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The Pphsc70 (heat shock cognate 70) gene was isolated from 
the endoparasitoid Pteromalus puparum and then charac-
terized. The full-length cDNA was 2204 base pair (bp) and 
contained a single 1968 bp ORF that encoded a polypeptide 
of 656 amino acids with a predicted molecular mass of 71.28 
kDa. Phylogenetic analysis based on Hsc70 amino acid se-
quences from fifteen insect species agreed with the present 
phylogeny. In addition, genomic DNA confirmed the presence 
of three introns located at the coding region as well as the 
5'UTR. A significant elevation of Pphsc70 expression was ob-
served following heat treatment, however, continued exposure 
to heat shock or recovery caused the expression of induced 
mRNA to gradually decline to levels that were significantly 
lower than those of control pupae (P ＜ 0.05). In addition, a 
significant increase was observed in the emergence rate of pu-
pae that were preheated at 40oC and then exposed to 50oC for 
1 h when compared with the pupae that were not preheated, 
but instead directly exposed to 50oC. Taken together, these re-
sults revealed that exposure to gradually increasing temper-
atures can enhance an insects thermo-tolerance. [BMB reports 
2008; 41(5): 388-393]

INTRODUCTION

Heat shock proteins (Hsps) have been studied extensively 
since they were first discovered in Drospohila approximately 
50 years ago (1). Hsps are important for the recovery and sur-
vival of organisms (2) and can be rapidly synthesized within 
stressed cells after exposure to environmental stressors, includ-
ing heat stress (3). Furthermore, Hsps are usually considered to 
play an ecologically and evolutionary crucial role in thermal 
adaptation (4, 5). Due to its role in protein chaperoning and 
acquired tolerance processes the Hsp70 family has been ex-
tensively studied (6). The Hsp70 family usually includes both 

stress-inducible (Hsp) and constitutive (Hsc, heat shock cog-
nate) proteins that share several common features.
    To date, the hsp/hsc70 genes of most species of Diptera (7-9) 
and Lepidoptera have been well characterized (10-12). However, 
little information is available regarding hsp/hsc70 genes in 
Hymenoptera. In addition, information regarding the role that 
Hsps play in thermal adaptation is particularly sparse, even 
though the complete sequences of hsp/hsc70 genes from species 
including the honey bee, Apis mellifera (GenBank accession 
number: XP_392933), the pteromalid, Nasonia vitripennis 
(GenBank accession number: XP_001607939), and the braco-
nid, Cotesia rubecula (13) have been cloned and sequenced. 
    Pteromalus puparum L. (Hymenoptera: Pteromalidae) is a 
gregarious pupal-stage endoparasitoid with a wide host range 
that reportedly prefers to parasitize the pupae of certain butter-
fly species (14, 15). P. puparam L. occurs in 9 to 13 gen-
erations annually in East China and is the most predominant 
pupal-stage parasitoid of the small white butterfly, Pieris rapae 
L. (Lepidoptera: Pieridae), with a parasitizing rate that can be 
greater than 90% in fields of cruciferous vegetables (16). 
Previous laboratory studies have demonstrated that the devel-
opmental rate (17), female sex ratio and offspring wasp density 
per host pupa of P puparam L. (18) can be significantly influ-
enced by environmental temperature, with the offspring wasp 
density falling rapidly when the environmental temperature is 
greater than 30oC. This study was conducted to analyze the 
complete cDNA sequence of the P. puparum (Pphsc70) hsc70 
gene. In addition, the expression of the hsc70 gene during 
thermal stress was also quantified using real-time quantitative 
PCR. Furthermore, the introns of the Pphsc70 gene were iden-
tified and sequenced and the induced thermo-tolerance of this 
wasp was determined by comparing the emergence rate of 
preheated and non-preheated pupae.

RESULTS

Isolation and characterization of cDNA clones encoding 
PpHsc70
Approximately 500 bacteriophage clones from a primary li-
brary of P. papurum fat body cells were screened and the 
clones that contained the insert were sequenced. Three clones 
detected during screening were highly similar to hsc70, with 
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Fig. 1. Phylogenetic analysis of insect Hsc70 sequences. A neigh-
bor-joining tree was generated using the Hsc70 amino acids se-
quences of fifteen insect species. The percentage bootstrap values 
obtained from 1000 re-samplings are shown at the nodes. The 
numbers in brackets are GenBank accession numbers. The full 
names of the species are: Mamestra brassicae (Mb), Bombyx mori 
(BM), Manduca sexta (Ms), Chilo suppressalis (Cs), Plutella xylos-
tella (Px), Drosophila melanogaster (Dm), Aedes aegypti (Aa), 
Chironomus yoshimatsui (Cy), Chironomus tentans (Ct), Harmonia 
axyridis (Ha), Locusta migratoria (Lm), Cotesia rubecula (Cr), Apis 
mellifera (Am), Nasonia vitripennis (Nv), Pteromalus puparum (Pp).

Fig. 2. Comparison of the intron positions and the length of the 
Pphsc70 and hsc70s of other insects. Intron sites are indicated by 
boxes over the amino acid where the site interrupts the codon or 
over 2 amino acids or nucleotides. The lengths of the introns are 
shown to the right of the triangles. The lowercase letters indicate 
the portion of the 5'UTR in the hsc70 gene and the uppercase let-
ters and lines indicate the amino acids of the coding region of the 
corresponding gene. The numbers below the amino acids indicate 
their location within the coding region. The full names of the spe-
cies are: Pteromalus puparum (Pp), Nasonia vitripennis (Nv), Apis 
mellifera (Am), Plutella xylostella (Px), Locusta migratoria (Lm), 
Chironomus tentans (Ct), Chironomus yoshimatsui (Cy).

the largest homologous fragment being 1403 bp. A 2204-bp 
full-length cDNA sequence from Pphsc70 (GenBank accession 
number: EU340838) was obtained by 5'RACE. This sequence 
contained a 72 bp 5'UTR, a 164 bp 3'UTR with a canonical 
polyadenylation signal sequence (AATAAA) and a poly (A) tail, 
as well as a single 1,968 bp open reading frame (ORF) encod-
ing a polypeptide comprised of 656 amino acids with a pre-
dicted molecular mass of 71.28 kDa. In addition, 3 character-
istic motifs of the Hsp70 family including IDLGTTYS, 
IFDLGGGTFDVSIL and IVLVGGSTRIPKIQK, which were lo-
cated at positions 9-16, 197-210, and 334-348, respectively, 
were detected in the corresponding amino acid sequence of 
the gene. Finally, 2 consecutive repeats of the tetrapeptide mo-
tif GGMP, as well as a conserved motif EEVD were detected in 
the end of the C-terminal region. 

Amino acid sequence comparisons and phylogenetic analysis 
The translated amino acid sequence of Pphsc70 was most sim-
ilar to that of N. vitripennis (99%), although it was also homol-
ogous to other insects including: A. mellifera (95%), Plutella 
xylostella (92%), Locusta migratoria (91%), Chironomus ten-
tans (89%), and C. yoshimatsui (87%). 
    The neighbour-joining tree (Fig. 1) showed that the bee and 
wasps were well clustered in the same group, which was un-
ambiguously separated from the others. Moreover, when the 
other eleven species were evaluated, species that belonged to 
the same orders were clustered in one group and well segre-
gated from each other.

Genomic sequence analysis of the Pphsc70 gene
Comparison of the cDNA and genomic sequence revealed 
three introns in the Pphsc70 gene (Fig. 2). A 517 bp intron was 
located in the 5'UTR, 14 nts upstream of the translational start 
site. In addition, a 335 bp intron and a 79 bp intron were 
found in the coding region between residues 68 and 69, and 
in residue 442, respectively. The intron locations of Pphsc70 
and hsc70 from other insects are shown in Fig. 2. 

Expression in response to temperature stress
Significant up-regulation of Pphsc70 expression was observed 
after heat shock (Fig. 3). Specifically, 1 strongly induced ex-
pressional peak corresponding to the Pphsc70 gene that was to 
6.23-fold greater than that of the control appeared after heat 
shock for 1 h. With continued heat shock, however, the ex-
pression of the induced mRNA gradually declined to levels 
that were only 1 fold greater than those of the control. During 
the recovery period, Pphsc70 mRNA levels declined sig-
nificantly (P ＜ 0.05), and after 2 h of recovery all of the in-
duced mRNA declined to levels that were approximately iden-
tical with those of the control.

Effects of thermal stress on emergence rate
P. puparum pupae were exposed to a temperature of 40oC for 
six different time periods and then exposed to 50oC for 1 hour. 
In addition, P. puparum pupae were exposed to 40oC for six 
different time periods and then allowed to recover at room 
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Fig. 3. Real-time qPCR analysis of the Pphsc70 mRNA levels during 
heat stress and recovery. The relative quantities indicate the levels of
the Pphsc70 gene transcript normalized to the internal standard (18S
rRNA). The treated insects were held at 40oC for 1, 2, 4, 6 or 8 h.
In addition, some insects were treated at 40oC and then held for re-
covery at 25oC for 1 h or 2 h. The control insects were kept at 25oC.
A post hoc test with Dunnett's multiple comparison was used to 
compare differences observed in response to heat shock for various
times. Letters A, B and C indicate highly significant differences be-
tween these treatments (P ＜ 0.01), and letters a and b indicate sig-
nificant differences (P ＜ 0.05). An asterisk indicates significant differ-
ences between samples that were subjected to heat shock for differ-
ent lengths of time (filled with solid black in the figure) (highly sig-
nificant, **, P ＜ 0.01; significant, *, P ＜ 0.05). Data shown repre-
sent the mean ± SE of five replicates per treatment.

Fig. 4. Emergence rate (mean ± SE) of P. puparum pupae obtained 
by exposure to 50oC for 1 h after being exposed to 40oC for six dif-
ferent lengths of time or recovery for 1 h. An LSD comparison post 
hoc test was used to compare the control (0 h) with the pretreated 
samples. An asterisk indicates a significant difference between the 
pretreated samples and the control.

temperature for 1 hour prior to exposure to 50oC for 1 hour. 
The emergence rates of these pupae was then calculated (Fig. 
4). The results showed that the emergence rate of pupae that 
were subjected to preheating increased significantly, regardless 
of recovery, when compared to that of the non-preheated pu-
pae that were directly exposed to a temperature of 50oC. That 
is to say, the survival rate of this wasp increased during the 
high temperature exposure after being subjected to a 
semi-high temperature. However, the duration of the pre-
heated heat shock exposure had no significant influence on 
the emergence rate (P ＞ 0.05).

DISCUSSION

Sequence and phylogenetic analysis
In this paper, we report the sequence of Pphsc70 obtained 
from the pteromalid, P. puparum. The lengths of the cDNA 
and the ORF, as well as the predicted protein size are similar 
to those of other hsc70s. In addition, 3 characteristic motifs in 
PpHsc70 were identified as Hsp70 family signatures by 
PROSITE analysis (www.expasy.org/prosite). The motif EEVD 
has been found in nearly all eukaryotic cytosolic/nuclear 
hsc70s and Hsp70s (9). Taken together, these results strongly 
suggest that PpHsc70 is a member of the Hsp70 family. 
    We found that the introns primarily appeared at three loca-
tions (Fig. 2). When the intron locations of hsc70s from differ-

ent species of insects is compared, the lengths and the number 
of the introns are quite different. Therefore, these results in-
dicate that the evolutionary rate of hsc70 varies among species.
    Phylogenetic analysis showed that the fifteen insect species 
evaluated in this study were well separate, and the relation-
ships displayed in the phylogenic tree were in agreement with 
the known phylogeny (19). 

The function of the PpHsc70
In the Hsp70 family, generally only constitutively expressed 
genes contain introns (8), and these introns are found either in 
the coding regions or in the 5'UTR. This indicates that the 
Pphsc70 is constitutively expressed due to the presence of 
three introns in the genomic DNA. 
    Generally, hsc70s are constitutively expressed under non- 
stress conditions, but show little expression after heat shock 
(20, 21). However, in this study, expression of Pphsc70 was 
significantly up-regulated in response to heat shock. This phe-
nomenon has also been observed in P. xylostella (11) and 
Penaeus monodon (22). For example, there was an 8-fold in-
crease in the expression of Pphsc70 after heat shock exposure 
for 1 h in P. monodon (22). Furthermore, an obvious elevation 
of hsc70 mRNA levels in response to heat shock was also 
found in a southern sub-species of killifish, Fundulus hetero-
clitus (23). These results indicate that an increase in Pphsc70 
may be induced after heat shock. In this study, this could have 
occurred if 40oC is a severe stress for P. puparum. The ex-
treme/maximum temperature in the collection site used for this 
study is approximately 40.3oC, and this wasp enters into dia-
pause in order to survive the summer. In P. puparum pupae 
treated at 40oC hsc70 acts as a molecular chaperone, there-
fore, its expression may have increased in response to the heat 
in order to stabilize proteins during folding in conjunction 
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with other chaperones. This indicates that PpHsc70 is a con-
stitutive protein, that can also be induced. Nevertheless, such 
expressional elevation of Pphsc70 may be slight relative to it 
being the solely inducible hsp70 under thermal stress. 
Conversely, over-expression of hsps can also have negative 
consequences on growth, development (24), survival (25) and 
fecundity (26). Therefore, it is critical that the up-regulated ex-
pression of hsps is not maintained after the relief of a stress 
situation. It has been reported that when heat-shocked 
Drosophila cells were returned to normal temperatures, the re-
pression of Hsp70 synthesis was accompanied by the selective 
degradation of its mRNA (27), which may explain the decrease 
of Pphsc70 levels after recovery that was observed in the pres-
ent study. 
    The emergence rate of the preheated pupae exposed to a 
temperature of 40oC increased more significantly than that of 
the non-pretreated pupae that were directly exposed to 50oC, 
which suggests that the up-regulated Pphsc70 levels could in-
duce thermo-tolerance. Earlier studies have also demonstrated 
that hsps were strongly correlated to thermo-tolerance both in 
vitro (28) and in vivo (29, 30).
    Interestingly, the Pphsc70 expression levels decreased when 
the heat shock exposure continued for long periods of time. A 
similar scenario was observed in an earlier study in which 
hsp70 levels were found to decrease in D. melanogaster while 
hardening continued (29). However, the emergence rate of the 
preheated pupae did not decline with the decrease of Pphsc70 
during continued heat shock, which indicates that hsc70 is on-
ly important for fitness at the beginning of the environmental 
stress (source). Because the regulation of hsps by stressed or-
ganisms are complex, as the exposure time is prolonged other 
induced hsps may play an important role that increases ther-
mo-tolerance and consequently prevents pupae from dying.

MATERIALS AND METHODS

Insects and thermal treatment
Larvae and parasitized pupae of P. rapae were initially col-
lected from cabbage fields in Hangzhou, Zhejiang province, 
China. Next, the parasitoid wasp, P. puparum, and its host 
were reared at 25 ± 1oC and 70% relative humidity under a 
photoperiod of 14 h light-10 h dark in a greenhouse for gen-
erations, as previously described (31).
    The 2-day-old pupae of the parasitoid wasp P. puparum 
were separated from the host pupae and then subjected to heat 
stress at 40oC in an artificial climate incubator for 1, 2, 4, 6 or 
8 h. The controls were kept at 25oC. To study the changes in 
the expression of the Pphsc70 gene after recovery, heat 
shocked pupae were allowed to recover for 1 or 2 h at 25oC. 
The above treated pupae were then snap frozen in liquid nitro-
gen and stored at −80oC until their RNA was extracted. 
    In addition, pupae that were preheated at 40oC were either 
immediately subjected to 50oC for 1 h and then kept at 25oC 
until emergence or allowed to recover at 25oC for 1 h and 

then subjected to 50oC prior to emergence. The emergence 
rate was then calculated for each treatment. The thermal heat 
treatments were replicated 3 times using 50 pupae per treat-
ment.

cDNA library construction 
Total RNA from the fat bodies was isolated using TRIzol re-
agent (Invitrogen, Carlsbad, California, USA). mRNA was puri-
fied using an mRNA purification kit (Amersham-Pharmacia, 
Piscataway, NJ, USA). Approximately 5 μg of mRNA was used 
to construct a cDNA library using a ZAP Express cDNA syn-
thesis kit and a ZAP Express cDNA Gigapack III Gold Cloning 
kit (Stratagene, La Jolla, CA, USA). 
    Plasmid DNA was isolated from cultured cells using an alka-
line miniprep method, and the presence of inserts was then 
verified by PCR using the M13 forward and reverse primers, 
after which the inserts were sequenced. The sequences were 
then analyzed by a blast search (NCBI, consider adding web 
address here).

5' rapid amplification of the cDNA ends
To clone the 5'end portion of the heat shocked protein cDNA, 
a 5'RACE was performed using a gene-specific primer 
(5'-GGACAGCGGCTCCGTAAGCAACAG-3') designed based 
on the above-cloned sequence using a SMARTTM RACE cDNA 
amplification kit (BD Biosciences Clontech, Palo Alto, CA, 
USA). The PCR products were purified using a Quick PCR 
Purification Kit (Clontech) and then ligated into pGEMⓇ-T Easy 
Vector (Promega, Madison, WI, USA) before being transferred 
into E. coli using a blue-white selection system. The cloned 
PCR products were then sequenced.

Amino acid sequence comparisons and phylogenetic analysis 
Sequence alignment and homology analysis was performed us-
ing Clustal X (32). A phylogenetic tree (neighbor-joining meth-
od) was then constructed with 1000 bootstrap replicates using 
MEGA version 3.1 (33) based on the deduced amino acid se-
quence of Pphsc70 as well as the known sequences of four-
teen other insect species.

Amplification of genomic DNA
Adult wasp genomic DNA was isolated using the DNeasy 
Tissue Kit (Qiagen GmbH, Hilden, Germany). The primers 
5'-ACGACAACACTCCTCGCACA-3' and 5'-AGTTCAGTGCT-
ATTTGTCGG-3', which were derived from the cDNA se-
quence located within the 5' and 3' untranslated regions, were 
used to amplify the putative Pphsc70 genomic sequence. PCR 
was performed using the following protocol: 94oC for 3 min, 
followed by 35 cycles of 94oC for 30 s, 58oC for 50 s, and 
72oC for 2 min 40 s, with a final extension step of 72oC for 10 
min. The products were then purified, sub-cloned and se-
quenced using the methods described above.
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Real-time quantitative PCR
Ten adult wasps were used as one sample pool for RNA 
extraction. Total RNA was isolated from each sample using 
Trizol reagent. Residual genomic DNA was removed using 
RNase-free DNase I (Promega, Germany). Total RNA (1 μg) 
was then reverse transcribed to cDNA using a RevertAidTM 
First Strand cDNA Synthesis Kit (Fermentas, Lithuania).
    The gene-specific primers, 5'-TGCCAAGCGTCTTATCGGT- 
3' and 5'-CCTCAGCGGTTTCCTTCATC-3', were designed and 
used to amplify the Pphsc70 cDNA fragment (191 bp). In addi-
tion, 18S rRNA was used as a housekeeping gene to normalize 
the Pphsc70 mRNA levels. The following primers, which am-
plified a 215-bp fragment, were used to amplify the 18S rRNA: 
5'-CGAGCGATGAACCGACAG-3' and 5'-CGGGGAGGTAGT-
GACGAA-3'. Real-time qPCR was performed using iQTM 
SYBRⓇ Green Supermix (Bio-Rad, Hercules, CA, USA) in re-
action mixtures with a final volume of 25 μl that contained 1 
μl of template cDNA, 12.5 μl SYBRⓇ Green qPCR Supermix 
and 200 nM primers. The mixture was then subjected to 95oC 
for 3 min, followed by 40 cycles of 95oC for 30 s, 55oC for 30 
s, 72oC for 30 s, and a 5-minute final extension at 72oC on an 
iCyclerTM iQ real-time PCR detection system (Bio-Rad). Five 
replicates were run for each sample and a melting curve was 
produced to ensure the specificity of the PCR products. The 
relative expression of Pphsp70 was normalized relative to the 
control using the 2−ΔΔCT method (34), which gives the n-fold 
difference relative to the control.

Statistical analysis
The expression levels of Pphsc70 and the emergence rate were 
examined using one-way analysis of variance (ANOVA). The dif-
ferences in the Pphsc70 levels or emergence rate were com-
pared using Dunnett's multiple comparison and LSD compar-
ison post hoc tests, respectively. All statistics were performed us-
ing the SPSS software (SPSS 13.0, SPSS Inc., Chicago, IL, USA). 
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