- ®
A BioOne DIGITAL LIBRARY

Expression Profile of Two HSP70 Chaperone Proteins in
Response to Extreme Thermal Acclimation in Xestia c-
nigrum (Lepidoptera: Noctuidae)

Authors: Wang, Ling, Yang, Shuai, Han, Lanlan, Zhao, Kuijun, and Ye,
Lefu

Source: Florida Entomologist, 98(2) : 506-515

Published By: Florida Entomological Society

URL: https://doi.org/10.1653/024.098.0218

The BioOne Digital Library (https://bioone.org/) provides worldwide distribution for more than 580 journals
and eBooks from BioOne’s community of over 150 nonprofit societies, research institutions, and university
presses in the biological, ecological, and environmental sciences. The BioOne Digital Library encompasses
the flagship aggregation BioOne Complete (https://bioone.org/subscribe), the BioOne Complete Archive
(https://bioone.org/archive), and the BioOne eBooks program offerings ESA eBook Collection
(https://bioone.org/esa-ebooks) and CSIRO Publishing BioSelect Collection (https://bioone.org/csiro-
ebooks).

Your use of this PDF, the BioOne Digital Library, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Digital Library content is strictly limited to personal, educational, and non-commmercial
use. Commercial inquiries or rights and permissions requests should be directed to the individual publisher
as copyright holder.

BioOne is an innovative nonprofit that sees sustainable scholarly publishing as an inherently collaborative enterprise
connecting authors, nonprofit publishers, academic institutions, research libraries, and research funders in the common
goal of maximizing access to critical research.

Downloaded From: https://complete.bioone.org/journals/Florida-Entomologist on 19 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



Expression profile of two HSP70 chaperone proteins
in response to extreme thermal acclimation in Xestia
c-nigrum (Lepidoptera: Noctuidae)

Ling Wang', Shuai Yang"*, Lanlan Han', Kuijun Zhao"*, and Lefu Ye'

Abstract

Heat shock proteins 70 (HSP70s) are highly evolutionarily conserved and play important roles in helping insects survive under extreme temper-
atures. In this study, Xestia c-nigrum (L.) (Lepidoptera: Noctuidae) was stressed at various temperatures, and the impacts on thermotolerance
and cold endurance were examined. Two complementary deoxyribonucleic acid (cDNA) clones encoding heat shock cognate 70 (HSC70) and
inducible heat shock protein 70 (HSP70), named Xc-HSC70 and Xc-HSP70, respectively, were isolated from X. c-nigrum using reverse transcrip-
tase polymerase chain reaction (RT-PCR) and rapid amplification of cDNA ends (RACE). Amino acid sequence analysis indicated that Xc-HSC70
and Xc-HSP70 contained the signature sequences of the HSP70 family, and phylogenetic analysis showed that Xc-HSP70s were consistent with
the known insect classification. Genomic DNA structure analysis revealed that the Xc-HSC70 gene contained 8 introns that all conformed to
the GT/AG rule, whereas the Xc-HSP70 gene did not contain any introns in the coding region. Fluorescent real-time quantitative RT-PCR re-
vealed that both genes were significantly up-regulated under thermal stress and cold stress. The expression patterns indicated that Xc-HSP70
was heat inducible and Xc-HSC70 was constitutively expressed. The temperature response was more intense for Xc-HSP70 than for Xc-HSC70,
regardless of the temperature or developmental stage; however, the expression of Xc-HSC70 and Xc-HSP70 was not altered in the pupa. Taken
together, the expression profiles of both genes (Xc-HSP70s) provide good support to the insect for coping with adverse conditions.
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Resumen

Proteinas de choque térmico 70 (Hsp70s) estan evolutivamente muy conservadas y juegan un papel importante en ayudar a los
insectos a sobrevivir las temperaturas extremas. En este estudio, se puso Xestia c-nigrum (L.) (Lepidoptera: Noctuidae) bajo el estrés
de diferentes temperaturas, y se examiné el impacto sobre la termotolerancia y resistencia al frio. Se aislaron dos clones de acido
desoxirribonucleico (ADNc) complementarios que codifican el cognado choque térmico 70 (HSC70) y la proteina de choque térmico
inducible 70 (HSP70), llamado Xc-HSC70 y Xc-HSP70, respectivamente, a partir de X. c-nigrum mediante la cadena de polimerasa con
transcriptasa inversa reaccion (RT-PCR) y la amplificacién rapida de extremos de ADNc (RACE). El analisis de la secuencia de aminoa-
cidos indicé que Xc-HSC70 y Xc-HSP70 contenian las secuencias de la firma de la familia HSP70, y el anélisis filogenético demostré
que Xc-Hsp70s es consistente con la clasificacion conocida del insecto. El analisis gendmico de la estructura del ADN reveld que el
gen Xc-HSC70 contenia 8 intrones que todos se ajustaban a la regla GT/AG, mientras que el gen Xc-HSP70 no contenia intrones en la
region codificante. El analisis de RT-PCR fluorescente cuantitativa en tiempo real revelé que ambos genes fueron significativamente
regulados hacia arriba bajo estrés térmico y estrés por frio. Los patrones de expresion indicaron que Xc-HSP70 fue inducible por el
calor y Xc-HSC70 se expreso constitutivamente. La respuesta de la temperatura fue mds intensa para Xc-HSP70 que para Xc-HSC70,
independientemente de la temperatura o el estadio de desarrollo; sin embargo, la expresion de Xc-HSC70 y Xc-HSP70 no se alterd
en la pupa. Tomados en conjunto, los perfiles de expresion de ambos genes (XC-Hsp70s) proveen un buen apoyo para el insecto para
hacer frente a las condiciones adversas.

Palabras Clave: proteinas de choque térmico 70 (Hsp70s); perfil de expresion; estrés térmico; Xestia c-nigrum

Cellular stress response is involved in protecting organisms from
damage caused by exposure to a variety of stressors, including temper-
ature, heavy metals, and other xenobiotics. The stress response entails
the rapid synthesis of heat shock proteins (HSPs) to protect cellular
proteins against denaturation (Feder & Hofmann 1999; Boutet et al.
2003; Rinehart et al. 2007). In normal conditions, heat shock proteins
primarily act as molecular chaperones involved in protein metabolism,

cell cycle regulation, and apoptosis (Welch 1993; Ming et al. 2010). On
the basis of molecular weight and sequence similarity, HSPs can be
divided into several families, including HSP90, HSP70, HSP60, HSP40,
and small heat shock proteins (molecular weights ranging from 12 to
43 kDa) (Sgrensen et al. 2003; Huang et al. 2008; Shen et al. 2014).
Among the HSPs, HSP70s are the most conserved and important pro-
tein families and have been studied extensively. The HSP70 family is
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encoded by 2 different genes, constitutive type HSC70 (heat shock
cognate 70) and inducible type HSP70 (Boutet et al. 2003; Deane &
Woo 2005; Franzellitti & Fabbri 2005). In normal conditions, HSC70 is
constitutively expressed in all cells, whereas HSP70 is not expressed or
is expressed only at a low level. Under stress conditions, HSC70 expres-
sion remains unchanged or is slightly up-regulated, whereas HSP70 ex-
pression is highly induced (Lindquist & Craig 1988; Franzellitti & Fabbri
2005). These 2 heat shock proteins play key roles in the cell as mo-
lecular chaperones. However, HSC70 is mainly involved in physiological
processes, such as cell division, multiplication, and development (Park
et al. 2001; Kregel 2002).

In insects, it is well known that HSP70s increase heat tolerance
and provide protection against thermal injury and death. Many types
of HSP70 genes are up-regulated in response to heat or cold stress
in various insects, such as Diptera (Huang & Kang 2007; Huang et al.
2009; Gray 2013), Lepidoptera (Jiang et al. 2012; Choi et al. 2014;
Shen et al. 2014), and Coleoptera (Mahroof et al. 2005). Because of
the important roles of HSP70s in thermal stress, it is important to in-
vestigate the function and expression characteristics of HSP70 genes
under temperature stress. In Drosophila melanogaster Meigen (Dip-
tera: Drosophilidae), thermotolerance was found to be significantly
improved in a strain with extra copies of HSP70s (Bettencourt et al.
2008; Jensen et al. 2014). The suppression of HSP70 mRNA levels by
RNAi decreased the heat and cold tolerance in Pyrrhocoris apterus
(L.) (Heteroptera: Pyrrhocoridae) and Spodoptera exigua Hiibner
(Lepidoptera: Noctuidae) (Kostal & Tollarova-Borovanska 2009; Choi
et al. 2014). In addition, HSP70s may be involved in the developmen-
tal processes of some insects and in fecundity (Jensen et al. 2014),
longevity (Zhang et al. 2010; Choi et al. 2014), diapause (Rinehart
et al. 2007), development (Huang et al. 2009), and metamorphosis
(zheng et al. 2010). These studies have provided direct evidence of
the roles of HSP70s in cellular activity and development and have
elucidated important biological functions.

Xestia c-nigrum L. (Lepidoptera: Noctuidae) is an important polyph-
agous pest of vegetables, cotton, wheat, maize, soybean, and orna-
mental plants. It is a worldwide pest that occurs in tropical, subtropical,
and temperate regions (Mukawa & Goto 2011). In South China, includ-
ing Guangdong, and Taiwan, X. c-nigrum is adapted to high tempera-
tures that occur throughout the year. Severe crop damage occurs when
the temperature is high in the summer and autumn, indicating that
X. c-nigrum has a significantly positive response to high temperature
(Zheng & Wang 2010; Zhang et al. 2013). In addition to heat tolerance,
X. c-nigrum exhibits cold resistance, overwintering as larvae and pupae
in temperate zones without entering diapause. The pupae have an av-
erage supercooling point of approximately -17 °C with a low of -21 °C
in some individuals (Mukawa & Goto 2010; Landolt et al. 2011). In the
southern region of North America and in Central and East Asia, over-
wintering pupae have been observed in fields (Xi et al. 2002). In China,
the infesting population reaches northward to Heilongjiang Province
in Northeast China. Notably, this species undertakes a long-distance
migration between or within tropical, subtropical, and temperate re-
gions, which significantly increases the geographic range over which in-
festations occur (Jiang et al. 2012). Furthermore, X. c-nigrum is known
for its rapid development of resistance to many chemical pesticides
and its lack of susceptibility to transgenic Bt crops (Landolt et al. 2011;
Liu et al. 2011). Therefore, it can be presumed that X. c-nigrum has a
high potential to tolerate or acquire tolerance to various environmen-
tal stresses. However, the biochemical and molecular mechanisms of
such tolerance are unknown, and no information is available regarding
stress-induced HSP70 expression in X. c-nigrum; therefore, the mecha-
nisms underlying this species’ ecological adaptability and stress toler-
ance remain unclear.

Downloaded From: https://complete.bioone.org/journals/Florida-Entomologist on 19 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use

507

This study examined basal gene expression and thermal responses
among different developmental stages, such as the larvae and pupae
of X. c-nigrum, using expression profiling of Xc-HSC70 and Xc-HSP70.
Furthermore, we evaluated Xc-HSP70 expression at the mRNA level un-
der heat or cold stress in larvae and pupae. We explored the functions
of these genes in the context of thermotolerance and development
and provided information needed to explore the mechanism of envi-
ronmental tolerance and ecological adaptation in X. c-nigrum.

Materials and Methods

INSECTS

Adult X. c-nigrum specimens were collected from Xiangfang Farm
of Harbin, Heilongjiang Province, China. After oviposition, the eggs
were incubated at 25 + 1 °C with a 12:12 h L:D photoperiod for hatch-
ing. Newly hatched larvae were reared at 25 £ 1 °C and 70% relative
humidity (RH) under a photoperiod of 14:10 h L:D in a climatic cabinet
(RXZ-308B, Jiangsu, China), and cabbage leaf was used to feed the dif-
ferent instars. For diapause induction, 6th instars were placed in an 18
+ 1 °C controlled-temperature room with an 8:16 h L:D photoperiod,
and the diapause status of the pupae was ascertained as previously
described (Liu et al. 2011).

TEMPERATURE EXPOSURE

Based on previous studies of thermotolerance in insects (Jiang et
al. 2012; Lyytinen et al. 2012; Franke et al. 2014), developing larvae
from the 2nd to 6th instar were chosen for heat and cold shock treat-
ments. For each treatment, 5 individuals were placed into a cryogenic
tube and shocked at high temperatures of 28, 31, 34, 37, 40, 43, 45,
and 47 °C for 2 h, then allowed to recover at 25 °C for 1 h. Similarly,
larvae from the 2nd to 6th instar and 4-d-old pupae were shocked at
low temperatures of 5, 0, -4, and -7 °C for 2 h, then transferred to 25
°Cfor 1 h of recovery. Corresponding untreated larvae and pupae were
used as controls. The larvae did not survive at above 47 °C and be-
low -7 °C, and therefore the mRNA was not analyzed . Each treatment
was replicated 3 times. To detect the developmental regulation of the
HSC70 and HSP70 genes, 2-, 4-, and 6-d-old pupae were reared at 25
°C, with 3 replications. All of the samples were frozen quickly in liquid
nitrogen and stored at -80 °C. Temperature control was achieved using
environmental chambers (Sanyo, Tokyo, Japan).

CLONING OF THE FULL-LENGTH CDNAS OF XC-HSC70 AND XC-
HSP70

Total RNA isolation and first-strand cDNA synthesis: RNA was iso-
lated using an RNA isolation kit (Omega Bio-Tek, Norcross, Georgia,
USA) according to the manufacturer’s instructions. The concentration
and quality of the RNA were verified by spectrophotometry and elec-
trophoresis on a 1.0% agarose gel. The cDNA was synthesized using a
cDNA kit (TaKaRa, Dalian, China) according to the manufacturer’s in-
structions.

Primer design: The HSC70 and HSP70 genes of other insects were
aligned in GenBank to identify the conserved region of the gene family.
Primer Premier 5.0 (Premier, Canada) was used to design the primers,
and the sequences of the primers are listed in Table 1. The PCR proto-
col was as follows: 3 min at 94 °C and 35 cycles of 30 s at 94 °C, 30 s at
57.8 °Cfor Xc-HSC70 or 30 s at 58.0 °C for Xc-HSP70, and 1 min at 72 °C,
followed by a 10 min extension at 72 °C. Then, the amplified fragment
was isolated using a 1.0% agarose gel and ligated into the pMD18-T
vector (TaKaRa, Dalian, China) for sequencing. RACE amplification was
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Table 1. Primers for the experiment in this study.
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Primer type Sequence (5" to 3') Use of primers

P1 GAGGGMRTCGACTTCTAYACBTCCATCAC PCR for Xc-HSC70

P2 CTTGTACTTCTCTGCNTCYTGBACCAT

P3 AACGARCCBACYGCYGCYGC PCR for Xc-HSP70

P4 GCGTCSATSTCRAADGTGAC

P5 CGTGAAAAGAAGCCGTCAATCG For full-length and gDNA sequence of Xc-HSC70
P6 GAGTTTCAATCATTTATTGGAGAGACTGTAC

P7 CACCTTTGCTGAGTTACTCTACGAGTTAAG CTGAAG For full-length and gDNA sequence of Xc-HSP70
P8 CAATATCAGTAAAAGCTTGCTGTAATGTTG

5'HSC70GSP1
5'HSC70GSP2
5'HSP70GSP1
5'HSP70GSP2
3'HSC70GSP1
3'HSC70GSP2
3'HSP70GSP1
3'HSP70GSP 2

GTTGGAAGCGAGGTCCTTCTTG

GTCGGTGGTTCTACCCGTATTCC
TACCGTCGTTCCACTAGTGATTT

HSC70 F CTTGCACGGTGACAAGTCTGAG

HSC70R GAATGTCTGGGTTTGCTTGGTG

HSP70 F GTGACGCGAAGATGGACAAGTC

HSP70R CACCGTAAGCTACAGCCTCGTC
-actin F CGCGACCTCACAGACTACCTG

B

B-actin R CGTAGGACTTCTCCAGGGAGC

CGTTACGTTCTCCACTCCCCTTCTTGTCAAGGCCG

ATCAACCCCGACGAGGCCGTAGCTTA
AGGTACAGGATCTGCTGCTGCTCGA
GAACGCTCTGGAATCTTACTGCTTCAACATG
GAAGTCTACCAACAAGGAGAACAAG

5" RACE for Xc-HSC70

5" RACE for Xc-HSP70

3" RACE for Xc-HSC70

3" RACE for Xc-HSP70

RT-qPCR for Xc-HSC70

RT-qPCR for Xc-HSP70

RT-gPCR for B-actin

Note: All primers were synthesized at Shanghai Generay Biotech Co., Ltd. (Shanghai, China).

performed based on the sequenced fragment of Xc-HSC70 and Xc-
HSP70 using the 3'Full and 5'Full RACE kit (TaKaRa, Dalian, China). We
designed the 5'RACE and 3'RACE primers 5'HSC70GSP1, 5'HSC70GSP2,
5'HSP70GSP1, 5'HSP70GSP2, 3'HSC70GSP1, 3'HSC70GSP2, 3'HSP70G-
SP1, and 3'HSP70GSP2 (Table 1) and combined the 3 single fragments
of Xc-HSC70 and Xc-HSP70 to design the full-length primer pairs P5, P6
and P7, P8, respectively.

CLONING OF THE XC-HSC70 AND XC-HSP70 GENES FROM GE-
NOMIC DNA

Genomic DNA was isolated from 5th instars using the Universal
Genomic DNA Extraction kit (Takara, Dalian, China) according to the
manufacturer’s instructions. The concentration and quality of the DNA
were verified by spectrophotometry and electrophoresis on a 1.0%
agarose gel.

To determine whether the Xc-HSC70 and Xc-HSP70 genes con-
tained introns in their coding regions, the genomic DNA fragments for
Xc-HSC70 and Xc-HSP70 were amplified from genomic DNA (100 ng)
as a template, and their nucleotide sequences were analyzed. For Xc-
HSC70 intron analysis, the amplification was performed using a pair
of specific primers (P5, P6; Table 1), and the amplification conditions
were 94 °C for 3 min, followed by 35 cycles of 94 °C for 30 s, 58 °C for
45 s, and 72 °C for 4 min, with a final elongation step at 72 °C for 10
min. For Xc-HSP70 intron analysis, the genomic DNA fragment was am-
plified using a pair of specific primers (P7, P8; Table 1), and the ampli-
fication conditions were as described above. The DNA fragments were
then cloned and sequenced.

SEQUENCE ANALYSIS

The bioinformatic software DNAStar (DNAStar, USA) was used
to split joint the full-length sequences of Xc-HSC70 and Xc-HSP70.
BLAST software was used to analyze the homology of the sequences
(http://www.ncbi.nlm.nih.gov/blast/). Biology WorkBench (http://
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workbench.sdsc.edu/) was used to identify the open reading frames
(ORFs). ProtParam (http:// http://web.expasy.org/protparam/), Scan-
Prosite (http://prosite.expasy.org/scanprosite/), and SWISS-MODEL
(http://www.swissmodel.expasy.org/SWISS-MODEL.html) were used
to analyze the protein sequence characteristics. PSORT Il (http://psort.
hgc.jp/form2.html) was used to calculate the nuclear localization signal
fragment. CLUSTALW and MEGA 4.0 were used to draw the cladogram.
Spidey (http://www.ncbi.nlm.nih.gov/spidey/) was used to analyze the
genomic introns.

QUANTITATIVE ANALYSIS OF XC-HSC70 AND XC-HSP70 MRNA
EXPRESSION

Total RNA isolation and first-strand cDNA synthesis were isolated
as above. Real-time quantitative PCR (QRT-PCR) primers were designed
using the Xc-HSC70 (HSC70 F, HSC70 R) and Xc-HSP70 (HSP70 F, HSP70
R) sequences, and the resulting products had lengths of 145 bp and
141 bp, respectively. The reference gene B-actin was used as an en-
dogenous control to quantify the expression of the target genes. This
gene is an appropriate control for studies on HSP70s in insects during
this wide developmental window as determined in our previous stud-
ies (Jiang et al. 2012; Yu et al. 2012), with a resulting product of 156
bp. Xc-HSC70, Xc-HSP70, and B-actin sequences were amplified from
each of the instars under each treatment condition using specific prim-
ers, Thunderbird® Sybr qPCR Mix (ToYoBo, http://www.toyobo-global.
com, Japan), and a Chromo4™ Real-Time PCR instrument (Bio-Rad,
Hercules, California, USA). All of the amplifications were performed in
triplicate. The final volume of each qRT-PCR reaction was 20 pl, which
contained 10 pl of 2 x SYBR Mix (ToYoBo, http://www.toyobo-global.
com, Japan), 1 pl of diluted cDNA template, 7.8 ul of PCR-grade water,
and 0.6 pl of each primer at 10 uM. PCR conditions were as follows: 95
°C for 30 s and 40 cycles of 95 °C for 10 s and 60 °C for 30 s.

Xc-HSC70 and Xc-HSP70 expression levels were calculated using
the 2*“ comparative threshold cycle (CT) method (Livak & Schmittgen
2001). The mean and standard deviation were calculated from experi-
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ments performed in triplicate and presented as n-fold differences in
expression. Differences in the transcriptional features of Xc-HSC70 and
Xc-HSP70 in different developmental stages were analyzed using SPSS
16.0. Statistical significance was determined using one-way analysis of
variance (ANOVA) and post-hoc Duncan multiple range tests. Signifi-
cance was defined as P < 0.05.

Results

NUCLEOTIDE ANALYSIS AND DEDUCED AMINO ACID SEQUENCES
OF XC-HSC70 AND XC-HSP70

Total RNAs of Xc-HSC70 and Xc-HSP70 were isolated from larvae of
X. c-nigrum which reared at room temperature and treated at 37 °C re-
spectively. Full-length cDNAs of Xc-HSC70 and Xc-HSP70 were 2,152 bp
(published in Wang et al. 2014) and 2,213 bp (published in Wang et al.
2015), respectively. The sequence of Xc-HSC70 contains a 5'-terminal
untranslated region (UTR) of 101 bp, a 3'-terminal UTR of 86 bp, and
an ORF of 1,965 bp that encoded a protein of 654 amino acids with
a calculated molecular weight of 71.59 kDa (Fig. 1). The sequence of
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Xc-HSP70 also contains a 5'-terminal UTR of 147 bp, a 3'-terminal UTR
of 86 bp, and an ORF of 1,965 bp that encoded a protein of 654 amino
acids with a calculated molecular weight of 71.62 kDa (Fig. 2). Amino
acid sequence analysis indicated that Xc-HSC70 and Xc-HSP70 con-
tained the cytoplasmic characteristic motif EEVD (Boutet et al. 2003)
and 3 signature sequences of the HSP70 family (Figs. 1 and 2). At the
carboxyl terminal region, Xc-HSC70 contained 3 consecutive repeats
of the tetrapeptide motif GGMP (617 to 628 amino acids), whereas
Xc-HSP70 contained 2 tetrapeptides of GGMP (617 to 620 amino acids,
625 to 628 amino acids). Putative bipartite nuclear localization signals
(NLS) were also observed in the two HSP70s using the online software
PSORT Il (Figs. 1 and 2).

ANALYSIS OF THE GENOMIC DNA STRUCTURE OF XC-HSC70
AND XC-HSP70

For Xc-HSC70 intron analysis, a genomic DNA fragment of 3,710
bp was isolated by specific primers (P5, P6; Table 1). Comparison of
the sequence isolated from genomic DNA with the cDNA sequence
of Xc-HSC70 revealed 9 exons and 8 introns in the Xc-HSC70 frag-
ment. The coding region of the Xc-HSC70 gene contained 8 exons

1 GAAAATTTTT TCGTGAAAAGAAGCCGTCAATCGCGCACGT TTGCTGAGT TACTCAACGAGT TAAGTCAACGACTGAGATAGT TATACAAAAAAA TTAAAA AATGGCAGCAACTAAAGCAC
1 M AATIKA AP
121 CCGCTGTAGGTATCGACTT GGG TACCACTTACTCATGTGT GGGAGT TTTCCAGCATGGTAAGGT GGAGAT CATCGCCAACGACCAGGGCAACAGGACCACGCCCTCATATGT CGCGTTCA

8 AV GIL DL GTT Y A FT
I

CAGACACCGAGCGTCTCATCGGAGATGCCGCCAAGAACCAGGTGGCGATGAACCCTAACAACACAAT TTTCGATGCCAAACGTCTCATCGGCCGTAAATT CGAAGATGCCACTGTACAAG

S C V|6 VF @ HGEKVETITIANDARGNIRTTZPSTYFYV

241

48 DTERLTIGDAAEKNG QVYAMNPNNTIFDAKERLTIGREKTFEDATVA QA
361  CCGACATGAAGCACTGGCCCTTCGAGGTAGTCAGTGACGGTGGCAAGCCAAAGATCAAGGTCTCATACAAAGG TGAAGACAAAACCTTCTTCCCTGAGGAAGT TAGCTCAATGGTGCTCA
88 DMKHVWPFEVYSDGGEKPEKIEKYSTYEKGEDEKTTFFPEETVSSMH VLT
481  CAAAAATGAAGGAAACAGCCGAGGCCTACCTCGGCAAAACTGTGCAGAATGCAGTAATCACGGTTCCAGCGTACTTCAATGACTCACAGAGACAAGCCACAAAAGATGCGGGTACCATCT
128 KMEKETAEAYLGEKTVQNAVITVPAYFNDS SO QRQATEKDAGTTIS
601  CTGGCTTGAATGTTCTCCGTATTATCAATGAACCGACTGCTGCTGCGATTGCGTACGGCCT TGACAAGAAGGGGAGTGGAGAACGTAACGTATTGAT TTT CGATCTCGGCGGCGGTACCT
168 GLNVLRIINETPTAAATIAYGLDEEKGSGERNVYLTIFPLGGGTTF]
il
721  TCGACGTTICCATCCIGACCATCGAGGATGGTATCTTTGAAGT AAAGTCCACCGCCGGTGACACGCATTTGGGAGGAGAGGACTTCGACAACCGAATGGTAAACCACTTTGTGCAAGAGT
2060 [Dvs I L|ITIEDGTIFETYE KSTAGDTHLGGEDTFTDNERMYNHTFVYVA QEFTF
i
841  TCAAGAGGAAATACAAGAAGGACCTCGCTTCCAACAAGAGGGCCCTTCGTCGGTTGCGCACTGCCTGTGAAAGGGCGAAGAGAACTCTCTCCTCGTCCACCCAGGCTAGCATTGAAATCG
248 KREYRKEKDTLASNERALTERRLERTACERAEKRTLSSST QASTIETD
961  ACTCTCTGTTCGAGGGTATTGACTTCTATACCTCCATCACCAGGGCTCGTTTTGAAGAACTGAACGCTGACCTGTTCAGATCCACTATGGAGCCTGTGGAGAAGTCCCTTCGTGACGCGA
288 SLFEGIDFT YTSITRARFEELNADLTPFRSTUMETPVETEKSLTERDAEK
1081 AGATGGACAAGTCTCAAATCCACGACATCGTACTTGTCGGTGGTTCTACCCGTATTCCCAAAGTGCAGAAGCTCCTTCAAGACTTCTT TAA TGGCAAGGAGCT TAACAAATCCATCAACC
328 M DKSQIHD[IVLYGGSTRIPEKLYG QEKLL QDFFNGEKETLNESTINPEP
T

1201 CTGACGAGGCCGTAGCTTACGGTGCTGCCGTCCAGGCTGCCATCTTGCACGGTGACAAGTCTGAGGAGGTGCAGGATCTTCTGCTGCTCGACGTGACTCCGTTGTCGCTCOGTATCGAAA
368 DEAYVAYGAAVQAAILHGDEKSEEV@Q@DLLLLDVTPLSLGTIET
1321  CTGCOGGCGGTGTAATGACCACACTCATCAAGCGCAACACCACCATCCCCACCAAGCAAACCCAGACATT CACCACCTACTC TGACAACCAGCC TGGAGTACT TATCCAGGTGTTCGAAG
408 AGGYMTTLIEKRNTTTIPTEKQTQTFTTYSDNQPGVLTIQYTFTESG G
1441  GTGAGOGCGCCATGACCAAGGATAACAACCTTCTCGGAAAGTTCGAGCTGACCGGCATCCCTCCCGCGOCGCGTEGCETGOCCCAGATCGAAGTCACCTTTGACAT TGACGCCAACGGCA
448 ERAMTEKDNNLLGEKFELTGIPPAPRGYPQIEYVTTFDTIDANEG.I
1561 TTCTTAACGTGTCGGCCGTCGAGAAGTCTACCAACAAGGAGAACAAGATCACCATCACCAACGACAAGGGCCGTCTCTCAAAGGAGGAGAT CGAGCGCATGGTCAACGAGGCCGAGAAAT
488 LNVSAVEEKSTNEKENEKTITITNDE KGRLSEKETETLETRMYVNEATEEK.SY
1681 ACAGGACTGAGGATGAGAAGCAAAAGGAGACCATCCAGGCTAAGAACGCTCTGGAATCTTACTGCTTCAACATGAAGTCCACCATGGAAGA CGAGAAGCTCAA GGACAAAATCTCCGACT
528 RTEDEERKG QEKETTIQAEKNALESTYCFNMEKSTUMEDEERKLTEKDETISDS
1801 CCGACAAACAGACCATCCTGGACAAGTGCAACGACACCATTAAATGGCTAGACTCCAATCAGTTGGCTGACAAAGAAGAATACGAGCATAA GCAGAAGGAACTGGAAGGCATCTGCAACC
568 DEQTILDEKCNDTTIERKTW¥LDSNGQLADEKETETYEHEK QEKETLEGTITCNP
1921 CTATTATCACCAAAATGTACCAGGGAGCAGGTGGTATGCCOGGCGETATGCCOGGAGGTATGCCCGGCTTCCCCEGCE6CCTCCCOG06C6GETCE0RCCECTCCCOETEECEGTECCG
608 I ITEKY¥Y¥YQGAGGMPGGMPGGMPGFPGGAPGAGGAAPGG GG GASG G
2041  GACCTACCATCGAGGAGGTCGACTAAACATTCCAACAAATTATACAGCAAGCTTTTACTGATATTGCAGTATTCAACTACAGTACAGT CTCTCC ARTAAATGATTGAAACTCAAAAAAAA
648 PTIEETVD*+

2161 AAAA

Fig. 1. Nucleotide and deduced amino acid sequences of Xc-HSC70. The signature sequences of the HSP70 family are shown in boxes, the nuclear localization
signal sequence is underlined, the consensus sequence EEVD at the C-terminus is indicated in italics, and the start and stop codons are in bold. The nucleotides
and amino acids are numbered along the left and right margins. The sequence encoding Xc-HSC70 has been deposited in GenBank under accession no. KC844151.
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ATTCGCGGATCCACAGCCTACTGATG

ATCAGTCGATGGAAAATTTTTTTTTTTT TCGTGAAAAGAAGCCGTCAATCGCGCACCT TTGCTGAGT TACTCTACGAGT TAAGTCAACGACTGAGATAGT TATACATAAAATTAATAAAA
ATGGCAGCAACTAAAGCACCCGCTGTAGGTATCGACT TGGGTACCACTTACT CATGTG TGGGAGTTT TCCAGCATGGTAAGG TGGAGATCATCGCCAACGACCAGGGCAACAGGACCACG
MA AT EKAPAVG|IDLGTTTYSCVYV|6GYFQ HGEY ETITANDU QGNRTT

I

CCCTCATATGTCGCGT TTACCGACACTGAGCGTCTCATCGGAGATGCCGCCAAGAACCAGG TGGCGGTGAACCCTAACA ACACAATTT TOGATGCCAAACGTCTCATCGGCCGCAAATTC
PSYVAFTDTERLTIGDAAEKNA QYVAVNPNNTTITFDAEKTE RLTIGRTEKTF
GAAGATGCCACCGTACAAGCTGATATGAAGCACT GGCCCT TCGAGGTAGTCAGTGACGGTGGCAAACCAAAGA TCAAGG TCTCGTACAAAGGCGAAGACAAAACCT TCT TCCCTGAGGAA
EDATVAQADMEKEHY¥YPTFEVVYSDGGEKEPI KTIZEKTYVSYZEKTGETDEKTTFTFTPEE
GTTAGCTCAATGGTGCTCACAAAAATGAAGGAAACAGCCGAGGCCTACCT CGGCAAAACGGTGCAGAA TGCAGTAATCACGGT TCCAGCGTACTTCAATGACTCACAGAGACAAGCCACA

121 V55 M¥VLTEKMEKETAEAYLGEKETVAQ@NAVITVPAYTFNDS S QR QAT
627 AAAGATGCGGGTACCATCTCTGGCTTGAATGT TCTCCGTAT TATCAATGAACCGACTGCTGCTGCGAT TGCATACGGCCT TGACAAAAAGGGGAGTGGAGAACGTAACGTATTGATTTTC
161 EDAGTTISGLNV VLR RTIINEVZPTAAATIAYGLUDIEKTEKSGSGETI RNTVLTIF
747 GATCTCGGCGGCGGTACCTTCGACGT TTCCATCCTGACCATCGAGGATGGTATCTT TGAAGTAAAGTCCACCGCTGGTGACACGCATTTGGGAGGAGAGGACTTCGACAACCGAATGGTA
201 I[pL 66 6T FD VS I LTI EDGTITFETVESTAGDTHLGGEDTFDNRUMYV
11
867 AACCACTTTGTGCAGGAGT TCAAGAGGAAATACAAGAAGGACCTCGCTTCCAACAAGAGGGCCCTTCGTCGGT TGCGCACTGCCTGTGAAAGGGCGAAGAGAACTCTCTCCTCGTCCACC
241 NHFVQEFKRKTYEKIEKDILASNEKRALIERKRLIRTACEIRAEKRTLTSSS ST
987 CAGGCTAGCATTGAAATCGACTCTCTGT TCGAGGGTATTGACT TCTATACCT CCATCACCAGGGCTCGTT TTGAAGAACTGAACGCTGACCTGT TCAGATCCACTATGGAGCCTGTGGAG
281 @ ASIEIDSLTPFESGIDFTYTS STITIRARFPFETELNAIDLTFRTSTMMETPTVE
1107 AAGTCCCTTCGTGACGCGAAGATGGACAAGT CTCAAATCCACGACATCGTACTTIGTCGGTGGTT CTACCCGTATTCCCAAAGTGCAGAAGCTCCTTCAAGACT TCT TTAATGGCAAGGAG
321 KES LRDAI KM DEKESQ IHODII VL V6 GS TRTIPIEKEY Q@QEKLLUG DT FFNGTEKETE
I

1227 CTTAACAAATCCATCAACCCTGACGAGGCTGTAGCTTACGGTGCTGCCGTCCAGGCTGCCATCT TGCACGGTGACAAGT CTGAGGAGG TGCAGGATCTGCTGCTGCTCGACGTGACTCCG
361 LNKESINPDEAVAYGAAVQAAILUHGDT K SEEVAQDLLTLLTDVTEP
1347 TTGTCGCTCGGTATCGAAACCGCCGGCGGTGTCATGACCACACTCATCAAGCGCAACACCACCATCCCCACCAAGCAAACCCAGACATTCACCACCTACTCTGACAACCAGCCTGGAGTA
401 LSLGIETAGGYV MTTLTIIEKRNTTIPTIEKA TAQTT FTTYSUDNA QPG GTYV
1467 CTTATCCAGGTGT TCGAGGGCGAGCGCGCCATGACCAAGGAAAGGAACACACTCGGAAAGT TCGAGCTGACCGGCATCCCTCCCGCGCCCCGTGGCGTGCCCCAGATCGAAGTCACCTTC
441 LI Q@ VFEGEZ RAMTEERNTLSGEKETFELTSOGIPPAPRGSGVYPQQTIETVTTF
1587 GACATCGACGCTAACGGCATTCTCAACGTGTCTGCCGTCGAGAAGT CGACTAACAAGGAGAACAAGATCACCATCACCCACGACAAGGGCCGTCTCTCCAAGGAGGAGATCGAGCGCATG
481 DI DANGILNVYVSAVEEKSTNEKTENEKTITTITUHDZEKSGRLSEZEKTETETITETRKHM
1707 GTCAACGAGGCCGAGAAGTACAGGACTGAAGACGAGAAGCAGAAGGAGACCATCCAGGCTAAGAACGCCCTGGAATCTTACTGCT TCAACATGAAGT CCACCATGGAGGACGAGAAGCTC
521 VNEAEEKYRTETDEZE KO QEKETTIA® QAKNALESTYCFNUM ET STMET DTETE KL
1827 AAGGACAAGATCTCAGACTCCGACAAGCAGACCATCCTGGACAAGTGCAACGATACCATCAAATGGCTGGACTCCAACCAGCTGGCTGACAAGGAAGAATACGAGCCCAAGCAGAAGGAA
561 EDEKEISDSDEKAQTTILDIEKTCNDTTII KT W¥WLD SN QLA ATDTEKTETETYTYEPI KT SGEKE
1947 TTGGAAGGCATCTGCAACCCAATCATCACCAAGA TGTACCAGGGAGCAGGTGGCATGCCCAGTGGTATGCCCGGAGGCA TGCCCGGCT TCCCCGGGGGCGCTCCCGGLGCGGGGEGGCGCA
601 LEGICNPTITITIEKMMYA QQOGAGOGMPSOGMPOGOGMPGTFPGOGAPGAGTGA
2067 GCCCCOGGGGGCGGTGCCGGACCTACCATCGAGGAGGTCGACTAAACAAACATTCCAACAT TACAGCAAGCTT TTACTGATATTGCAGTAT TCAACTACAGTACAGTGT CTCCAATAAAT
641 APGGGAGPTTIEEVFV¥DH=*

2187 GATTGAAACTCAAAAAAAAAAAAAAAA

Fig. 2. Nucleotide and deduced amino acid sequences of the Xc-HSP70 gene. The signature sequences of the HSP70 family are shown in boxes, the nuclear localiza-
tion signal sequence is underlined, the consensus sequence EEVD at the C-terminus is indicated in italics, and the start and stop codons are in bold. The nucleotides
and amino acids are numbered along the left and right margins. The sequence encoding Xc-HSP70 has been deposited in GenBank under accession no. HQ698836.

and 7 introns (Fig. 3). The first intron (561 bp) was located in the
5' non-coding region, whereas the other introns were in the coding
region, and their lengths were as follows: 157, 213, 87, 86, 135,
101, and 218 bp. All of the donor and acceptor sites of these in-
trons were GT and AG, respectively, following the GT/AG rule as
described by Breathnach & Chambon (1981) and Ming et al. (2010).
For Xc-HSP70 intron analysis, a 2,043 bp genomic DNA fragment
was isolated by specific primers (P7, P8; Table 1), with a sequence
identical to that of the Xc-HSP70 cDNA, indicating that there was no
intron in the coding region of the Xc-HSP70 gene. Otherwise, com-
pared with the cDNA and gDNA sequences of the cloned Xc-HSC70
gene, the Xc-HSC70 gene contained 8 introns (Fig. 3), wherein the
longest intron lay in the 5" UTR, which also contained an heat shock
element (HSE)-like core sequence (gaatatgCaGAAtgTTCcaGaa) and
other introns (with different lengths from 86 to 218 bp). This is the
first report on the specific amount and sites of introns in HSC70 of
X. c-nigrum.

SIMILARITY ANALYSIS AND PHYLOGENETIC TREE CONSTRUCTION

Homology analysis revealed that 2 Xc-HSP70s were highly con-
served in insects. The deduced amino acid sequences were highly simi-
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lar to those of other known HSP70s. Xc-HSC70 had higher than 88.1%
similarity with other insect HSC70 genes, 97.8% similarity with HSC70
of Mamestra brassicae L. (Lepidoptera: Noctuidae) and 75% similarity
with HSC70 of vertebrates. Through the similarity analysis, we found
that the Xc-HSP70 genes had higher than 76.1% similarity with other
insect HSP70 genes, e.g., 88.8% identity with HSP70 of M. brassicae
and 86.3% identity with HSP70 of Helicoverpa zea Boddie (Lepidop-
tera: Noctuidae), and 71.5% similarity with HSP70 of vertebrates. The
similarity between Xc-HSC70 and Xc-HSP70 was 83.5%. We also found
that the sequences of Xc-HSC70 and Xc-HSP70 were more closely re-
lated to those of other HSC70 and HSP70 genes, respectively, in insects
than to each other.

Phylogenetic tree construction showed that the HSP gene fam-
ily could be divided into 2 main clusters: HSC70 and HSP70. This clas-
sification was supported by a high degree of confidence, as shown in
the evolutionary tree cluster (Fig. 4). Xc-HSC70 belonged to the HSC70
cluster, which also contained all 11 other Xc-HSC70 genes. Xc-HSP70 be-
longed to the HSP70 cluster, which only contained all of the other HSP70
genes. Therefore, this finding supports that Xc-HSC70 is a constitutively
expressed gene and that Xc-HSP70 is an inducible gene, with a bootstrap
value of 100% in 1,000 replicates. The relationships displayed in the phy-
logenic tree were in general agreement with traditional taxonomy.
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Fig. 3. Schematic structure of the Xc-HSC70 gene. Exons are shown as boxes in which white boxes represent untranslated regions, whereas the black boxes are the
protein-coding exons; introns are indicated as lines between the boxes. The numbers above and below the drawing represent the sizes (base pairs) of each exon
and intron, respectively. The start codon (ATG) and stop codon (TAA) are also indicated. The genomic DNA sequence of Xc-HSC70 has been deposited in GenBank

under accession no. KF731994.

EXPRESSION OF XC-HSC70 AND XC-HSP70 RNA IN RELATION TO
THERMAL STRESS DURING DEVELOPMENT

The relative mRNA expression levels of Xc-HSC70 induced by low and
high temperatures during development were quantified by gRT-PCR (Fig.
5). Xc-HSC70 expression was significantly up-regulated at temperatures
of < -4 or > 40 °C in all developmental stages (P < 0.05), and the Xc-
HSC70 expression level induced by a temperature of 37 °C in 5th instars

100 = Helicoverpa zea HSCT0LEP (ACV32641)

Mamestra brassicae HSC70 LER (BAF03536)
-Xestia c-nigrum % HSC70 LEP (NP_001036892)

43 Leguminivura glycinivurella HSC70 LEP (AGQ30301)

Tribolium castaneum HSC70 COL (XP_966611)
Copris tripartitus HSC70 COL (ABPY7091)
99 Nasonia vitripennis HSC70 HYM (NP_001166228)
Macrocentrus cinguhim HSC70 HYM (ACD34945)

7 Drosophila virilis HSC70 DIP (XP_002053707)

100 Ceratitis capitata HSCT0DIP (AAC23392)

Mus muscufus HSC70 VER (AAA37869)

100 Homo sapiens HSC70 VER (AAK17898)

691 Pan paniscus HSC70 VER (XP_003820013)
e Rutiis noTVEgicis HSP70VER (AAAIT441)

100
100 L Homo sapiens HSP70 VER (AAD21816)

_ggr Ceratitis capitata HSP70DIP (CAATO1S3)
Drosophila virilis HSP70 DIP (AAR17099)

100

_[Pan troglodytes HSP70 VER (BAK62530)

Nasonia vifripennis HsP70 HYM (XP_001604951)

Macrocentrus cingulum HSP70 HYM (ACDB4944)

ﬁl: Tenebrio molitor HSP70 COL (AFES8579)
Anatolica polita borealisHSP70 COL (ABQ39970)

£
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Leguminivura glycinivurefla HSP70LEP (KF731995)
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— -Xestia c-nigrum * Fsp70 LEP (BAF69068)
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Fig. 4. Phylogenetic tree of Xc-HSC70 and Xc-HSP70 amino acid sequences
from different species. A 3-letter code has been included to indicate the order
name of the corresponding insect and vertebrate orders (COL = Coleoptera, LEP
= Lepidoptera, DIP = Diptera, HYM = Hymenoptera, and VER =Vertebrata). The
values indicated on the branches correspond to bootstrap percentages (BP).
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was significantly different from that in the controls (P < 0.05). Therefore,
the onset temperatures at which the expression level of Xc-HSC70 was
significantly higher than that of the controls during cold and heat shock
in most developmental stages were -4 and 40 °C, respectively. The in-
tensity of the temperature response of Xc-HSC70 varied among the de-
velopmental stages. Higher increases of 2.69 and 4.61 fold appeared in
2nd instars and pupae at -4 and -7 °C, respectively, under cold shock,
whereas the greatest increases were observed in 2nd instars under heat
shock, with a maximum increase of 3.52 fold (Fig. 5).

No significant increase in relative mRNA expression levels of Xc-
HSP70 were observed when larvae and pupae were stressed by tem-
peratures of 25 °C or when larvae were stressed by temperatures of <
34 °C (Fig. 6, P> 0.05). However, Xc-HSP70 was significantly up-regulat-
ed at temperatures of <0 °C or 2 37 °C (P < 0.05). Therefore, the onset
temperatures for Xc-HSP70 up-regulation during cold and heat shock
in all of the tested developmental stages were 0 and 37 °C, respec-
tively. Higher increases of 6.54 and 12.47 fold appeared in 5th instars
at -4 °C and pupae at -7 °C, respectively, under cold shock, whereas
the greatest increases were observed in 5th instars under heat shock,
with a maximum increase of 8.98 fold (Fig. 6). The intensity of the tem-
perature response of Xc-HSP70 varied among developmental stages,

second

3 *

7 4 0 5 25 28 31 34 37 40 43 45 47 7 4 0 5 25 28 31 34 37 40 43 45 47

fourth * g - | fifth ¥

25 * * 254«

The relative expression level
(HSC70 mRNA/p-actin mRNA)
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Fig. 5. Xc-HSC70 mRNA expression profiles induced by cold (-7 to 5 °C) and
heat (37 to 47 °C) in 2nd, 3rd, 4th, 5th, and 6th instars and pupae of Xestia c-
nigrum. The relative quantities indicate the levels of the HSC70 gene transcript
normalized against transcript levels of B-actin as an internal standard and com-
pared with the transcript levels of the untreated control at 25 °C. An asterisk
indicates a significant difference between the control and heat shock conditions
(significant, * P < 0.05). The data are denoted as the mean + SEM (error bar).
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showing expression profiles similar to those of Xc-HSC70 during devel-
opment. Xc-HSC70 was significantly up-regulated at temperatures of <
-4 °Cor 240 °C (P < 0.05). And the onset temperatures for Xc-HSC70
up-regulation during cold and heat shock in all of the tested devel-
opmental stages were -4 and 40 °C, respectively. Higher increases of
2.7 and 4.6 fold appeared in 2th instars at =4 °C and pupae at -7 °C,
respectively, under cold shock, whereas the greatest increases were
observed in 5th instars under heat shock, with a maximum increase of
3.5 fold (Fig. 5).

Comparative mRNA expression profiles of Xc-HSC70 and Xc-HSP70
induced by cold and heat during development indicated 3 obvious
characteristics (Figs. 5 and 6). First, the onset temperature varied be-
tween Xc-HSC70 and Xc-HSP70, depending on development stage in
the case of heat shock but not cold shock, with a value of 40 °C for
Xc-HSC70 in most developmental stages and 37 °C for Xc-HSP70 in all
tested stages. Second, the temperature responses of Xc-HSP70 at any
given temperature or developmental stage were more intense than
those of Xc-HSC70.

The expression levels of the 2 X. c-nigrum heat shock protein genes
in different developmental stages at 25 °C were determined relative to
the expression levels in 2nd instars. Xc-HSC70 and Xc-HSP70 expression
decreased with the development of the larva and pupa without ther-
mal stress (Fig. 7). Expression decreased substantially with larval age,
and the lowest expression level was observed in 4th instars and then
increased in 5th instars and 6th instars again. Expression of Xc-HSC70
and Xc-HSP70 did not change significantly in 4d and 6d-old pupa.

Discussion

Cluster analysis supported the finding that Xc-HSC70 and Xc-HSP70
belong to 2 different branches of HSP70 and HSC70, respectively. Some
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Fig. 6. Xc-HSP70 mRNA expression profiles induced by cold (-7 to 5 °C) and
heat (37 to 47 °C) in 2nd, 3rd, 4th, 5th, and 6th instars and pupae of Xestia c-
nigrum. The relative quantities indicate the levels of the HSP70 gene transcript
normalized against transcript levels of B-actin as an internal standard and com-
pared with the transcript levels of the untreated control at 25 °C. An asterisk in-
dicates a significant difference between the control and heat shock conditions
(significant, * P < 0.05). The data are denoted as the mean + SEM (error bar).
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Fig. 7. Expression levels of 2 HSP70s at different developmental stages relative
to expression levels in 2nd instars at 25 °C. The data are denoted as the mean
+ SEM (error bar), and the different lowercase or uppercase letters indicate a
significant differenwce in the means as assessed using multi-comparison tests
(P <0.05).

studies have found that expression of HSP70 increased significantly af-
ter the induction of environmental stress, but HSC70 expression was
lower than HSP70 expression (Deane & Woo 2005). It has been sug-
gested that the lack of introns in inducible HSP70 genes could help to
circumvent blocks in RNA splicing and enable preferential expression of
heat shock proteins during periods of stress (Huang et al. 1999), thus
protecting cells against harmful insults. In this study, genomic DNA se-
guence analysis revealed 8 introns in the coding region of the Xc-HSC70
gene, representative of constitutive features, whereas the Xc-HSP70
gene did not contain any introns, representative of inducible features.
All of the intron borders of the Xc-HSC70 gene start and end with the
consensus GT and AG splicing signals (Breathnach & Chambon 1981).
Xc-HSP70 was significantly different from Xc-HSC70 with regard to ex-
pression amount and expression time, and it displayed an increased
rate of expression. The gRT-PCR results suggested that Xc-HSC70 was
constitutively expressed and that Xc-HSP70 was induced, possibly be-
cause the Xc-HSP70 gene had no introns and Xc-HSC70 had introns,
which affect the splicing and joining of mRNA (Yost & Lindquist 1991;
Chuang et al. 2007).

The heat shock response is characterized by the induction of nu-
merous HSPs (Balch et al. 2008) and is mostly regulated at the tran-
scription level by heat shock transcription factors (HSFs), which can
specifically bind to heat shock elements (HSEs) in the promoters of
heat shock genes (Morimoto 1998). HSEs are composed of at least 3
inverted repeats of the consensus sequence nGAAn (Fernandes et al.
1994). The longest intron of Xc-HSC70 lies in the 5’ UTR, which also
contains an HSE-like core sequence (aGAAtatgcaGAAtgttccaGAAa).
The HSFs bind to the HSEs and initiate the transcription of the HSP70s
(Morimoto 1993). Although we did not measure the HSC70 or HSP70
protein level in this experiment, the precondition of higher levels of
HSC70 or HSP70 is the higher abundance of HSC70 or HSP70 mRNA,
respectively, because the synthesis of HSP70s is primarily regulated at
the transcriptional level (Molina et al. 2000). To sustain a proper level
of HSP mRNA, the transcription of HSP genes can be controlled by neg-
ative regulation of HSPs. When HSPs reach high levels, HSFs bind to the
HSPs, which blocks DNA binding to HSE genes (Morimoto 1993). The
difference in mMRNA expression between the Xc-HSC70 and Xc-HSP70
genes may be related to unique structures (Ali et al. 2003), functions,
and regulatory characteristics (Park et al. 2001; Kregel 2002).

Although heat shock was the first stress shown to elicit synthesis of
HSPs, it is now evident that various environmental, physiological, and
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genetic factors (Sgrensen et al. 2003), even cold shock (Goto & Kimura
1998), can regulate the expression of these same proteins. Therefore,
the regulation of inducible HSP70 genes plays an important role in cel-
lular responses. The function of HSP genes in thermotolerance has
been confirmed in various organisms (Sonna et al. 2002; Huang & Kang
2007). In X. c-nigrum, Xc-HSC70 and Xc-HSP70 were positively induced
during development when the insect was stressed, regardless of heat
or cold, suggesting that up-regulation of these genes is essential for
thermotolerance in X. c-nigrum.

The level of Xc-HSP70 expression and transcription was increased
after thermal stress treatments in different developmental stages,
which suggests that Xc-HSP70s are closely associated with insect re-
sistance to thermal stress (Sonoda et al. 2006; Zhang & Denlinger
2010). The intensity of the temperature responses also varies among
HSP70 genes in different insects. Heat induction resulted in an expres-
sion increase of approximately 6 fold for the Xc-HSP70 gene (Figs. 5
and 6). This finding is peculiar because in many other insects, includ-
ing some Lepidoptera species, heat up-regulates HSP70 expression by
more than 100 fold. Regarding the 6-fold induction, we consider that
the experimental materials, which were taken from the northernmost
province of China in Heilongjiang Province (Habin, 130°10’N, 46°40’E),
may be an important factor. Some studies have shown that production
of HSP70 in response to temperature shock is less intense in organisms
that are more frequently exposed to unfavorable temperatures in their
habitat than in organisms in benign conditions (Sgrensen et al. 2001;
Lyytinen et al. 2012). As the synthesis of HSP70s requires considerable
energy and may thus occur at the cost of the synthesis of other proteins
(Krebs & Loeschcke1994), northern populations might have evolved a
less costly way to resist cold stress (Lansing et al. 2000; Sgrensen et al.
2003). HSP70s may not be the only proteins involved in heat and cold
resistance; other proteins such as HSP20, HSP60, and HSP90 may also
be involved in heat resistance (Zhang & Denlinger 2010; Wang et al.
2012) or in the accumulation of low-molecular-weight cryoprotectants
(Crowe et al. 1988), synthesis of antifreeze proteins (Duman 2001),
and remodeling of the structure of the cell membrane (Tomcala et al.
2006). Some studies have found HSP70 to be up-regulated 2-5 fold in
insects (Colinet et al. 2010; Morales et al. 2011; Shu et al. 2011; Wang
et al. 2012; Yu et al. 2012; Luo et al. 2014).

The onset temperature at which HSP70 gene expression is up-
regulated, whether low or high, varies among organisms (Garbuz et
al. 2003). Tomanek & Somero (1999) suggested that the threshold
temperature may be a useful way to identify temperature tolerance
limits and that a higher onset temperature is associated with high heat
tolerance, and vice versa. Findings in Drosophila (Garbuz et al. 2003)
and leaf miner species (Huang & Kang 2007) support this idea. In X.
c-nigrum, the relatively high onset temperature of 40 and 37 °C for Xc-
HSC70 and Xc-HSP70, respectively, in response to heat shock may rep-
resent an indicator of heat tolerance. In contrast, the values of -4 and 0
°C for Xc-HSC70 and Xc-HSP70, respectively, under cold shock may sug-
gest only weak cold tolerance for this species. Furthermore, the differ-
ence in onset temperature between the 2 genes under heat shock, i.e.,
40 °C in most developmental stages for Xc-HSC70 and 37 °Cin all of the
tested developmental stages for Xc-HSP70, may reflect different func-
tions. That is, inducible expression of HSP70 but not HSC70 at “normal”
temperatures in organisms may play a negative role in cell growth and
division. Expression of Xc-HSP70 was not significantly different across
a wide temperature range from 26 to 40 °C, which is consistent with
the negative effect of HSP70 overexpression on growth, survival, and
fecundity observed in other insects (Krebs & Loeschcke 1994).

Finally, the basal HSP70 gene expression profiles varied with de-
velopmental stage, suggesting that these genes may be involved in de-
velopment (Huang et al. 2009). Interestingly, the relative accumulated
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amounts of mRNA from large HSP70s, including HSC70 and HSP70,
may increase or decrease as larval and pupal development progress,
depending on the species (Sonoda et al. 2006). In X. c-nigrum, the rela-
tive transcript levels of Xc-HSC70 and Xc-HSP70 decreased with the
developmental progress of the pupa. These results are consistent with
research conducted on Pteromalus puparum (L.) (Hymenoptera: Ptero-
malidae) and the pyrrhocorid P. apterus (Kostal & Tollarova-Borovanska
2009; Wang et al. 2012). Furthermore, gene expression profiles for in-
duced HSP70s also varied after heat or cold shock during development.
Mahroof et al. (2005) suggested that increased mRNA abundance in-
duced under thermal stress during different developmental stages may
contribute to the increased thermotolerance in those stages. Increased
thermotolerance in young larvae of Tribolium castaneum (Herbst)
(Coleoptera: Tenebrionidae) was suggested to result from increased
expression of HSP70s (Mahroof et al. 2005). In X. c-nigrum, higher
Xc-HSC70 and Xc-HSP70 expression were observed in heat and cold
shocked young larvae and pupae, consistent with high heat resistance
in larvae and stronger cold tolerance in young larvae and pupae. There-
fore, our findings that correspond to thermal acclimation for X. c-ni-
grum during development based on HSP70 gene expression levels are
consistent with temperature tolerances observed in field populations.
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