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Introduction

Organisms develop abilities to endure various stresses
from unfavorable environmental conditions such as tem-
perature extremes, desiccation, toxic substances and
pathogens. At the molecular level, heat shock proteins
(HSPs) play a significant role in generating tolerance to such
stresses (Krebs, 1999;Lansing et al., 2000; Denlinger et al.,
2001; Sørensen et al., 2003). HSPs act as molecular chap-
erones to protect proteins from damage during protein
synthesis, folding, assembly and localization within the
cell (Beckman et al., 1990; Parsell & Lindquist, 1993;

Feder & Hofmann, 1999; Hartl & Hayar-Hartl, 2002).
During evolution the molecular structures at the gene and
protein levels and cellular functions of HSPs are highly
conserved in almost all kinds of life from bacteria to
humans (Lindquist & Craig, 1988; Boorstein et al., 1994).

 The HSP family is multigenic and divided into at least
three groups based on their protein size and sequence
similarity: small heat shock protein (sHSP) with molecular
masses ranging 12-43 kDa, heat shock protein 70 (HSP70),
approximately 70 kDa, and heat shock protein 90 (HSP90),
a higher molecular mass (Lindquist, 1986). The HSP70
family contains two groups based on their expression
patterns although they share many common primary struc-
tures (Boorstein et al., 1994; Karlin & Brocchieri, 1998;
Kiang & Tsokos, 1998). The first group, HSP70, is induced
rapidly under various stresses, but is expressed at a very
low level under normal condition. The second group, heat
shock cognate 70 (HSC70), is constitutively expressed in
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normal cells and changes relatively little in stress condi-
tions such as heat or cold shocks. However, some genes in
the HSP70 and HSC70 groups change their expression
patterns in response to different conditions of stress (Feder
& Hofmann, 1999; Denlinger et al., 2001).

Molecular analysis of thermal stress has been exten-
sively studied in a model insect, Drosophila melanogaster,
and shows various responses of each hsp at the transcrip-
tion level (reviewed by Hoffmann et al., 2003). Recently,
research has been extended to several other insect species
which are important in agricultural, medical and industrial
fields (Yocum, 2001; Chen et al., 2005, 2006; Sonoda et
al., 2006; Huang & Kang, 2007; Wang et al., 2007; Kim et
al., 2008). Both the brown planthopper Nilaparvata lugens
and the small brown planthopper Laodelphax striatellus
are major pest insects that cause damage either directly or
indirectly as vectors of plant viral diseases in rice fields of
many Asian countries (Dale, 1994; Nault, 1994). In Korea
the impact of N. lugens depends on populations that mi-
grated mainly from southern China and southeast Asian
countries, such as Vietnam and the Philippines (Uhm et al.,
1988; Kisimoto & Rosenberg, 1994). It is generally known
that N. lugens cannot overwinter in the Korean peninsula,
while L. striatellus can survive during winter as nymphs in
diapause. Recent global warming raises concerns about the
acquisition of thermal tolerance of planthoppers and pre-
dicts potential growth of the population at higher latitudes,
such as northern China, Japan and Korea. In this study, to
evaluate the thermal responses of planthoppers at the
molecular level, three hsp genes were cloned from N.
lugens and L. striatellus and examined for their transcrip-
tional responses to thermal stresses.

Materials and methods

Insects
　
Strains of N. lugens and L. striatellus are supplied from

Yeongnam Agricultural Research Institute, Milyang, Korea.
Both species were reared separately on rice seedlings (4-
5 cm tall) in a plate (13 cm × 19 cm × 2.5 cm) in a rearing
room at 28 oC, 70% relative humidity (RH) and a 16 h light/
8 h dark (16L/8D) day-long photoperiod. Density of
planthoppers was maintained at approximately 200 indi-
viduals per plate.

Heat and cold shock

For heat and cold shock experiments, fifth instar nymphs
and adults were collected separately. Planthoppers (n = 30)
attached to rice plants in a Petri dish (4 cm diameter)

within a meshed cage (30 cm × 30 cm × 45 cm) were
exposed to either 40 oC or 4 oC for 1 h in an incubator
(Sanyo, Tokyo, Japan) and then transferred to 25 oC for
recovery. At various times after these treatments
planthoppers were collected into 1.5 mL microcentrifuge
tubes. Total RNA was extracted immediately and stored at
-70 oC until used.

Partial hsp70, hsc70, and hsp90 cDNA cloning and
sequencing

Total RNAs were extracted from whole bodies using the
total RNA isolation system (Promega, Madison, WI, USA).
Reverse transcriptase (RT) reactions were performed with
2 μg total RNA as a template for cDNA synthesis using
RETROscript (Ambion, Austin, TX, USA). Pairs of prim-
ers were designed using consensus mRNA sequences of
insect hsp. Nucleotide sequences of the primers for hsp70
and hsc70 were 5' -GAT CAT CGC CAA CGA CCA-3' for
forward; 5' -TTC ATC TTG GTA AGC ACC AT-3' for
reverse. Those for hsp90 were 5' -CTS ATC ATC AAC
ACV TTY TAC TC-3' for forward; 5' -ACR ATC TCY
TTG ATY TTG TG-3' for reverse. Polymerase chain reac-
tion (PCR) was performed with 0.1 μg of cDNA as a
template in PCR buffer containing 3.5 mmol/L MgCl

2
, 0.2

μmol/L dNTPs, 0.4 μmol/L of each primer set and 2 units
of Taq2000 (Stratagene, La Jolla, CA, USA) in 50 μL
solution. The mixtures were amplified in a thermal cycler
for 35 cycles (hsp70 and hsc70 - 94 oC for 30 sec, 52 oC for
30 sec, 72 oC for 40 sec; and hsp90 - 94 oC for 30 sec, 48 oC
for 30 sec, 72 oC for 40 sec), followed by a 5-min final
extension at 72 oC. The PCR products were purified using
a PCR purification kit (Nucleogen, Siheung, Korea) and
subcloned into pGEM® T Easy Vector (Promega, Madison,
WI, USA). Plasmid sequences were determined using the
Big Dye Terminator Cycle Sequencing Kit (Perkin Elmer
Applied Biosystems, Forster City, CA, USA) and analyzed
at the Solgent sequencing facility (Solgent, Daejeon, Korea).
Computer analysis of DNA sequences was done using
DNASIS version 2.1 (Hitachi Software Engineering
America, San Francisco, CA, USA). Databases were
searched using the BLAST P algorithm (Altschul et al.,
1997; Schäffer et al., 2001) and amino acid sequences were
aligned using CLUSTAL W available by internet access
(Thompson et al., 1994).

Northern blot hybridization

RNAs from each sample (10 μg) were separated by 1%
agarose formaldehyde gel electrophoresis, stained with
ethidium bromide and transferred onto a Hybond-N nylon
membrane (Amersham, Piscataway, NJ, USA). To make



© 2008 The Authors
Journal compilation © Institute of Zoology, Chinese Academy of Sciences, Insect Science, 15, 415-422

HSP genes cloning and expression in two brown planthoppers      417

probes of each gene the hsp70, hsc70 and hsp90 cDNA
inserts were isolated from the cDNA clones by restriction
endonuclease digestion, purified by electrophoresis on an
Low Melting Point (LMP) agarose gel, and labeled with
32P-dCTP (3000 Ci/mmol, Perkin Elmer Life Science,
Waltham, MA, USA) using random hexamer priming
(Feinberg & Vogelstein, 1983). The blots were hybridized
to each probe at 42 oC overnight at 106 cpm/mL in a solution
containing 40% (vol/vol) formamide, 5 × Saline-Sodium
Citrate (SSC), 10 × Denhardt’s solution, 100 μg/mL sheared
and denatured herring sperm DNA, 50 mmol/L sodium
phosphate (pH 7.0), and 10% (w/v) dextran sulfate. The
filters were washed at 65 oC successively for 30 min each
in 4 × SSC, 0.1% Sodium Dodecyl Sulfate (SDS); 2 × SSC,
0.1% SDS; 0.5 × SSC, 0.1% SDS; and 0.2 × SSC, 0.1%
SDS. The filters were exposed to X-ray film (Kodak X-
Omat) at -70 oC. As a control for RNA loading, the
ethidium bromide-strained gel was photographed before
blotting to visualize the rRNAs. Northern blots were trip-
licated in each experiment.

Results

Homology comparisons of  hsp70, hsc70 and hsp90

Amplification of cDNAs from N. lugens and L. striatellus
using each primer set resulted in a single band correspond-

ing to a size of 304 bp for hsp70 and hsc70, and 527 bp for
hsp90 in both species. Sequence comparisons, at deduced
amino acid level, using BLAST X in the NCBI database
showed that HSP70, HSC70 and HSP90 of the two
planthopper species were highly similar to corresponding
genes from dipteran and lepidopteran species (Table 1).
Among them, HSC70 was the most highly conserved,
94%, then HSP90 at 89%-90% and HSP70 at 85%-89%.
Partial sequences of the HSC70 clones of the two
planthopper species were completely identical and were
most similar to the lepidopteran insects. HSP90 was also
highly similar to sequences of moth and locust species.
HSP70 of N. lugens has high identities with the mosquito
Anopheles albimanus, the vegetable leafminer Liriomyza
sativae, and the silkworm Bombyx mori, at 89%, 86% and
85%, respectively. HSP70 sequence of L. striatellus was
most similar to L. sativae, 88% identity, but has only 81%
identical to HSP70 in L. striatellus. Sequences for hsp70,
hsc70 and hsp90 of N. lugens were deposited at GenBank as
accession numbers ABV44275, ABV44277 and ABV44280,
respectively. Those of L. striatellus are deposited as
ABV44276, ABV44278 and ABV44279, respectively.

Effects of cold and heat shock on the expression of hsp70,
hsc70 and hsp90

To determine the effects of thermal stress on hsp gene
expression, nymphs and adults of the two planthoppers

Table 1 Comparisons of the deduced amino acid sequences of hsp70, hsc70 and hsp90 of N. lugens and L. striatellus with those of
other insects.

HSPs Species Accession numbers Identities (%) References

HSP70 Nilaparvata lugens ABV44275 - Present study
Anopheles albimanus AAC41542 89 Benedict et al., 1993
Liriomyza sativae AAW32099 86 Huang & Kang, 2007
Bombyx mori NP_001037396 85 NCBI database
Laodelphax striatellus ABV44276 81 Present study

HSC70 Nilaparvata lugens ABV44277 - Present study
Laodelphax striatellus ABV44278 99 Present study
Plutella xylostella BAE48743.1 94 Sonoda et al., 2006
Trichoplusia ni AAB06239.1 94 NCBI database
Lonomia obliqua AAV91465.1 94 Veiga et al., 2005

HSP90 Nilaparvata lugens ABV44280 - Present study
Laodelphax striatellus ABV44279 98 Present study
Bombyx mori NP_001036876.1 90 NCBI database
Locusta migratoria AAS45246.2 90 NCBI database
Mamestra brassicae BAF03554.1 89 Sonoda et al., 2007

The homology was searched using the BLAST X algorithms in NCBI database, and amino acid sequences were aligned using CLUSTAL
W available by internet access (Thompson et al., 1994). HSP, heat shock protein; HSC, heat shock cognate.
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were exposed to either heat (40 oC) or cold (4 oC) shock for
1 h. In N. lugens, heat shock increased hsp90 transcript
level at 1 h after treatment but then decreased again to the
basal level (Fig. 1). Levels of hsp70 and hsc70 were not
changed by heat shock in either nymphs or adults. In L.
striatellus, heat shock increased levels of both hsp70 and
hsp90 transcripts at 1 h after treatments (Fig. 2). The hsp70
level was especially high in the adult stage while it in-
creased slightly in the nymphal stage in response to heat

shock. However, the level of hsc70 was not changed by
heat shock in either stages. In contrast, cold shock at 4 oC
for 1 h did not change any of the hsp levels in either the
nymphal or adult stages in the two species (Figs. 1, 2). To
determine how quickly the hsp genes respond to heat shock,
the hsp transcript levels were determined at different hours
after heat shock. The levels of both hsp70 and hsp90 of L.
striatellus were promptly increased by heat shock but the
elevation persisted only for 1 h after the shock (Fig. 3).

Fig. 1 Effects of cold and heat shock on the expression of hsp70, hsc70 and hsp90 in N. lugens. Both nymphs and adults were exposed
at either 4 oC or 40 oC for 1 h and then allowed to recover at 25 oC for 1, 5 and 9 h. Total RNA samples were extracted from whole bodies
and 10 μg was loaded in each lane. Ribosomal RNAs stained with ethidium bromide are shown as loading controls.

Fig. 2 Effects of cold and heat shock on the expression of hsp70, hsc70 and hsp90 in L. striatellus. Both nymphs and adults were exposed
at either 4 oC or 40 oC for 1 h and then allowed to recover at 25 oC for 1, 5 and 9 h. Total RNA samples were extracted from whole bodies
and 10 μg was loaded in each lane. Ribosomal RNAs stained with ethidium bromide are shown as loading controls.



© 2008 The Authors
Journal compilation © Institute of Zoology, Chinese Academy of Sciences, Insect Science, 15, 415-422

HSP genes cloning and expression in two brown planthoppers      419

Discussion

Heat shock proteins are highly conserved molecules in
aspect of genomic and proteomic organizations throughout
evolution. Although no similar HSP sequences of the
related hemipteran species are yet listed in the current
NCBI database, our comparison analysis at the deduced
amino acid level showed that partial sequences of HSP70,
HSC70 and HSP90 of two planthopper species were highly
similar with those of dipteran and lepidopteran species.
Our results showed that sequences of both HSC70s and
HSP90s of N. lugens and L. striatellus were most identical
between the two planthoppers. However, the HSP70 iden-
tity between the two planthopper species was lower than
with those of lepidopteran or dipteran species, despite their
belonging to the same taxa. Although our partial clones of
hsp70 are too short to compare overall similarity between
the species, the low identity between the two planthopper
hsp genes suggests that they may be generated from differ-
ent members within the HSP70 family. Generally, the
HSP70 family is multigenic, consisting of several isoforms
derived from different genes within a species. For example,
D. melanogaster has at least 13 genes encoding five differ-
ent HSP70s, one HSP68 and seven different HSC70s
(Ingolia et al., 1982; Craig et al., 1983; Palter et al., 1986).
Further studies are required to determine whether
planthoppers also have several isoforms of HSP70.

Heat stress upregulates various hsp genes in many insect
species. Upregulation of hsp70 by heat shock has been

demonstrated in three Drosophila species (Goto & Kimura,
1998), the flesh fly Sarcophaga crassipalpis (Rinehart et
al., 2000), the silverleaf whitefly Bemisia argentifolii
(Salvucci et al., 2000), the red flour beetle Tribolium
castaneum (Mahroof et al., 2005), the blow fly Lucilia
sericata (Tachibana et al., 2005), and the solitary bee
Megachile rotundata (Yocum et al., 2005). This gene
responds to heat shocks in the range of 35-40 oC after 1 h
or even 30 min. Our present study showed that the hsp70
level of L. striatellus is upregulated by heat shock in both
the nymphal and adult stages. Interestingly, the level of
expression in adults was much higher than in the nymphs.
However, the hsp70 of N. lugens did not respond to the
same heat shock. This result suggests that thermal re-
sponses of the hsp70 gene may be different between the
two planthopper species. On the other hand, this difference,
together with the sequence information, may be due to the
responses of different isoforms of hsp70. However, it is
necessary to investigate heat shock response of the hsp70
at broader temperature range because the hsp70 genes of
the two species may respond at different temperatures.
Hsc70, a cognate form of hsp70, is generally expressed
constitutively in normal cells and does not respond to heat
stress (Kiang & Tsokos, 1998; Denlinger et al., 2001;
Kregel, 2002). Similarly, those levels in the two planthopper
species were high but not changed by heat shock.

The hsp90 gene of both species was rapidly induced by
heat shock. Similar upregulation of this gene has been
noticed in flies, bees and moths including D. subobscura
(Arbona et al., 1993), D. auraria (Yiangou et al., 1997), S.
crassipalpis (Rinehart & Denlinger, 2000), Delia antique
(Chen et al., 2005), L. sericata (Tachibana et al., 2005), M.
rotundata (Yocum et al., 2005), and C. suppressalis (Sonoda
et al., 2006). In those insects, hsp90 is usually induced by
heat shock in the range 35-40 oC. Our data showed that
upregulation of both hsp70 and hsp90 is immediate in
response to heat treatment and extends to at least 1 h after
treatment. The rapidity of hsp70 induction by heat shock is
recorded as 15 min in S. crassipalpis (Rinehart et al., 2000).

Cold stress induces some hsp genes in insects. For
example, in the flesh fly, S. crassipalpis, cold shocks at
either -10 oC or 0 oC stimulate the synthesis of several heat
shock proteins (Joplin et al., 1990). This cold stress also
upregulates transcript levels of hsp70, hsc70 and hsp90
(Rinehart et al., 2000; Rinehart & Denlinger, 2000).
However, our results showed that cold shocks at 4 oC for 1
h did not change the levels of any hsp transcripts of the two
planthopper species. This suggests that the range of cold
shock temperature is important for the induction of hsp
genes. Goto and Kimura (1998) showed that cold shocks at
mild temperature such as 4 oC do not significantly changed
hsp70 level but that shocks at lower temperatures, down to

Fig. 3 Expression of hsp70, hsc70 and hsp90 of L. striatellus
adults during recovery following heat shock. Planthoppers were
exposed to 40 oC for 1 h and then allowed to recover at 25 oC for
0, 0.5, 1, 2, 3, 4 and 5 h. Total RNA samples were extracted from
whole bodies and 10 μg was loaded in each lane. Ribosomal
RNAs stained with ethidium bromide are shown as loading
controls.
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-8 oC, proportionally upregulated its level in Drosophila
species. Similarly, Huang and Kang (2007) reported no
inductions of five different hsp genes when two leafminer
species were shocked at temperatures 2.5-27.5 oC, whereas
high induction appeared at temperature shocks outside of
that range. To detect the effect of cold shock on planthoppers,
further study is required at subzero or lower temperature
ranges. However, recently Yocum et al. (2006) showed in
diapausing prepupae of the solitary bee, M. rotundata, that
long periods of cold storage at 4 oC maintain high hsp70
levels. Thus, hsp genes may respond to mild chilling when
insects are exposed for a long period.

The present study determined partial sequences of hsp70,
hsc70 and hsp90 genes and demonstrated the effects of heat
and cold shocks in two rice planthoppers, N. lugens and L.
striatellus. Our results indicate that the thermal responses
of hsc70 and hsp90 are similar, but hsp70 is different
between the two planthoppers. In addition, our probes
potentially can be used to monitor seasonal changes of
thermal stress levels in planthopper populations. Further
study is required to understand the tolerance mechanism to
thermal stress of planthoppers.

Acknowledgments

This work was supported by a research grant of Agricul-
tural Research and Development Promotion Center, Korea.

References

Altschul, S.F., Madden, T.L., Schäffer, A.A., Zhang, J., Zhang,
Z., Miller, W. and Lipman, D.J. (1997) Gapped BLAST and
PSI-BLAST: a new generation of protein database search
programs. Nucleic Acids Research, 25, 3389-3402.

Arbona, M., Defrutos, R. and Tanguay, R.M. (1993) Transcrip-
tional and translations study of the Drosophila subobscura
hsp83 gene in normal and heat-shock conditions. Genome, 36,
694-700.

Beckman, R.P., Mizzen, L.A. and Welch, W.K. (1990) Interac-
tion of Hsp70 with newly synthesized proteins: implications
for protein folding and assembly. Science, 248, 850-854.

Benedict, M.Q., Cockburn, A.F. and Seawright, J.A. (1993) The
Hsp70 heat-shock gene family of the mosquito Anopheles
albimanus. Insect Molecular Biology, 2, 93-102.

Boorstein, W.R., Ziegelhoffer, T. and Craig, E.A. (1994) Mo-
lecular evolution of the Hsp70 multigene family. Journal of
Molecular Evolution, 38, 1-17.

Chen, B., Kayukawa, T., Monteiro, A. and Ishikawa, Y. (2005)
The expression of the HSP90 gene in response to winter and
summer diapauses and thermal-stress in the onion maggot,

Delia antqua. Insect Molecular Biology, 14, 697-702.
Chen, B., Kayukawa, T., Monteiro, A. and Ishikawa, Y. (2006)

Cloning and characterization of the HSP70 gene, and its
expression in response to diapauses and thermal stress in the
onion maggot, Delia antiqua. Journal of Biochemistry and
Molecular Biology, 39, 749-758.

Craig, E.A., Ingolia, T.D. and Manseau, L.J. (1983) Expression
of Drosophila heat-shock cognate genes during heat shock and
development. Developmental Biology, 99, 418-426.

Dale, D. (1994) Insect pests of the rice plant-their biology and
ecology. Biology and Management of Rice Insects (ed. E.A.
Heinrichs), pp. 363-485. Wiley Eastern Limited & New Age
International Limited, New Delhi.

Denlinger, D.L., Rinehart, J.P. and Yocum, G.D. (2001) Stress
protein: a role in insect diapause. Insect Timing: Circadian
Rhythmicity to Seasonality (eds. D.L. Denlinger, J.M.
Giebultowicz & D.S. Saunders), pp. 155-171. Elsevier,
Amsterdam.

Feder, M.E. and Hofmann, G.E. (1999) Heat-shock proteins,
molecular chaperones, and the stress response: evolutionary
and ecological physiology. Annual Review of Physiology, 61,
243-282.

Feinberg, A.P. and Vogelstein, B. (1983) A technique for radio-
labelling DNA restriction endonuclease fragments to high
specific activity. Analytical Biochemistry, 132, 6-13.

Goto, S.G. and Kimura, M.T. (1998) Heat- and cold-shock
responses and temperature adaptations in subtropical and
temperate species of Drosophila. Journal of Insect Physiology,
44, 1233-1239.

Hartl, F.U. and Hayar-Hartl, M. (2002) Molecular chaperones in
the cytosol: from nascent chain to folded protein. Science, 295,
1852-1858.

Hoffmann, A.A., Sørensen, J.G. and Loeschcke, V. (2003) Adap-
tation of Drosophila to temperature extremes: bringing to-
gether quantitative and molecular approaches. Journal of
Thermal Biology, 28, 175-216.

Huang, L.H. and L. Kang (2007) Cloning and interspecific altered
expression of heat shock protein genes in two leafminer
species in response to thermal stress. Insect Molecular Biology,
16, 491-500.

Ingolia, T.D. and Craig, E.A. (1982) Drosophila gene related to
the major heat shock-induced gene is transcribed at normal
temperatures and not induced by heat shock. Proceedings of
the National Academy of Sciences of the United States of
America, 79, 525-529.

Joplin, K.H., Yocum, G.D. and Denlinger, D.L. (1990) Cold
shocks elicits expression of the heat shock proteins in the flesh
fly Sarcophaga crassipalpis. Journal of Insect Physiology, 36,
825-834.

Karlin, S. and Brocchieri, L. (1998) Heat shock protein 70 family:
multiple sequence comparisons, function, and evolution. Jour-
nal of Molecular Evolution, 47, 565-577.



© 2008 The Authors
Journal compilation © Institute of Zoology, Chinese Academy of Sciences, Insect Science, 15, 415-422

HSP genes cloning and expression in two brown planthoppers      421

Kiang, J. and Tsokos, G. (1998) Heat shock protein 70 kDa:
molecular biology, biochemistry, and physiology. Pharma-
cology & Therapeutics, 80, 183-201.

Kim, B.-G., Shim, J.-K., Kim, D.-W., Kwon, Y.J. and Lee, K.-Y.
(2008) Tissue-specific variation of heat shock protein gene
expression in relation to diapause in the bumblebee Bombus
terrestris. Entomological Research, 38, 10-16.

Kisimoto, R. and Rosenberg, L.J. (1994) Long-distance migra-
tion in delphacid planthoppers. Planthoppers: Their Ecology
and Management (eds. R.E. Denno & T.J. Perfect), pp. 302-
322. Chapman and Hall, New York.

Krebs, R.A. (1999) A comparison of Hsp70 expression and
thermotolerance in adults and larvae of three Drosophila
species. Cell Stress & Chaperones, 4, 243-249.

Kregel, K.C. (2002) Heat shock proteins: modifying factors in
physiological stress responses and acquired thermotolerance.
Journal of Applied Physiology, 92, 2177-2186.

Lansing, E., Justesen, J. and Loeschcke, V. (2000) Variation in
the expression of Hsp70, the major heat-shock protein, and
thermotolerance in larval and adult selection lines of Droso-
phila melanogaster. Journal of Thermal Biology, 25, 443-
450.

Lindquist, S. (1986) The heat shock response. Annual Review of
Biochemistry, 55, 1151-1191.

Lindquist, S. and Craig, E.A. (1988) The heat-shock proteins.
Annual Review of Genetics, 22, 631-677.

Mahroof, R., Zhu, K.Y., Neven, L., Subramanyam, B. and Bai, J.
(2005) Expression patterns of three heat shock protein 70
genes among developmental stages of the red flour beetle,
Tribolium castaneum (Coleoptera: Tenebrionidae). Compara-
tive Biochemistry and Physiology A, 141, 247-256.

Nault, L.R. (1994) Transmission biology, vector specificity and
evolution of planthopper-transmitted plant viruses.
Planthoppers: Their Ecology and Management (eds. R.E.
Denno & T.J. Perfect), pp. 429-448. Chapman and Hall, New
York.

Palter, K.B., Watanabe, M., Stinson, L., Mahowald, A.P. and
Craig, E.A. (1986) Expression and localization of Drosophila
melanogaster hsp70 cognate proteins. Molecular and Cellular
Biology, 6, 1187-1203.

Parsell, D.A. and Lindquist, S. (1993) The function of heat-shock
proteins in stress tolerance: degradation and reactivation of
damaged proteins. Annual Review of Genetics, 27, 437-496.

Rinehart, J.P. and Denlinger, D.L. (2000) Heat-shock protein 90
is down-regulated during pupal diapause in the flesh fly,
Sarcophaga crassipalpis, but remains responsive to thermal
stress. Insect Molecular Biology, 9, 641-645.

Rinehart, J.P., Yocum, G.D. and Denlinger, D.L. (2000) Devel-
opmental upregulation of inducible hsp70 transcripts, but not
the cognate form, during pupal diapause in the flesh fly,
Sarcophaga crassipalpis. Insect Biochemistry and Molecular
Biology, 30, 515-521.

Salvucci, M.E., Stecher, D.S. and Henneberry, T.J. (2000) Heat
shock proteins in whiteflies, and insect that accumulates sor-
bitol in response to heat stress. Journal of Thermal Biology, 25,
363-371.

Schäffer, A.A., Arvavind, L., Madden, T.L., Sergei, S., Spouge,
J.L., Wolf, Y.I., Koonin, E.V. and Altschul, S.F. (2001)
Improving the accuracy of PSI-BLAST protein database
searches with composition-based statistics and other
refinements. Nucleic Acids Research, 29, 2994-3005.

Sonoda, S., Muhammad, A. and Tsumuki, H. (2006) Cloning and
nucleotide sequencing of three heat shock protein genes (hsp90,
hsc70, and hsp19.5) from the diamondback moth, Plutella
xylostella (L.) and their expression in relation to developmen-
tal stage and temperature. Archives of Insect Biochemistry and
Physiology, 62, 90-80.

Sonoda, S., Ashfag, M. and Tsumuki, H. (2007) A comparison of
heat shock protein genes from cultured cells of the cabbage
armyworm, Mamestra brassicae, in response to heavy metals.
Archives of Insect Biochemistry and Physiology, 65, 210-222.

Sørensen, J.G., Kristensen, T.N. and Loeschcke, V. (2003) The
evolutionary and ecological role of heat shock proteins. Ecol-
ogy Letters, 6, 1025-1037.

Tachibana, S-I., Numata, H. and Goto, S.G. (2005) Gene expres-
sion of heat-shock protein (Hsp23, Hsp70 and Hsp90) during
and after larval diapause in the blow fly Lucilia sericata.
Journal of Insect Physiology, 51, 641-647.

Thompson, J., Hoggins, D. and Gibson, T. (1994) CLUSTAL W:
improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties, and weight matrix choice. Nucleic Acids Research,
22, 4673-4680.

Uhm, K.B., Park, J.S., Lee, Y.L., Choi, K.M., Lee, M.H. and Lee,
J.O. (1988) Relationship between some weather conditions
and immigration of the brown planthopper, Nilaparvata lugens
Stål. Korean Journal of Applied Entomology, 27, 200-210.

Veiga, A.B.G., Francischetti, I.M.B., Guimaraes, J.A. and Ribeiro,
J.M.C. (2005) A catalog of Lonomia obliqua transcripts and
proteins probably involved in the hemorrhagic syndrome.
Gene, 355, 11-27.

Wang, H.S., Wang, X.H., Zhou, C.S., Huang, L.H., Zhang, S.F.,
Guo, W. and Kang, L. (2007) cDNA cloning of heat shock
proteins and their expression in the two phases of the migratory
locust. Insect Molecular Biology, 16, 207-219.

Yiangou, M., Tsapogas, P., Nikolaidis, N. and Scouras, Z.G.
(1997) Heat-shock gene expression during recovery after
transient cold shock in Drosophila auraria (Diptera:
Drosophilidae). Cytobios, 92, 91-98.

Yocum, G.D. (2001) Differential expression of two HSP70
transcripts in response to cold shock, thermoperiod, and adult
diapause in the Colorado potato beetle. Journal of Insect
Physiology, 47, 1139-1145.

Yocum, G.D., Kemp, W.P., Bosch, J. and Knoblett, J.N. (2006)



© 2008 The Authors
Journal compilation © Institute of Zoology, Chinese Academy of Sciences, Insect Science, 15, 415-422

422      D. H. Kim et al.

Thermal history influences development in the solitary bee
Megachile rotundata. Journal of Insect Physiology, 52, 1113-
1120.

Yocum, G.D., Kemp, W.P., Bosch, J. and Knoblett, J.N. (2005)
Temporal variation in overwintering gene expression and

respiration in the solitary bee Megachile rotundata. Journal of
Insect Physiology, 51, 621-629.

Accepted March 28, 2008


