for the nodes based on 1000 replicates. We also

collected data on temperature responses of phylogenetic

branch species from published references. Hsp expression

patterns were characterized into three categories

(upregulated, no change, or no report) under the three

conditions considered (heat, cold, and diapause).

Thermal and diapause responsive tests

To characterize the responsive expressions of Hsps in adults

under thermal extremes, high and low temperatures were ini-

tially defined based on pilot experiments as the most severe

conditions to which adults could be exposed without mortality

after 2-h recovery. The 12-h enclosed moths (equal numbers

of males and females) were therefore kept at −5 °C (cold) or

42 °C (heat) for 1 and 2 h before recovering at 25 °C for 2 h.

The 42 °C temperature is close to 41 °C which Chen et al.

(2014) previously found to elicit higher expression of Hsp70

and Hsp90 in G. molesta compared to lower temperatures or

44 °C. No data have previously been collected on lower limits

of adults. Controls were treated identically without being

stressed. For the diapause treatment, diapause was induced

by rearing moths at the same temperature of 25 °C under a

12:12 photoperiod (Dickson 1949). Each treatment consisted

of five biological replicates, with 14–20 individuals (7–10 per

sex with same number) per replicate. All samples were stored

at −80 °C before RNA extraction. Responsive Hsps were

identified based on their upregulation following high-

temperature tests.

Hsp expression profiles under acute and ramping heat

stress

We used two high-temperature regimes to investigate Hsp

expression patterns: an acute regime (40 °C for 2 h) and a

ramping regime (gradually heat from 25 to 40 °C by

0.1 °C/min before being held at 40 °C for 2 h). We

chose 40 °C for two reasons: (1) It often represents the maximal

temperature experienced in northern Chinese orchards in

recent years; and (2) exposure to this temperature for a short

period did not inhibit mating or reduce fecundity in pilot ex-

periments. Hsp expression tests resulted in 11 responsive

genes being selected, representing five families: Hsp10,

sHsp, Hsp40, Hsp70, and Hsp90. Insects were collected with

and without recovery for 2 h at 25 °C after acute heat stress to

investigate whether Hsp chaperon expression changed with a

recovery period. Insects exposed to ramping heat were all

collected after a 2-h recovery period. All the treatments in-

volved moths enclosed within the previous 12 h, equal num-

bers of males and females, and 7–10 individuals of a sex per

treatment.

Real-time quantitative PCR

The HSP real-time PCR primers were designed based on the

full-length cDNA transcripts (Appendix S1). β-actin and

GAPDH were both chosen as the reference genes for normal-

izing the messenger RNA (mRNA) expression level (Zhang et

al. 2015). The Hsp transcript standards were produced by

cloning the PCR products into plasmids. Six 10-fold serial

dilutions of stock plasmid served as quantitative standards to

estimate the relative expression of each Hsp transcript. We

also used other OFM Hsp genes for extreme temperature ex-

pression, including GmHsp11.1, 18.9, 19.8, 19.9, 21.4, 22.5,

31.8 (Zhang et al. 2015), GmHsp70 (but labeled as

GmHsp70-2 in figure), and GmHsp90 (Chen et al. 2014).

Real-time quantitative PCR (RT-PCR) was conducted in a

20 μl volume comprising of 10 μl 2× SuperReal PreMix Plus

(with SYBR Green I) (Tiangen, Beijing, China), 1 μl cDNA

template/plasmid, 1.2 μl RT-PCR primers (10 mM working

solution), and 7.8 μl dd H2O on Stratagene Mx3000P thermal

cycler. The PCR cycling parameters used a two-step method:

initial denaturation of 15 min at 95 °C and 40 cycles of 10 s at

95 °C and 30 s at 60 °C. Each experimental group included
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five biological replicates, each of which contained three tech-

nical repeats. Finally, the output data were normalized by two

methods, with or without using reference genes; the latter

involved the NORMA-gene normalization algorithm

(Heckmann et al. 2011) which involves normalization based

on the experimental data to avoid the issue of error in refer-

ence gene expression and assumption that the reference genes

are not influenced by the different conditions tested.

Data statistics

To differentiate the hierarchical clustering of heat stress

GmHsp genes and three heat treatments, the complete linkage

clustering method was followed in Cluster v3.0 software,

using the similarity metric of uncentered correlations on log-

transformed data (Eisen et al. 1998). The output file was gen-

erated and read with Java TreeView software (Saldanha 2004)

to indicate patterns of relationships among the GmHsp genes

which were visualized using three colors.

Differences between treatments for normalized expression

were compared either by t-tests (for comparison of two

means) or by one-way analysis of variance (ANOVA) follow-

ed by Tukey B post hoc comparisons among means run with

SPSS 20.0 software. Treatment differences were considered

significant at p<0.01 rather than p<0.05 given that expres-

sion of several genes was compared.

Results

Cloning and characterization of GmHsps

The four full-length heat shock proteins were obtained by

using 5′ and 3′ rapid amplification of cDNA ends in

G. molestawhole body cDNA. Based on BLAST results, they

were named as GmHsp40, GmHsp60, GmHsc70, and

GmHsp70 (GenBank accession nos. from KT003961 to

KT003964, respectively). The ORFs spanned between 1062

and 1968 bp, coding from 353 to 655 amino acid proteins.

GmHsp90 sequence was obtained from published data

(GenBank no. JX678980, Chen et al. 2014).

GmHsp40 was predicted to have a molecular weight of

40.01 kDa and isoelectric point (pI) of 5.69. It contained two

conserved regions, the DnaJ domain (aa 25–79) and DnaJ-C

domain (aa 130–326), from the conserved domain lcl99612

from NCBI. The predicted 60.85 kDa molecular weight of

GmHsp60 has a similar pI of 5.68 with GmHsp40 as well as

two conserved domains: GroEL-like equatorial domain

(IPR027413) and GroEL-like apical domain (IPR027409).

The conserved Hsp60 site is located between amino acid

428 and 439 (IPR018370). GmHsc70 and GmHsp70 both

belonged to the Hsp70 family with a typical conserved

peptide-binding domain (IPR029047) and C-terminal domain

(IPR029048) but containing varying molecular weights and

pIs (GmHsc70 72.62 kDa, 5.09; GmHsp70 68.45 kDa, 5.81).

Phylogenetic analysis and alignment of GmHsp proteins

To analyze the relationships of OFM Hsps with other insects,

Hsps from several orders were collected to construct Bayesian

phylogenetic trees (Fig. 1), which were similar to other trees

obtained by different approaches (Appendix S2). The phylo-

genetic analysis of four Hsp genes indicated a high level of

conservation among insects from different orders of insects,

particularly Lepidoptera, with branches all 100 % supported

through bootstrapping. The congruence suggested a con-

served identity of Hsp families in insects, except in the case

of Hsc70. We also collated information on stress responses to

three conditions (heat, cold, and diapause) and included these

on the phylogenetic trees (Fig. 1). None of the gene families

showed a consistent pattern of expression changes under three

conditions, with exception of Hsp60, whose expression pat-

terns were only reported in three species. Hsp70 was the most

studied Hsp family. This gene was upregulated under stress

among insects except locusts. Conserved patterns were not

evident for cold or diapause responses for any of the Hsp

families.

Transcriptional profiles of GmHsp in tissue distribution

Different tissues of OFM fifth instar larvae including the head,

thorax, abdomen, fat body, and midgut were dissected and

examined for the transcriptional profiles of five GmHsp genes,

including GmHsp90. Patterns were consistent regardless of

whether they were analyzed in comparison with housekeeping

genes or by the NORMA-gene normalization method, and

only the former are therefore presented. All GmHsps were

detected in each tissue but were expressed at different levels

(Fig. 2). GmHsc70 was expressed at the highest level in the

head and midgut (4.21-fold and 3.89-fold) but was low in the

fat body (0.82-fold) and midgut (0.18-fold). GmHsp70 exhib-

ited higher expression levels in the abdomen and lower in

midgut, with 3.99- and 0.78-fold increased expression respec-

tively. GmHsp40, GmHsp60, and GmHsp90 all showed sig-

nificant differences in expression among tissues. Within the

Hsp70 family, GmHsc70 was higher in the head and midgut

than other tissues, and Hsp70 was higher in the abdomen.

Transcriptional profiles of GmHsp across developmental

stages

The GmHsps were also examined across OFM developmental

stages (Fig. 3). The overall expression patterns of each gene

differed across the stages, while most of the Hsps were

overexpressed in first instar and pupal stages. The expression

level of GmHsp60 varied no more than 4-fold across life
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stages. In contrast, GmHsp40 and GmHsc70 showed relative-

ly higher variation in expression, with the highest 13-fold

change in GmHsp40 in first instars and a 12-fold change of

GmHsc70 in pupae. The expression patterns of GmHsp70 and

GmHsp90 showed similar trends across life stages.

Significantly higher level of expressions were found both in

first instar and pupal stages, and expression then decreased

until the pupal stage.
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Fig. 1 Phylogenetic tree of the Hsps of G. molesta. Fourteen Hsps of

insect Hsp genes and two outgroup sequences were used in these

Bayesian phylogenetic trees. Percentage bootstrap values above 50 %

were indicated on each cluster. The changes of expression pattern of

reported genes are also summarized under heat (H), cold (C), and

diapause (D) conditions. Red indicates upregulation, blue indicates no

change, and green indicates downregulation. a GmHsp40, b GmHsp60,

c GmHsc70, and d GmHsp70. The G. molesta Hsps are labeled in boxes

Fig. 2 Normalized mRNA expression levels of the GmHsps in different tissues. Error bars are standard errors
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Expression in response to diapause

Expression differences of five GmHsps in diapausing OFM

showed three genes with upregulated expression (GmHsp40,

GmHsc70, and GmHsp70) and one significantly downregu-

lated gene (GmHsp90) at the diapause stage (Fig. 4).

GmHsc70 exhibited the highest fold change (10×) in diapaus-

ing individuals, and this difference was significant (t=−22.55,

df=8, p<0.001), in contrast with the lowest fold change for

GmHsp90 (t=3.04, df=8, p=0.016).

Expression in response to cold and heat treatments

GmHsp40 and GmHsp90 were significantly upregulated un-

der 1 or 2-h cold stress (Fig. 5). Expression of GmHsp60,

GmHsc70, and GmHsp70 were not significantly changed un-

der cold stresses compared with controls. Expression trends

were consistent between heat and cold treatments, except for

GmHsp70 which only responded to heat (Fig. 6). GmHsp60

and GmHsc70 expression did not change in response to any of

the thermal stresses. Furthermore, although 1 and 2-h stress

Fig. 3 Normalized mRNA expression of the GmHsp genes in OFM different stages. Error bars are standard errors

Fig. 4 Mean normalized expression (with standard errors) of GmHsps in

diapausing G. molesta, based on log2 transformation of qRT-PCR of the

assayed Hsps. Asterisks indicate mean values that are different

significantly (p < 0.01) in fifth instar larvae between diapausing and

control groups. A value of 0 indicates no difference in expression,

whereas positive and negative values indicate upregulation and

downregulation, respectively
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treatments both caused upregulation of expression, the 1-h

treatment led to higher expression than the 2-h treatment.

Hsp expression patterns under constant and ramping heat

stress

The hierarchical cluster analysis revealed changing pat-

terns of GmHsp gene expression for most genes in re-

sponse to acute and ramping heat stresses (Fig. 7).

Almost all GmHsp genes showed lowest expression

levels in control samples (green color), and all genes

were strikingly upregulated under heat stress (red color).

In terms of the response similarity under heat stress,

acute and ramping stresses clustered together, although

the ramping heat treatment also included a 2-h recovery

period at 25 °C. Based on gene clustering, sHsp genes

showed patterns that were intermixed with the large Hsp

families, suggesting that these did not represent a

unique group.

We characterized expression patterns of 11 GmHsp genes

under three heat exposure regimes (Fig. 8). All genes were

shown to be significantly increased under the three treatments

compared with the controls. GmHsp11.1 presented a unique

pattern compared to the other genes, in showing the highest

level of expression under ramping heat stress (Fig. 8a). On the

other hand, the highest expression of large GmHsps occurred

under acute stress, although 2-h recovery in both GmHsp70s

did not affect expression. The sHsp genes changed rapidly

under acute heat stress and fell into two clusters depending

on their responses to the recovery period (Fig. 8b).

GmHsp21.4, 19.9, and 31.8 displayed highest expression im-

mediately after heat stress, while the other three sHsp were

expressed at a higher level in the recovery stage.

Discussion

We have identified large Hsps from OFM and shown how

their expression varies across tissues, developmental stages,

and in response to stressful conditions. The results build on

previous findings based on the characterization of sHsps in

OFM (Zhang et al. 2015) which highlighted that Hsps can

Fig. 5 Mean normalized expression (with standard errors) of GmHsps in

adults under cold (−5 °C) treatments of 1 and 2 h, based on log2

transformation of qRT-PCR of the assayed Hsps. Asterisks indicate

mean values differed significantly (p < 0.01) between control and

treated groups

Fig. 6 Mean normalized expression (with standard errors) of GmHsps in

adults under heat (40 °C) treatments of 1 and 2 h, based on log2

transformation of qRT-PCR of the assayed Hsps. Asterisks indicate

mean values differed significantly (p < 0.01) between control and

treated groups

Fig. 7 The hierarchical cluster analysis of 11 GmHsps of G. molesta

adults under three heat exposure regimes
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show quite different patterns of upregulation or downregula-

tion under heat, cold, and diapause and that these patterns are

not necessarily similar across insects. Unlike the sHsps which

show a relatively low level of phylogenetic conservation

across Lepidoptera and insects generally (Zhang et al. 2015),

the large Hsps show strong sequence conservation within fam-

ilies; nevertheless, expression patterns appear much less con-

served despite this pattern.

All GmHsps revealed typical signatures or conserved

domains of each Hsp family and grouped together in phy-

logenetic analyses with corresponding Hsps of other in-

sects, suggesting high congruence in sequences. One of

GmHsp70 members previously uploaded in GenBank

JX678981 (Chen et al. 2014) showed 84 % similarity of

full-length amino acid sequence with the gene we studied.

Both our GmHsp70 and the one studied by Chen et al.

(2014) have a conserved C-terminal motif BEEVD^ with

a potential binding function, suggesting a role in protein

folding/refolding (Michels et al. 1999; Vabulas et al.

2010). Information on Hsp genes from model species

might help to identify functional roles of GmHsps, such

as the stress-inducible pattern in other species.

The reasons why most GmHsp genes are highly expressed

in the first instar and pupal stages are unclear and may reflect a

protective function at these stages, given that these stages of

OFM are exposed to ambient conditions, while larvae live in

fruit and are likely to evade abiotic stress. This may reflect the

role of molecular chaperons in the first line of defense of an

insect to prevent irreversible denaturation of proteins and vital

enzymes (Arrigo 2013; King and MacRae 2015). GmHsp70/

90 were also highly expressed in the fat body, suggesting a

role of chaperone function in stress signal detection in tissue

during development (Krebs and Feder 1998), but these func-

tional roles remain speculative in the absence of additional

data including changes in protein levels.

Three GmHsps (GmHsp40, 70, and 90) were heat induc-

ible, which was also the case for Hsps isolated from other

insects in these families. Hsp70 is considered as an important

stress chaperone under adverse conditions, being expressed at

a high level under thermal stress (Colinet et al. 2010; Fu et al.

2014; King and MacRae 2015; Moribe et al. 2010). However,

unlike in several other insects (Colinet et al. 2010; Wang and

Kang 2005; Zhang and Denlinger 2010), GmHsp70 was not

upregulated under cold stress. The similar expression patterns

of GmHsp70 and GmHsp40 and rapid upregulation of the

expression of these genes suggest a potential role of these

co-chaperones in stress responses (Huang and Kang 2007;

Kampinga and Craig 2010; Shu et al. 2011; Xu et al. 2011),

but this needs further investigation such as through the use of

RNAi to alter expression patterns. On the other hand, the
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Fig. 8 Expression profiles of 11

GmHsps of G. molesta adults

under three heat exposure

regimes. Asterisks indicate mean

values that are different

significantly (*p< 0.05,

**p< 0.01, ***p< 0.001). n.s.
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absence of large changes in GmHsc70 expression under both

heat and cold conditions, which has also been observed in

other insects (Bettencourt et al. 2008; Zhang and Denlinger

2010), suggests that this Hsp cognate is not thermally induc-

ible and may not play a chaperone role under adverse

conditions.

Some Hsp genes are also upregulated during insect dia-

pause (Rinehart et al. 2007; Zhang and Denlinger 2010), and

in our study, we found that GmHsp40 and GmHsp70/

GmHsc70 were induced under larval diapause of OFM.

Hsp70 in diapausing OFM could be involved in resisting se-

vere cold temperatures in winter and in the repair of freezing

damage during recovery (Rinehart et al. 2007). We also ob-

served a decrease of GmHsp90 expression which may relate

to a decline of steroid receptor or ecdysteroid/Hsp90

heterocomplex in diapausing individuals (Pratt and Toft

1997, 2003; Zhang and Denlinger 2010). Hsp90 inhibition

reduces cell growth signals and growth factors (Peterson and

Blagg 2009), perhaps contributing to the maintenance of a

diapause state in OFM. The changes in expression pattern of

Hsp70 and Hsp90 in our study are not consistent with patterns

in other Lepidopteran insects (Gkouvitsas et al. 2008;

Rinehart et al. 2007; Sonoda et al. 2006; Tachibana et al.

2005; Tungjitwitayakul et al. 2008), and it is not clear if this

reflects functional redundancy among the Hsp genes.

We contrasted our patterns of expression of large Hsp

genes with small Hsp genes. As ATP-independent Hsps,

the sHsps bind denaturing proteins and further facilitate

subsequent refolding by other ATP-dependent Hsp chap-

erons (Basha et al. 2012). The high expression we found

for sHsp under heat stress highlights the potential for these

genes to show a rapid response and may attest to their

functional importance. However, our data also highlight

that sHsps do not fall into one group; two clear patterns

were identified when ramping, and acute heat responses

were compared, suggesting that the expression of some

sHsps is rapidly altered in the absence of a stress and

may have a short-lived protective function in contrast to

those that show persistently high expression during the

recovery phase. These contrasting patterns need to be fur-

ther investigated at the protein level.

The number and sequence of sHsps are different among

orders and even between closely related species; sHsp repre-

sent a heterogeneous group that lacks phylogenetic conserva-

tion (Basha et al. 2012; Morrow and Tanguay 2012; Zhang

et al. 2015). The highly variable N- and C-terminal sequences

of sHsp might result in diversified protein substrates, such as

metabolic enzymes and proteins involved in translation (Fu

et al. 2014; Morrow and Tanguay 2015), contributing to the

lack of functional conservation in this family. Some conserved

large Hsps do not have these highly variable terminal se-

quences and may show slower rates of evolution because they

have pleiotropic effects on development and because there is

less redundancy in this group due to the smaller number of

genes comprising the various families; in contrast, sHsps can

be deleted without marked deleterious effects, at least in

Drosophila (Morrow and Tanguay 2015). Homologous se-

quences of Hsp70 and Hsp90 can show similar functions

across different insects (King and MacRae 2015).

Finally, we suggest that the various Hsps may provide useful

biomarkers for detecting the diapause state and stressful condi-

tions. Both copies of GmHsp70were good indicators of stressful

conditions given that they were expressed at a much lower base

level than GmHsp90, which may associate with stress signal

detection in tissue during development (Krebs and Feder

1998). On the other hand, GmHsp90 may be a biomarker of

diapause in OFM, being downregulated specifically when enter-

ing diapause. This gene may be useful for differentiating dia-

pause forms from normally developing fifth instar larvae, as

these classes cannot be distinguished by morphological criteria.

This may help when timing chemical sprays to coincide with the

last field generation. The sHsps may also act as indicators of

stressful conditions, but lack of phylogenetic signals and consis-

tent expression changes among species unlike Hsp70 (Shatilina

et al. 2011; Zhang et al. 2015). Recovery-inducible sHsp (e.g.,

GmHsp18.9, 22.5, and 19.8b) are likely to be the most useful in

this context. In making connections between gene expression

and functional traits, it will be important to consider changes in

protein levels as well as mRNA. The latter has been proved to be

representative of changes at the protein level in some exposures

to acute stress although a direct connection will not necessarily

always be evident (Sørensen 2010; Gao et al. 2014). To under-

stand how expression of large and small Hsps might influence

diapause and stress responses, further investigations at the pro-

tein and metabolomic levels are required.

In conclusion, we have found that several members of

Hsp40, 70, and 90 families are expressed under thermal ex-

tremes in OFM, while members of two of these families as

well as Hsc70 show increased expression under diapause. The

strong sequence conservation of large Hsps was not matched

by functional conservation of expression patterns. These re-

sults as well as the different impact of acute and ramping stress

on Hsps provides the basis for future functional studies in this

important invasive pest which has developed a worldwide

distribution from the early twentieth century and continues

to cause significant economic damage on a global scale

(Kirk et al. 2013). Hsps may have played a role in the rapid

establishment and/or spread of OFM in temperate and tropical

areas to help counter both heat waves in summer and cold

environments in winter. We have described Hsps and their

expression from a native OFM population, providing a basis

for further comparisons of populations from across the inva-

sive and native range of OFM. The acute and ramping heat

treatments we have used match the increasingly common hot

conditions encountered in the field in fruit-producing areas of

Northern China under climate warming, and Hsp expression

Stress-inducible patterns of Hsps in G. molesta 661



may become important in countering increasingly stressful

conditions, raising the possibility of future evolutionary

changes in Hsp families affecting expression patterns.
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