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ABSTRACT. To explore the function of small heat shock protein genes (shsps) and hsp70 in Ericerus pela, we cloned the full-length cDNA
sequences of hsp21.5, hsp21.7, hsp70, and hsc70 and the genomic sequence of hsc70. Open reading frames of the four hsps were 570,
564, 1,908, and 1,962 base pairs (bp), respectively, which encode proteins with calculated molecular mass of 21.5, 21.7, 69.8, and
71.6 kDa. Amino acid sequence analysis revealed the presence of the conserved Hsp motifs in all four proteins. The genomic DNA of
hsc70 had four introns. ep-hsp21.5 was orthologous and ep-hsp21.7 was species specific. Expression of all four transcripts during heat
or cold stress and development was examined by quantitative real-time polymerase chain reaction. All four hsps were upregulated dur-
ing heat or cold stress in female adults, indicating a correlation between the four hsps and heat or cold-stress tolerance in female adults.
ep-hsp21.7 and ep-hsp70 were upregulated during heat stress in male larvae, implying a correlation between the two hsps and heat-
stress tolerance in male larvae. The four ep-hsps were also upregulated during the developmental process in males, and ep-hsp21.5,
ep-hsp70, and ep-hsc70 were upregulated in females, which indicates their possible role in the developmental regulation of E. pela.
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The Chinese white wax scale insect, Ericerus pela Chavannes
(Homoptera: Coccidae), is a coccid insect famous for its role in wax
production. The species is highly sexually dimorphic with holometa-
morphic males and hemimetabolic females. Females develop through
the egg, first- and second-stage larva, and adult stages during their life.
The female adults only have rudimentary legs and cannot move during
the adult period. However, males undergo egg, first- and second-stage
larva, propupa, pupa, and adult stages, emerging as winged adults.
These white wax scale insects produce only one generation annually,
and the females produce eggs in May (spring), which then develop
through two larval stages. The insects enter the adult stage in August
(summer). Female adults endure the winter and produce offsprings in
the subsequent May before they die. The female adult life spans over
>180 d, with a duration that lasts three seasons: summer, autumn, and
winter. During its life, the female adults of £. pela face summer heat
stress and winter cold stress. Therefore, tolerance of female adults to
high and low temperatures is critical to the survival and reproduction of
E. pela. In contrast, adult males have a life span of <1 wk, and they die
just after copulation in August. In male larvae, the second instar is the
longest developmental stage of 70-80d, during which they continu-
ously secrete large amounts of wax. During this period, heat stress and
high humidity can enhance male larvae to secrete wax, forming a thick
wax layer on the surface of the body (Zhang and Liu 1997, Chen et al.
2007a, Chen and Feng 2009, Chen 2011). The larvae and the pupae
stay in the wax layer until eclosion. To increase wax production, £. pela
are usually transported to areas of high temperature and humidity to fa-
cilitate wax secretion by the male larvae. Therefore, tolerance of sec-
ond-stage male larvae to high temperature stress is critically important
for the wax production and male survival.

E. pela has been bred for over 1,000 yr, and this insect species is
widely distributed in most parts of China and elsewhere, Japan, and the
Korean peninsula. For wax production, high-quality females are pro-
duced in regions with an annual average temperature of 11-16°C, with
the lowest temperature between —5 and —2°C, an annual rain fall of

800-1,200 mm/a, and an annual light period of 1,900-2,500h/a. In
attempts to introduce E. pela to various geographical regions, we
found that E. pela was more adaptable and plastic with respect to the
environment than most of other insects. It is widely distributed in the
subtropical, warm temperate and temperate areas. In Changchun City
of China, where the lowest temperature is below —30°C and the lowest
average monthly temperature is about —13°C, E. pela can survive and
produce offsprings. In Chongqing City, where the highest temperature
is 44°C and the highest average monthly temperature is about 26°C,
E. pela can also survive and carry on reproduction (Zhang and Liu
1997, Chen and Feng 2009, Chen 2011). This remarkable tolerance of
E. pela to extreme hot and cold temperatures is important for wax
production. E. pela also provides a model to study the mechanism of
extreme temperature stress adaptation in insects (Lalouette et al. 2011,
Dunning et al. 2012, Reiskind and Zarrabi 2012). Most studies on
E. pela have focused on white wax production and related ecology
(Jiao and Zhao 1999; Chen et al. 2008, 2011); however, the molecular
mechanisms underlying the adaptability of E. pela to extreme tempera-
tures have not been reported.

Heat shock proteins (Hsps) are induced by a diverse array of
stresses, such as desiccation (Lopez-Martinez et al. 2009), hypoxia
(Michaud et al. 2011), chemicals (Planell6 et al. 2011), metals (Zhang
and Zhang 2012), ultraviolet radiation (Sang et al. 2012), parasitic in-
fections (Shim et al. 2008), and high population densities (Wang et al.
2007). Hsps act as molecular chaperones and play critical roles in facili-
tating correct protein folding or refolding, preventing aggregation of
denatured proteins, degrading misfolded or aggregated proteins, and
transporting and assembling or disassembling proteins (Gething and
Sambrook 1992, Sanders 1993). Hsps are divided into several families
according to sequence homology and molecular mass, including
Hsp90, Hsp70, Hsp60, Hsp40, and small Hsp (sHsp), and each family
comprises one or several members. Among the Hsps, Hsp70 is well
studied and is the major Hsp family that comprises both inducible and
constitutive protein members. The constitutive proteins are referred to
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as heat shock cognate proteins (Hscs), which do not show significant
change in response to stress. Proteins of the shsp family range in size
from 12 to 42 kDa, most of which are smaller than 30 kDa and more
diverse than other inducible Hsps in the sequence, except a conserved
a-crystallin domain of ~90 amino acids (Serensen et al. 2003, Stahl
et al. 2007, Li and Wan 2011, Hanazono et al. 2012). In insects, Hsps
are known to confer temperature tolerance. In addition to this function,
Hsps are also integral to normal cell growth and development, and the
expression patterns of Hsps are in general consistent with enhanced
stress such as cold winter temperatures encountered by insects (Feder
and Hofmann 1999, Morrow and Tanguay 2012). Considering the criti-
cal role of Hsps in response to irreversible stress conditions in many in-
sects, it is presumed that Hsps can also be involved in the temperature
adaptation of E. pela. To explore this possibility, the full-length cDNA
sequences of four Asps (hsp21.5, hsp21.7, hsp70, and hsc70) were se-
lected from the transcriptome of E. pela and cloned. In addition, the
hsc70 genomic sequence was also characterized. Transcriptional ex-
pression patterns of the four E. pela hsps under temperature stress and
during various developmental stages were examined by quantitative
real-time polymerase chain reaction (qQRT-PCR). Our results of this
study will promote greater understanding of the basis for the adaptation
and population variations within E. pela at a molecular level.

Materials and Methods
Insects. E. pela samples were collected from the Chinese private
Ligustrum lucidum in the Research Institute of Resources Insects.

Samples of E. pela were collected at the following developmental
stages: a mixture of male and female eggs, first- and second-stage lar-
vae of male and female, male pupae, male adults and female adults at
early- (FA1), middle- (FA2), and late stages (FA3).

To induce heat stress, female adults and male second-stage larvae,
which have the longest developmental stages for each sex, were exposed
to the following temperatures for 1h: 45°C, 42°C, 39°C, 36°C, and
33°C. To simulate cold stress, temperatures were set at —20°C, —15°C,
—10°C, —5°C, 0°C, and 5°C. Female adults and male second-stage lar-
vae maintained at 25°C were used as controls. Immediately after treat-
ment, all samples were separately homogenized in TRIzol reagent and
then stored at —70°C until RNA extraction. Eggs were used as a control
group. Three replicates were prepared for each experimental group.

cDNA Synthesis and RACE. Total RNA from adult females was iso-
lated using TRIzol reagent (Invitrogen, California, USA) according to
the manufacturer’s instructions and used as template to generate cDNA
using SMARTer RACE (Rapid Amplification of cDNA Ends) cDNA
Amplification kit (Clontech, CA). Specific primers used for RACE were
designed based on Zsp sequences identified in the E. pela transcriptome
(Yang et al. 2012). Primer sequences for hsp21.5, hsp21.7, hsp70, and
hsc70 used in 5'- and 3’-RACE are listed in Table 1. PCR products from
5’- and 3’-RACE reactions were cloned into the pGEM T-Easy vector
(Promega, Shanghai, China) and sequenced. Assembly of all sequences
of cDNA products was done by using DNAMAN software (version 6.0,
Lynnon Corporation; http://www.lynnon.com/pc/pcmain_new.html).

Amplification of Genomic DNA. Genomic DNA was isolated from
adult female E. pela using DNeasy Blood & Tissue kit (Qiagen,
Dusseldorf, Germany). Primers (Table 1) located in the 5’- and 3'-
untranslated regions (UTRs) of Asc70 ¢cDNA were used to amplify
hsc70 genomic DNA. Thermal cycling conditions were as follows:
94°C for 4 min followed by 31 cycles of 94°C for 1 min, 56°C for
1 min, and 72°C for 5 min, with a final extension at 72°C for 10 min.

Sequence Analysis. Amino acid sequences of insect Hsps were down-
loaded from NCBI after BLAST search (http://www.ncbi.nlm.cih.gov/
blast/Blast.cgi). Sequence alignments were conducted by using
DNAMAN. Open reading frames (ORFs) were identified using the ORF
Finder (http://www.ncbi.nlm.cih.gov/gorf/gorf.html). Molecular mass of
the predicted proteins was calculated using the Compute pI/Mw program
available online (http://www.expasy.ch/tools/pi_tool.html), and E. pela
Hsps were named according to their predicted molecular mass.
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Table 1. Primers used in the study
Gene 5'- to 3'-Primer sequences

Primers used in RACE

hsp20.5 5'-1 GGGCCTCAACTGTCAATACACCATCT
5'-2 TTGTCCACCGTCTTGACCACGATTTCCT
3-1 CGACTAGCACCTCAAATACCGT
3'-2 TGAAGCTGCGATTCGACGTGAG
hsp20.7  5'-1 TAGCTGAGGTATTCGTGCGAGTGAT
5'-2 CCTCGATGACCAAATAATCGTCCACAAT
3-1 GTTCAGCAATTCAAACCCGAAGAAAT
3'-2 CGCCAATTCACACGTCGTTACAGATT
hsp70 5'-1 CGATTTCCTCCTTTGACAGTCTTCCT
5'-2 GTCGATCTAAACAAGTCCGAGCACAAT
31 GATTCAAGGATGAGGACGAGAAACAG
32 GAACACGTTGGCCGAGAAAGATGAGTAT
hsc70 5'-1 TCCAACCGGCGAATCGTTTCGTTACAT
5'-2 GTCTTTGCTAAGTCTACCCTTGTCGTT
31 GCCAACGGTATTTTGAATGTGAGT
32 CGCCGGTTGGACTCGAATCAATTAGCT

Primers used in genomic DNA clone

hsc70 5/ ACGGTGAAACTGAAACTGAAG
3/ CTCCAGCGACATTGTATTATTC
Primers used in RT-PCR
hsp20.5 F GATAACGAGTTCAGCAGCAT
R TGGATACGGTATTTGAGGTG
hsp20.7 F GCCAATTCACACGTCGTTAC
R CGGAGCAACAATCGATAGGA
hsp70 F CTCGTGGTATCCCTCAAATC
R CCTCCTTTGACAGTCTTCCT
hsc70 F ACGGTATTTTGAATGTGAGT
R TCTTCAACGGTGCTCTTCAT
p-actin F CCACGAGACGACCTACAAT
R CGATCCATACGGAGTACT

A neighbor-joining tree was constructed using the Poisson-
correction distance method (Nei and Kumar 2000) based on the full-
length amino acid sequences. Alignment of the selected amino acid
sequences was first performed using the CLUSTALX1.83 software
(Thompson et al. 1997) and then imported to MEGAS.0. Phylogenetic
trees were generated using the neighbor-joining method and boot-
strapped with 1,000 iterations to evaluate the branch strength of the
tree. Bootstrap percentages of 1,000 replicates that were >50% were
shown at the nodes (Tamura et al. 2011). sHsp from Arabidopsis
thaliana and Glycine max were used as outgroups.

gRT-PCR Analysis. Specific primer pairs were designed based on the
sequences of Asps and f-actin from E. pela (Table 1). qRT-PCR was
performed on a CFX96 Real-Time PCR Detection System in 20 pl reac-
tions that included 10 pl SsoFast EvaGreen Supermix (Bio-Rad, CA),
1 pl of each of the forward and reverse primers (20 uM), and 2 pl of
c¢DNA template. PCR cycling conditions were as follows: initial dena-
turation at 95°C for 3 min, followed by 30 cycles at 95°C for 10s and
55°C for 20s. Melting curves were generated to ensure specificity of
the PCR products with temperatures from 65 to 95°C, increased in
0.5°C, 5 s increments. Relative gene expression levels of each Asp were
calculated using the 2~*** method (Livak and Schmittgen 2001) with
f-actin as an internal standard for normalization. The least significant
difference test at P < 0.01 level was performed with the DPS statistical
program to analyze gene expression variations (Tang and Feng 2010).

Results

Sequence Analysis of ep-hsp21.5 and ep-hsp21.7. The full-length
sequences of ep-hsp21.5 and ep-hsp21.7 (GenBank accession numbers:
KC161298 and KC161299, respectively) were 997 and 873 bp in
length and contained 570 and 564 bp ORFs, respectively. The ORF of
ep-hsp21.5 encoded a putative protein of 189 amino acids with a calcu-
lated molecular mass of 21.5 kDa, and the ORF of ep-hsp21.7 encoded
a deduced protein of 187 amino acids with a molecular mass of
21.7kDa. ep-hsp21.5 contained a 287-bp 5'-UTR and 140-bp 3’-UTR,
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whereas ep-hsp21.7 had a 150-bp 5’-UTR and 159-bp 3’-UTR. The ter-
mination codon (TGA) was located at 855 and 712 bp, followed by the
polyadenylation signal AATAA (Huang et al. 2008) in ep-hsp21.5 and
ATTAA (Beaudoing et al. 2000) in ep-Asp21.7 (Fig. 1). Blastp compari-
sons of the deduced ep-Hsp21.5 amino acid sequence shared a 77%
identity with sHsp of Spodoptera litura (ADK55519), and ep-Hsp21.7
shared a 55% identity with the putative sHsp from Maconellicoccus hir-
sutus (ABMS55532). Multiple sequence alignment showed that all
sequences contained the conserved a-crystallin domain (Fig. 1), indi-
cating that the isolated ep-hsp21.5 and ep-hsp21.7 sequences were
shsps.

The phylogenetic tree analysis showed that ep-Hsp21.7 was clus-
tered into the species-specific sHsp group, whereas ep-Hsp21.5 was
clustered into the orthologous sHsp group (Fig. 2).

Sequence Analysis of ep-hsp70 and ep-hsc70. Full-length cDNA
sequences of ep-hsp70 (GenBank accession number: KC161300) and
ep-hsc70 (GenBank accession number: KC161301) were 2,355 and
2,417bp in length with 1,908 and 1,962 bp, respectively. ep-hsp70
encoded a deduced protein of 635 amino acids with a calculated molec-
ular mass of 69.8kDa. ep-hsc70 encoded a deduced protein of 653
amino acids with a calculated molecular mass of 71.6 kDa. ep-hsp70
contained a 182-bp 5-UTR and 265-bp 3’-UTR, whereas ep-hsc70
contained a 181-bp 5'-UTR and 274-bp 3’-UTR. The termination codon
(TAA) was present at 2,088 (hsp70) and 2,141 (hsc70) bp, followed by
the polyadenylation signal (AATAAA) and a poly (A) tail. Three char-
acteristic signature sequences of the Hsp70 family were observed in the
amino acids sequences of ep-Hsp70 and ep-Hsc70, including
IDLGTTYS, IFDLGGGTFDVSIL, and IVLVGGSTRIPKIQK (Figs. 3
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and 4). The conserved motif EEVD usually present in the C-terminus
of cytoplasmic Hsp70 was altered to DEVD in ep-Hsp70. A Blastp
search revealed that the deduced amino acid sequence of ep-Hsp70
shared an 81% identity with Bemicia tabaci Hsp70 (ADO14473)
and ep-Hsc70 shared a 92% identity with Nilaparvata lugens Hsc70
(ADE34170).

The phylogenetic tree analysis of Hsp70 showed that ep-Hsp70 was
clustered together with inducible Hsp70, whereas ep-Hsc70 was clus-
tered with cognate Hsc70 of other species. However, both ep-Hsp70
and ep-Hsc70 were clustered with cytoplasmic Hsp70 (Fig. 5).

The genomic DNA sequence of 4sc70 (GenBank accession number:
KC161301) had four introns, which were 1,139, 255, 514, and 94 bp in
length. The first intron was the longest from 173 to 1,311 bp and located
in the 5'-UTR, whereas the remaining three introns were located in the
coding regions, from 1,526 to 1,780 bp, 1,930 to 2,443 bp, and 2,652 to
2,745 bp, respectively (Fig. 4). The intron—exon junctions of the first
three introns followed the GT-AG rule, whereas the fourth intron—exon
junction was AG-TC.

Expression of the ep-hsps in Female and Male E. pela Under

Temperature Stress. qRT-PCR revealed that in females, the mRNA
expression levels of all four Asps were correlated with heat stress. In
adult females at 33°C, the expression of 4sp21.7 and hsp70 were drasti-
cally upregulated by 65.02 and 145.31 folds, respectively, over the con-
trol expression at 25°C (Fig. 6B and C). mRNA expression of isp21.5
and Asc70 was also significantly upregulated, when compared with the
control (Fig. 6A and D).

In male second-stage larvaec, mRNA levels of hsp21.7 increased
when the temperatures were between 33 and 39°C and peaked at 39°C,
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Fig. 2. Phylogenetic analysis of Hsp20 sequences. Some orthologous sequences used in this analysis are from Li et al. (2009). Sequence labels
are denoted by the species names and GenBank accession numbers. Black diamond indicates the sequence of ep-Hsp21.7, and black round
indicates the sequence of ep-Hsp21.5.
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A N P @ G N R TT P S Y VA F TDTETRILTIGDA AU ATEKTNQ YV
CTTTGAATCOGAGGAATACAATTTTCGATGCCAAACGTCTAATTGGTCGGCGTTATGATGATCOGAAAATCACTCAAGATATGGCTCATT
A L N PR NT I F DA KZERILIGRIETY DDVPIEKTIT QD M A H
GGOCCTTTTACCGTTATTAATGATAACTOGAAGCOGAAACT CCAGG TGGAG TATAAAGGAG TGAAAAAAACT T TCTCGCCTGAAGAAATCA
W P F T v I N D N S K P KL Q@ VE Y K G V KEKKTUF S P EE I

F N D S @ R @ A T K D A ¢ A I A ¢ L N V L R I I N E P T A A
CTCTOCCOCTACGCAT TCCACAACAAT TTCAAACGCTCACAAAAATCT ICTGATCT TCCATT TCCCTCCOCGAACAT TOCGATGTGCTCAATOC
A L A Y ¢ L D K N L K G D KNV L|[XI F DL ¢ € ¢ T F D V 5 x|
TCAATATCACOCGAAGCATOGCTAT TOCAGCTCCTTAGTACAGCCCGTCACACTCAT TTAGC TCCAGAGCGATT TCCACAACCGTGTTGTAA
0w *T s E ¢ S L F E ¥V L 58 T A G D THULG GGG E DF D NIER V V
COCATCTGAAAGATGAGT TCAAGAGAAAGTACAACGAGAGATAT T TCAAACAACCATOGTGCCT TEGCCACGACTGAGAACGGCAGCCGAAC
T H L E P E F KR E ¥ K R D I § N N HRALDRIZRILRT A A E
CAGOCAAACCAACCCTATOCTOGACCACCCAAGCTAACAT TCAAATOCATCCTCTCCACCCAGCTCTCCGATT TCTATACCAAAATTTOGA
R A E R T L &8 § T T E A N X E I D A L D A ¢ V D F ¥ T K I S
CAGCTCOCTTTGAAGAAT TCTCCTCCCACT TCTTTAGATCCACCT TOCTGCCAGT TGAAAAACOCOCT TAACCACCCCGAAAT TCGAGTAAGA
R A R F E E L € § P L F R § T L V P vV E K A L KE D A EKE L 5§ K
CTGACATTAACCACGTCCTCT TGCTCCCTGGATOCACTOCTATACCCAAAAT TCAACATCTCCTOCACGAATT TCT TCAACCC TAAGCAGC
s p I N D[V V L V ¢ G T E I P K I @ H|L L @ N F F N ¢ KE @Q
TGAACCTGTCAAT TAACOOGGACGAAGCT GTCGOGTA GOOGTTCA, TTCT TACTAGGTCAGCAATTC
L N L 5 I NF DEAZYAYGAATY QA ATIULSGGDTRS A I
AGGATGTATTACT TGTTGACGTEGUTCOCT TG TCTCTOGGTATCGAAADGGOOGG TG TG TCATGACCAAATTAATCGAGCGGAATAGCC
@ D vV L L VD V A PL S L G I ETAG®GG ¥ MTEKLIEIRNS
GTATTCCATGTAAACAGTOGAAAATATTTACAACATACGCCGATAATCAGCOOGCTGTCACCAT TCAAGTGTT TGAAGGTGAACGAGTAA
E I P €C K @ S K I F T T Y A DNQZPAUVY T I Q V F E G ER A
TTCGATTTGA TATTCO TCCTOGTGGTATOCCTCAAATCGAGGTATCCT TTA
M T E D N N L L ¢6 K F p L T 6 I P P A PRGTI P Q I E V S F
ATATGGATGOGAACGGTATT T TGGACGTTACGGOGAAGGATAGCAGCADCGG TAATGT AATATOGTTATCH CGAL A
N M D AN 6 I L D V T A K D S § T 6 N vV K N T VvV I K N D K G

E N S L E A Y I F @ V E Q@ A L DEAG®GDIEKULUPESEZEKS S C
GOCTCGAATGTGAGAATATGCTTAAATGGTTGGAT TCGAACACGTTGGOCGAGAAAGATGAGTATGATGATAAGCTAAAGGAGTTACAGT
R L E € E N M L K WL P S N TULATEZRKUDE Y DDEKULEKEL @Q
GAATTTGCGCTCCAGTCATGADCAAAATTCATCAAGG TGGCAGCGGEEEOGG TTCCACTGGGGCTAACAGTGCTCG TGAT TCGGGTCCAA
E I ¢ A P V M T K I H @ 6 6 S 6 6 6 5 T €& A N S A R D S G P
CGATCGACGAAGTAGATTAATTATATATT TTGCATTGGTT TTAGAGTAAGTTTTAAGT TOCTTTIGTTTTTTCATTCCTTGAACCTGACG
T I D E V D =*
TGATAGTCCCATAGTTGTATAACT TTCTT TCTTITAATTAGATTCTAATTAT TTTTTCTT TAGCAGAAGGAAATGTTCGTATTTTITATT
TTTTACATTGAAGTTGATGAATGTTTCTTTGTTTTTAATT TTTAAGTAAATCAATAAACGTTGETATTTTGTAAAATCAAAAAAAAAAAR
AAAAAAAAAAAAAAN

Fig. 3. The complete nucleotide and deduced amino acid sequences of ep-hsp70 cloned from E. pela. The three characteristic signature
sequences of the Hsp70 family are boxed. Translation termination codon is marked with an asterisk, and the putative polyadenylation signal is

underlined.
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ACATGGGGATTTTCCTTTGTG TCGCTCGAT COAAACGGTGAAAC TGAAACTGAAGATTT TTAATTTTGTGTGTAAATTTTGTTAAGTT TA
CACTCTTTAGAATAATTCCAT TTTTIT TACAT T TTATTCTAAAT TTATTTTACATT TTG TTG TTTTGGTGTGATTT TAAT TGS tanst an
CACTAEACEITATIIIIECICS gt IATIIEEECtETTCaALE esstet £ 4 & EtATtgETeacta
ttogaaattgotattttgotogaattttta tgtmtot att aatattogtttaat go
EEStatttttcgatttogottactotgmaat gottanttotcagtacy gatct tttgagatgtgt cEtEt
ttacagtagatgatttataattattgttccttttoctotggEctEt T4 tototE ttcattcaagEttEtttatt
ctcagatcgmagtcottigatttgtgacetogeaty * tttgeten tactttet Bt
tcaggattttasctattggatottoacttasattatccamtototasastttoaagtottottttigtttgtttgoattgEgttttantt
at e taagttotcattattatac

ttttgt gtogotcattotttt ttata
asatattgasttattggagttcacattgtitttggtagtatggctottcottgactccatattogecttatagtttgagasatttagt ag
acacattogtotottttggoagagtasttggtacattcagttgatttocattttogtoatanccaatottgaatatttgacttttttass
ccotrtoog Eatom ttogotgttogaattata cggoE

atatasatogttatatgasattot

gtagtocgtoamctogaaggttgagtttettacacamcgtttgatgtogactatgtgocttantttactgttottcottattottatata
tttocattattttcacagATATT TATAATGGCCAAAGCACCAGCGATCGGCATTGAT
M A K AP A I G
TIAGGAACCACATATICTI TGTGTCGGTGTTI TTCCAACATGGAAAAGT TGAAATTAT TGCCAA TGACCAAGGAAACAGAACAACGCCTAGT
[ e T T ¥ S]eve veaneoeor vE I T 4N¥NDaQeNRTTTPS
TACGTTGCGT TCACCGAC ACAGAACGATTGAT TGGCGATGCTGC TAAAAATCAAGT CGCTATGAATCCCACTAACACTATTTTCGgtang
¥ vV A P T DT E RL I G D A A KNGV A MNP TNTTITFPF
cacttEtgtattactoatitctttotticcacttgetEctaatagtattgacatestia tEtta scagomt
stEcat tagtancttEs trttgattEEEatet tEcas Eatttigattgtas
TEtEtITAtECIETARACIEECCtTACATASt I It fAAAEAC tECCAATATATtAtAtEA Tttt toagATGCCAAACGATTAATCGGC
D A E R L I G
AGAAAATTCAATGATCCTGCAATTCAAGCTGACATGAAACATTGGCCTTTTGATGT CGTCAATGATGCCTCGAAACCAAAAATTAAAGTT
R K F N D P A I Q A D M K H W P F D V V N D A S K P K I K V
GAATATAAAGGAGAAAGE. TTTCCTGAAGAAgtamgtot tgantttgtttatgtattttgattgtgtogtatottttigtag
E Y XK 6 E 8 K T F F P E E
totasactogagtottastoatotacgtatotagttt tttttatt tatot toattttact e
tatttgatgtoacgattotoaacctogactioattgagtogoattoaasattogatacott
stErrEEgact tatggotototattgrtgtttagtgatgatgaggottgaanacty

tata tat

toag ttoctagtgat
cattassattgtgatoctot
gatasscatgtotttotcaagtgtattttcagtgattigEtgcatitttattoogtttttagagatttaattantantoactotEtet ta
accatticcttstosaatcccactigsticttcstatatgttatt tattsssctist tantaasgttigsatittatcancotantticton
trtoatttoacagATCTCATCAATGGTATTAAC TAAAATGAAAGAAACAGCAGAAG CCTACT TGGGTAAAACTGTAACTAACGCCGTAGT
I 8 8 M VvV L T K M X B T A B A ¥ L 6 KTV T N AV V
TACTGTTCCTGCCTATTTCAATGACTCACAGCG TCAAGCCACTAAAGATGCCGGCACAATT TCTGGTTTAAATGTCCTTCGTATTATT AA
T VvV P A Y P N DS @ R Q@ A TUXDAGTTI S G L NUVLRTITIN
TGAACCTACTGCGGCCGE TATAGCCTACGGAT TGGATAAGASEE tantttEcEctacat tat gt Etaattt gttt Ett ttcattttaat
E P T A A A I A Y &6 L D K
AR TAAT Tt T tAARTIECERT T I EE T T T LT LT T L LRt cAGGGTCATGGT GAACGAAATGTGTTAATATT CGATCTCGGCGGTG
6 H G E R N V
GTACTTTTGATGTITCGATTT TAACCATOG AAGATGGTATTTTT GAAGTCAAATOGACT GCCGGGOATACTCAT IT GGG TGGTGAAGATT
T F D v S I L]J]T I E D 6 I F E V K S T A 6 D T HL G G E D
TCGATAACCGAATGGTCAACCAT TTCG TTCAAGAATT TAAAAGAAAA TACAAGAAAGAT CT TACCCAGAACAAACG TGC TCTGCGTOGTT
F D N R M V N HF VvV @ E F K R K ¥ K K DL T Q N KR A L R R
TAAGAACATCATGCGAGCGAGCGAAACGAACTC TTTCCTCATCAACCCAAGCCAGT ATCGAAATCGACTCAT TGTACGAAGGCATCGATT
R T 3 € E R A E E T L 3 8 8 T @ A S rE I D8 LY E & T D
TCTATACGTCGATCACTCGAG CCAGAT TOGAAGAGT TGAATGCCGAT TTATTCCGT GGCACAATGOAACCTGTGGAAAAATCCATCCGCG
P ¥ T 8 I T R AR P EELDN A DTLPRGTMEZP V EIZ KS IR
ATGCTAAAATGGACAAAT CACAGATTCATGACATIGT TT TAGTTGGT GG T TCTACC COTAT TCCTAAAGT TCAGAAAT TGT TACAAGATT
D A K M D K S @ T H# p|lI ¥V L V 6 &6 S T R I P K V & K|L L a D
TTTTCAATGGCAAAGAAC TCAACAAAT CCATTAATCC TGATGAAGCOGGT TGCGTAL GGT GCTGCTGTGLAGGCTGCCAT TTTACATGG TG
F F N @6 K E L N K S I N P D E A V A ¥ G A A ¥ @ A A I L H G
ATAAATCAGAGGAAGTCCAAGAT TTACTGT TACTTGACGT TACT CCATTATCGTTGGGT AT TGAGACTGC TGGTGG TGTCATGACTGT TC
D K S EE YV @ DLLLULODPTY TPULSULGTITETATZG GO GV YVMTYV
TCATAAAAAGAAATACTACCA TTCCGACGAAACAAACCCAAACA TTCACTACCTAC TCCGATAATCAACCAGGTGTATTGATCCAAGT TT
L I K R N T T I PTX T QTP T T Y &8 D NAQP GV LI QqyV
ATGAAGGCGAACGAGCTATGACTAAAGACAACAATCTCCTTGGTAAATT TGAGT TGACT GGAAT TCCACCGGCTCCACGAGGTGTTCCTC
¥ B 6 BE R A M T B D N N L L 6 K P BE L T 6 T P P A P R G V P
AGATCOAAGTCACTTTCOACATCGATG CCAACGGTATTTTGAAT GTGAGTGCTGTC GAAAAA TCCACTAACAAAGAAAACAAAATCACCA
@ I B v T P DI D A N G I L ¥ VvV S A ¥V E K S T N EKEB N KTIT
TCACCAACGACAAGGGTAGAC TTAGCAAAGACGAAATTGAACGT ATGGTCAACGAAGCTGAGAAATACAAAGCAGAAGATGACAAACAGA
I T ¥ D K 6 R L S K D BE I BE R M V N BE A B K ¥ K A4 BE D D E g
AATCCATTATCACTGCCAAAAACACGT TAGAAT CTTATTGTTTCAAT ATGAAGAGC ACCGT TGAAGACGAAAAACT GAAAGATAAGAT AL
K 8§ I I T A X N T L B S ¥ P N MK ST VY B D E EL XK DK I
CTGAAGCTGATAAAACCT TGATCT TGGACAAAT GTAACGAAACGATT CGCCGGTTGGAC TCGAATCAAT TAGCTGAGAAAGAAGAATT CG
T B A D E T L T L D X € X BET I RRLDSN G GQTLAZERZEKTETET®F
AACACAAACAGAAAGAAT TAGAATCAACCT TCAACCCTATAATTACGAAATTGTAC CAAGGTOGTGGTGT TCCACCCAC TGGCATGCC OO
P M XK §Q K B L BE S TP N PF I I TRKLJVYGGOG G GV *PPFPTOGCMNTEP
GCGGTTT: CTGGTGGATT GA TGGCGCTGCTCCAGGT TCCGGTGGOCCAAC TATCGAGGAAGT TG
G 6 F P G G A G G F P G A GG AAUPGGG S G G PTTIETEV
ATTAAGCTAATTTTTTGT TACTAGTGAATCCGT GT TAGAAAGTGAAGTATCTGT TG TCGAAAAAT TG TACAGT TCCGAGC TGAGAAGG TT
D =
ATTGTTACATACAATGTG TTAGTCTTTGTTCAT TCCTGT TTCCT TTT TCCTTTTTT TTT TAT TTGAAATTTTTTCATAC TATCTGGAT TC
ACTGAATTTTITAATTTT TTTCTCCAGCGACAT TGTATTATTCTAAA TAAAAATCT TCAGTTTTACCGACAAAAAAAAA AAAAAAAAAAA
AAAAAAAAA

Fig. 4. The nucleotide and deduced amino acid sequences of ep-hsc70

cloned from E. pela. The three characteristic signature sequences of

the Hsp70 family are boxed. Translation termination codon is marked with an asterisk, and the putative polyadenylation signal is underlined.

Nucleotides in lowercase letters represent the intron region.

8.45-fold over the control at 25°C (Fig. 6F). hsp70 was also upregu-
lated in males under heat stress (Fig. 6G), whereas expression levels
of hsp21.5 and hsc70 mRNA were downregulated by the heat stress
(Fig. 6E and H).

All four ep-hsps were significantly induced by cold stress in female
adults. hsp21.5 was upregulated by the cold treatments with a peak at
—10°C, which was a 4.48-fold increase when compared with the con-
trol at 25°C, whereas Asp70 reached a peak at 5°C, 11.88-fold over the
control (Fig. 61 and K).

Expression of ep-hsps in Female and Male E. pela at Different

Developmental Stages. In females, the mRNA levels of hsp21.5 at
each of larval, pupal, and adult stages were higher than eggs (Fig. 7A).
The expression of hsp21.5 reached a maximum in second-stage larvae
with a 23.22-fold increase when compared with eggs. The expression
of hsp21.7 was very low through all stages of the female development
(Fig. 7B). hsp70 was upregulated significantly in the late female adults
(Fig. 7C). hsc70 was upregulated significantly in the first-stage larvae
(Fig. 7D).

In males, the mRNA levels of 4sp21.5 in all developmental stages
were also remarkably higher than in eggs (Fig. 7E). Specifically, the
mRNA level of hsp21.5 was maximal in adults, showing a 50.21-fold
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increase over the eggs. The mRNA levels of other Asps peaked in sec-
ond-stage larvae. The mRNA levels of hsp21.7 and hsp70 in second-
stage larvae were remarkably higher than in other developmental
stages, increasing 19.31- and 22.08-fold, respectively, when compared
with expression in the eggs (Fig. 7F and G). The Asc70 mRNA peaked
at the second larval stage and then decreased in pupae and adult stages
(Fig. 7H).

Discussion

In insects, a number of shsps are reported to be involved in tempera-
ture adaptation and development. For example, six shsps, which are
classified into three groups with diverse functions, are reported in the
common cutworm, S. /itura (Shen et al. 2011), and three shsps are
found to be responsible for cold stress and development in the leaf-
miner, Liriomyza sativa (Huang et al. 2009). In this study, two shsps
(hsp21.5and hsp21.7) were identified and cloned. Phylogenetic analy-
sis showed that 4sp21.5 was classified into the orthologous cluster, and
hsp21.7 was classified into the species-specific cluster (Li et al. 2009).
Orthologous shsps, which include ep-hAsp21.5, have highly conserved
sequences, gene structures, and functions, and they have at least one
intron in their genes. Expressions of these shsps are usually constitutive
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Fig. 5. Phylogenetic analysis of Hsp70 sequences. Some sequences used in this analysis are previously reported by other groups (Huang et al.
2008, Xu et al. 2010, Aruda et al. 2011). Sequence labels are denoted by the species names and GenBank accession numbers. Black diamond

indicates the sequence of ep-Hsp70, and black round indicates the sequence of ep-Hsc70.

but are not inducible in response to environmental stresses. They are
involved in basic metabolic processes. On the other hand, sAsps, includ-
ing ep-hsp21.7, in the species-specific group are clustered in specific
insect order. These intron-less s/sps are important in responses to tem-
perature stimuli and display remarkable mRNA expression differences
in mRNA expression levels during insect development. Although most
insect sHsps identified so far are species specific, many orthologous
sHsps have also been indentified in insects, nematodes (Lillibridge
etal. 1996), amphibians (Franck et al. 2004), and mammals (Kampinga
et al. 2009). However, orthologous and species-specific sHsps may be
involved in various functions in different insects (Shen et al. 2011).

In E. pela females, ep-hsp21.5 was upregulated in larval stages, and
expression in adults was also significantly higher than expression meas-
ured in eggs. Similar upregulation was also observed during male insect
development, suggesting a correlation between ep-hsp21.5 and the
developmental regulation of female and male E. pela. In male larvae,
ep-hsp21.5 was not sensitive to heat stimuli, whereas, in female adults,
ep-hsp21.5 was upregulated significantly by the heat- and cold-stress
treatments, which may explain why E. pela female adults can persist in
—30°C temperatures in Changchun, China. The expression pattern of
ep-hsp21.5 in larval stage was consistent with the expression of orthol-
ogous shsps in most insects.

In contrast, ep-hsp21.7 was more sensitive to the heat or cold stimu-
lus than Asp21.5, indicating that this gene may play more important role
in temperature-stress tolerance than 4sp21.5. Our data were also consis-
tent with studies in Bombyx mori, in which heat shock triggered a mas-
sive increase of six species-specific shsps but not the orthologous
hsp21.4 (Sakano et al. 2006). However, ep-hsp21.7 was upregulated
drastically at the second larval stage, when the wax secretion in males is
at the maximum. Studies to investigate the ecological adaptability of

E. pela and analyses of climatic factors that affect wax secretion have
suggested that wax secretion is an ecological strategy and a protective
response to severe environmental conditions (Chen et al. 2007b). Thus,
ep-hsp21.7 was presumed to be correlated with the protective response
to environment stress by secreting wax.

The members of the Hsp70 family are found to be present in the cyto-
plasm, mitochondria, endoplasmic reticulum, and chloroplast depending
on the sequences specific to the each cellular organelle. For example,
cytoplasmic Hsp70 has the specific motif EEVD. Phylogenetic analysis
revealed the two ep-Hsp70 of E. pela were clustered to the group of cyto-
plasm Hsp70 by their cellular localization rather than insect orders. The
expression of ep-hsp70 was inducible and the expression of ep-hsc70
was constitutive. Usually, 4sc70 genes have introns, whereas most zsp70
genes have no introns, which may facilitate their rapid transcription dur-
ing stress because no mRNA splicing is needed. In this study, ep-hsp70
was typically induced by temperature shock, especially in adults. It was
also drastically upregulated in larval stage of male second-stage larvae.
However, significantly high expression level was detected in both female
adults (FA3) and male adults, indicating that this gene may be correlated
with the development of adults.

Generally, when compared with Asp70, hsc70 is constitutively
expressed in many insects and does not significantly change under con-
ditions of stress (Shim et al. 2006, Colinet et al. 2009, Kostal and
Tollarova-Borovanska 2009). In E. pela, ep-hsc70 was upregulated dur-
ing the development of females and males, indicating that it may be
associated with development. In addition, ep-Asc70 did not respond to
heat shock at the larval stage (male second-stage larvae), which was
consistent with many reports about 4sc70. However, ep-hsc70 was sen-
sitive to heat or cold stimulus in adult stages (female adults). The results
of this study showed that ep-hsc70 was responsible to the heat or
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cold-stress treatments in female adults, suggesting that this gene may
be correlated with temperature—stress tolerance of the female insect in
extreme temperatures. The special expression pattern of sc70 was also
reported in Pteromalus puparum (Wang et al. 2008) and Sarcophaga
crassipalpis (Rinehart et al. 2000).

As a chaperone molecule, /sps have been thought to be involved in
insect developmental processes. Specifically, they play vital roles in
cell differentiation, cell cycle regulation, and embryonic development
(Mahroof et al. 2005, Tachibana et al. 2005, de Andrade et al. 2009,
Zhang and Denlinger 2010). E. pela has intriguing biological character-
istics, but not much is known about the expression patterns of Asps at
extreme temperatures. This study revealed that ep-hsp21.5, ep-hsp21.7,
ep-hsp70, and ep-hsc70 may be correlated with heat or cold-stress toler-
ance in female adults, whereas ep-hsp21.7 and ep-hsp70 could be corre-
lated with heat stress in male larvae. The four ep-hsps may be involved
in the developmental regulation of males, and ep-hsp21.5, ep-hsp70,
and ep-hsc70 may be critical for developmental regulation of females.
However, the physiological functions of these ep-Asps during develop-
ment of E. pela need further investigation.
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