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Abstract

The migratory locust Locusta migratoria L., which is widely distributed throughout the world, exhibits within- and between-

population variation in cold tolerance. To understand physiological adaptation in populations, we studied the genetic basis of

thermotolerance in Hainan (tropical) and Liaoning (temperate) populations and measured expression of Hsp70 and Hsp90 mRNA

in both populations at low (0 1C) and high temperatures (40 1C). Phenotypic variation of thermotolerance is heritable. Heritable

characteristics differed among different stages of locust egg development, as well as among different measures of thermotolerance.

Nuclear genetic factors, rather than cytoplasmic factors, contribute to differences in cold tolerance between the tropical and

temperate populations of the migratory locust; for heat tolerance, maternal effects were involved in three stages of egg development.

Expression of Hsp90 mRNA was induced in temperate population after heat shock (40 1C� 12 h), whereas expression of Hsp70 and

90 was induced in tropical population after cold shock (0 1C� 12 h). We suggest that thermotolerance of locust eggs has a complex

genetic basis and heat shock proteins may be involved in differences of thermotolerance between locust populations.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

For ectotherm species, such as insects, temperature
has long been recognized as a major environmental
factor responsible for species abundance and geographic
distribution (Leather et al., 1993). Thus, the capacity to
adapt to and tolerate extreme temperature is critical for
the persistence of populations. When exposed to
extreme temperatures, insects may respond in different
ways: they could behaviorally avoid extremes by
escaping the adverse conditions, or respond through
e front matter r 2005 Elsevier Ltd. All rights reserved.
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changes in morphology, life history and/or physiology
(Hoffmann and Parsons, 1991).
The migratory locust Locusta migratoria L., which is

widely distributed throughout the world (Ma, 1962), has
exhibited within- and between-population variation in cold
tolerance (Jing and Kang, 2003, 2004). In China, northern
populations of locusts were more cold hardy than southern
populations. Populations that develop in autumn have a
significantly lower supercooling point (SCP) and lethal
temperature than those developing in summer and post-
winter. In addition, first instar hoppers of the migratory
locust exhibit a rapid cold hardening response that
protects against large temperature fluctuations in spring
or early summer (Wang and Kang, 2003). Although heat
shock proteins (Hsps) can also be expressed at a high level
by thermal stress in migratory locust (Whyard et al., 1986;
Baldaia et al., 1987) and may function as an adaptation to
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the locust’s chronic exposure to heat shock temperatures
(Qin et al., 2003), the relationship between expression of
Hsps and thermotolerance of natural populations of
migratory locust remains unknown.
Hsps are families of proteins (Hsp100, 90, 70, 60, and

20) that are known to assist in the folding and
translocation of newly synthesized proteins, as well as
in coping with stress-induced denaturation of other
proteins (Nover and Scharf, 1997). A strong correlation
has been found between Hsp70 expression and thermo-
tolerance in diverse species (Feder and Hofmann, 1999).
For instance, Hsp70 improves thermotolerance in both
embryos (Welte et al., 1993) and larvae (Feder, 1996) of
Drosophila melanogaster, and natural variation of
Hsp70 expression in larvae correlates with thermotoler-
ance (Feder and Krebs, 1997). Hsp90 differs from other
Hsps in that it is constitutively expressed and has a dual
role in folding of non-native proteins (Wiech et al.,
1992), peptide translocation (Brugge et al., 1981) and
signal transduction (Pandey et al., 2000). Furthermore,
effects of Hsp90 on the buffering and release of genetic
variation suggests that they may have an impact on
evolutionary processes (Queitsch et al., 2002).
A specific problem in thermal adaptation investiga-

tions arises from the fact that the roles of genetic
background and random factors may be large in
evolution and cannot be easily considered by comparing
populations for different traits (Travisano et al., 1995;
Chown, 2001). Gene flow between populations can
cause an artificial appearance of a correlation between a
phenotype and an environmental variable (Beerli and
Felsenstein, 1999, 2001; Felsenstein, 2002). Growth
temperature variations can also induce a diversity of
thermotolerance (Ayrinhac et al., 2004). Therefore,
although we had found clinal variation of cold hardiness
with latitude in the migratory locust (Jing and Kang,
2003), population comparisons have been unable to
distinguish between changes in cold hardiness that are
due to phenotypic plasticity (acclimation) and those that
have an adaptive basis (Huey and Berrigan, 1996).
Here, using genetic crossing experiments and a mole-

cular expression analysis for two extreme populations, we
aim to address the following questions: (1) Does cold
tolerance have a genetic component at population levels?
(2) If heritable, what are the genetic factors that control
cold and heat tolerance in different developmental stages?
(3) Is genetic variation in thermotolerance between
populations associated with expression of Hsps?
2. Materials and methods

2.1. Insects

Individuals of L. migratoria were collected in June
2002 from two extreme sites of the species range in
China: Hainan Province (181230N, 1091300E) in the
tropical region and Liaoning Province (411100N,
1221060E) in the temperate region. In Hainan Province,
the mean monthly temperature is 18 1C in winter and
29 1C in summer; whereas in Liaoning Province, the
mean monthly temperature is �10 1C in winter and
21 1C in summer (Liu, 1995). The population from
Hainan Province was designated as H and the popula-
tion from Liaoning Province as L.
Fifth instar hoppers of migratory locusts were

brought back to the laboratory. All insects were reared
in two-floor boxes (50� 70� 80 cm) with wheat bran
and wheat seedlings at 30 1C (14 h photoperiod). Sand
was used as the oviposition medium. Newly laid eggs
were collected daily. The egg pods were incubated at
30 1C in the dark, and individual eggs were separated
carefully from the egg pods using a brush.
2.2. The crossing experiment and test of laboratory effect

The parental and reciprocal crosses of the migratory
locust (i.e. male (#) H� female (~) H, # L�~ L, #
H�~ L, # L�~ H) were established from H and L
populations collected directly in the field. Both crosses
produced fertile males and females. Hybrid males were
backcrossed with females of the parental stock. In total,
three replicates with 50 pairs in each cage were set up for
each cross and each generation.
In addition, because the difference between natural

environment and rearing environment in the laboratory
may affect thermotolerance of locust eggs, we compared
thermotolerance of the F1 generation with that of the
parental generation.
2.3. Assessment of thermotolerance

During the life cycle of the migratory locust, the
immobile egg stage is more prone to thermal stress than
other stages because the locust eggs are in a quiescence
stage. Based on morphological characteristics, embryo-
nic development was divided into three stages: anatrep-
sis (stage I), balstokinesis (stage II), and katatrepsis
(stage III). In this study, we selected 2-, 7- and 12-day-
old eggs incubated at 30 1C to represent stages I–III,
respectively (Uvarov, 1966). Because cold tolerance of
the locust eggs exhibited variations among the different
stages of development and were associated with seasonal
adaptation, we estimated heritable characteristics of
thermotolerance in the three developmental stages.
Thermotolerance was examined at three developmental
stages of two parental stocks and F1 hybrids of
reciprocal crosses. Thermotolerance of the backcross
progeny with F1 hybrids and the parental stocks were
only measured at stage II because diapause may exist in
stage II for overwintering in the northern population.
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Table 1

Primer pairs used for quantitative RT-PCR

Target gene Primer pairs Product length

Hsp70 ACCCAGTTATGTCGCATTTAC 159

GGCCAATGCTTCATATCACT

Hsp90 TGGAAGAGAGGAAGATTAAAG 164

TGGCTTAGATTCATTGTCAC

18sRNA ATGCAAACAGAGTCCCGACCAGA 185

GCGCAGAACCTACCATCGACAG

To verify the accuracy of the three primer pairs, PCR amplified

products were sequenced.
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To evaluate survival at low temperature, groups of 40
eggs from each stock, incubated at 30 1C for 2, 7 or 12
days were confined in glass tubes sealed with parafilm
and exposed to �5 1C for different durations (6 h, 1, 3, 5
and 10 days). Then, the tubes were taken out, the eggs
were removed and transferred into a 100ml plastic box
with moist sand (15% water content) and filter paper,
and allowed to recover in the laboratory at 30 1C.
Survival was measured based on the number of eggs that
hatched. As a control experiment, 40 eggs were put
directly into a plastic box and kept at 30 1C. This process
was repeated four times.
To test for heat tolerance, groups of 40 eggs from

each stock at 30 1C for 2, 7, and 12 days were also
confined in glass tubes sealed with parafilm and
immersed in a water bath maintained at 4270.1 1C for
varying periods of time (12 h, 1, 2, 3, and 5 days). Other
procedures were similar to those for measurement of
cold tolerance.
The cold and heat tolerance of the locust eggs were

assessed in terms of ‘‘lethal time50’’ (LT50), which was
defined as the time taken to achieve 50% mortality at a
given treatment temperature. We initiated LT50 mea-
surements by holding locust eggs at two temperatures
that we expected to lead to 0% and 100% mortality (0
and �5 1C, respectively). We repeated these assays with
intermediate durations until an LT50 was reached (Jing
and Kang, 2003).

2.4. mRNA expression of Hsp70 and Hsp 90

2.4.1. Temperature treatment and total RNA isolation

Seven-day-old locust eggs of the two parental
populations (H and L) were frozen with liquid nitrogen
after cold shock (0 1C� 12 h) and heat shock
(40 1C� 12 h). Eggs incubated at 30 1C were used as
control. Total RNA from the three treatments was
isolated using a commercial kit (Rneasys Mini kit (50),
QIAGEN Corp.). Each treatment had three replicates
and each sample contained 20 eggs. To avoid contam-
ination with genomic DNA, RNA samples were treated
with RNase-free DNAse (Roche Diagnostics GmbH,
Mannheim, Germany).

2.4.2. Fluorogenic real-time qPCR

The complete cDNA sequence of Hsp70 was cloned
by using a RT-PCR amplification method (Genbank
accession no. AY299637). The partial cDNA sequence
of Hsp90 was obtained from EST data on the migratory
locust (Kang et al., 2004). Based on the cDNA
sequences of the Hsp70 and Hsp90 genes cloned above,
and the 18S rRNA gene (L. migratoria GenBank
accession no. AF370793), three primer pairs were
designed (Table 1). The 18S rRNA gene was used to
normalize the amounts of Hsp70 and Hsp90 mRNA. To
generate cDNA from each sample, 1 mg of total RNA
was performed using Superscript II (Invitrogen). Hsp-
specific transcript standards were produced by subclon-
ing the amplified products into plasmids (Promega).
Some 10-fold serial dilutions of stock plasmids were
used as quantitative standards to estimate the relative
expression of each Hsp gene transcript; the range of
standard concentrations was determined empirically.
Reaction mixtures contained 1 ml of RT product, 0.5 ml
of each primer (20mM), 0.05 ml of 1500� SYBR Green,
0.5 ml of dNTP (2.5mM) mixture, 0.7 ml of Taq DNA
polymerase (1:50) and 2 ml of 10�buffer containing
Mg+ in 20 ml volume. For each sample, three replicates
were used. Real-time PCR was performed using the
iCycler iQ Real-Time Detection system intercalating
SYBR Green dye from Bio-Rad Inc. according to the
manufacturer’s protocol. The iCycler conditions used
were as follows: initial denaturation at 95 1C for 10min,
followed by 35 cycles at 95 1C for 30 s, annealing at
55 1C for 20 s, and elongation at 72 1C for 30 s. To
exclude the presence of unspecific products, a melting
curve analysis of products was performed routinely after
amplification by a high-resolution data collection during
an incremental temperature increase from 55 to 95 1C
with a ramp rate of 0.2 1C/s.

2.5. Statistical analysis

All egg hatching data were the corrected percentage of
hatched eggs. T-test of mean values and ANOVA were
used for data analysis, and the Tukey Honest Significant
Difference test procedure was used to make multiple
comparisons. Probit regression and logistic regression
were used to estimate the LT50 using SPASS software.
3. Results

3.1. Comparison between F1 generation and parental

generation

For the low temperature treatment at �5 1C, the LT50

of the F1 generation reared in the laboratory did not
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differ from that of the parental generation collected in
the field for both H and L populations (H population:
t ¼ 1:103, df ¼ 4, P ¼ 0:332; L population: t ¼ 1:531,
df ¼ 4, P ¼ 0:201) (Fig. 1). Similarly, no significant
difference was found for heat tolerance (the LT50 at
42 1C) between the laboratory and field generations (L
population: t ¼ 0:147, df ¼ 4, P ¼ 0:89; H population:
t4 ¼ 1:558, df ¼ 4, P ¼ 0:194) (Fig. 1). Therefore,
laboratory conditions did not appear to affect the
thermotolerance of the locust eggs.
Fig. 2. LT50 at �5 1C (mean7SE) of locust eggs from H (Hainan)

population, L (Liaoning) population, and two reciprocal hybrids at

three developmental stages. Stages I–III refer to eggs that are 2, 7, 12

days old at 30 1C. Data in the same stage group that have different

letters above their corresponding bars are significantly different

(Tukey’s HSD. Po0:05).
3.2. Inheritance of cold tolerance

Inheritance of cold tolerance differed among the three
stages of locust egg development (Fig. 2). The cold
tolerance of stage I, as assayed by estimates of LT50 at
�5 1C showed no significant variation between the two
parental populations and the two reciprocal hybrids
(F3;11 ¼ 3:46; P ¼ 0:07). In stage II, there were sig-
nificant differences among the four stocks
(F3;11 ¼ 202:24; Po0:0001): the LT50 of the L popula-
tion was significantly greater than that of the H
population (Po0:01), but the two hybrids did not differ
from each other (P40:05). The LT50 for both hybrids
was approximately intermediate between their parental
stocks, but with a bias towards the H population
(Fig. 2). The backcross progeny exhibited similar
heritable patterns (Fig. 3), indicating that nuclear
Fig. 1. Time taken to achieve 50% mortality (LT50) (mean7SE) of

locust eggs of parental generation and F1 generation of both

populations, Haihan and Liaoning, at stage II at 42 and �5 1C,

respectively. (A) Indicates heat tolerance (42 1C) and (B) indicates cold

tolerance (�5 1C).

Fig. 3. LT50 (mean7SE) at �5 1C of locust eggs for H (Hainan)

population, L (Liaoning) population, reciprocal (L~�H#;

H~�L#) and backcross (hybrids obtained by inbreeding between

females of parental strains and males of reciprocal strains) hybrids at

stage II. Stage II refer to eggs that are 7 days old at 30 1C. Data in the

same group that have different letters above their corresponding bars

are significantly different (Tukey’s HSD. Po0:05).
genetic factors contribute to differences in cold tolerance
between populations rather than cytoplasmic factors,
and that the genotype of the H population dominates
over the L population in determining the cold tolerance
of the hybrids crossed between two populations. In stage
III, there were significant differences among four stocks
(F3;11 ¼ 107:3; Po0:01), but the cold tolerance of each
reciprocal hybrid was similar to their maternal origins,
indicating a possible maternal effect.
3.3. Geographic variation and inheritance of heat

tolerance

There were significant differences in heat tolerance
between H and L populations in all three developmental
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Fig. 5. LT50 (mean7SE) at 42 1C of locust eggs from H (Hainan)

population, L (Liaoning) population, reciprocal (L~�H#;

H~�L#) and backcross hybrids (hybrids obtained by inbreeding

between females of parental strains and males of reciprocal strains) at

stage II. Stage II refers to eggs that are 7 days old at 30 1C. Data in the

same group that have different letters above their corresponding bars

are significantly different (Tukey’s HSD, Po0:05).
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stages (stage I: F1;5 ¼ 13:04; Po0:05; stage II:
F1;5 ¼ 136:58; Po0:01; stage III: F 1;5 ¼ 10:92; Po0:05).
The LT50 of the H population at 42 1C was greater than
that of the L population in each stage (Fig. 4), indicating
that, as with cold tolerance, geographical variation existed
in heat tolerance between the tropical (H) and temperate
(L) populations of the migratory locust.
Heritable patterns of heat tolerance in the three stages

were generally consistent (Fig. 4). The LT50 of both
reciprocal hybrids at 42 1C were similar to those of their
maternal parents in each stage. There were significant
differences between the two hybrids in stage II
(Po0:01), but not in stages I and III. Similar results
were found in the backcross experiments (Fig. 5),
indicating that genetic variation in heat tolerance may
be due to maternal or cytoplasmic factors rather than
nuclear factors.
3.4. Accumulation of Hsp70 and Hsp90

To examine the patterns of Hsp70 and Hsp90 mRNA
levels under heat- and cold-shock, a fluorogenic real-
time qPCR analysis was performed. Under normal
developmental conditions (30 1C), no significant varia-
tion in Hsp70 (t ¼ 0:936, df ¼ 4, P ¼ 0:402) and Hsp90
(t ¼ 0:806, df ¼ 4, P ¼ 0:079) mRNA expression be-
tween the two populations was observed. There were
apparent differences in the cold- and heat-shock
responses between the tropical (H) and the temperate
populations (L) (Fig. 6). After heat shock (40 1C� 12 h)
and cold shock (0 1C� 12 h), levels of Hsp70 mRNA in
the L population did not statistically differ compared
Fig. 4. LT50 (mean7SE) at 42 1C of locust eggs from H (Hainan)

population, L (Liaoning) population, and two reciprocal hybrids at

three developmental stages. Stages I–III refer to eggs that are 2, 7, 12

days old, respectively, at 30 1C. Data in the same stage group that have

different letters above their corresponding bars are significantly

different (Tukey’s HSD, Po0:05).
with the control (eggs incubated at 30 1C) (F 2;8 ¼ 3:456,
P ¼ 0:1); however, there were significant variations in
the H population (F 2;8 ¼ 28:71; Po0:01). Levels of
Hsp70 mRNA in the H population increased 2.3-fold
following cold shock, but no change was observed after
heat shock (Fig. 6A). Levels of Hsp90 mRNA in the L
population increased about two-fold after heat shock,
but did not significantly change in the H population.
Levels of Hsp90 mRNA in the L population were not
influenced by cold shock, but increased 3.8-fold in the H
population (Fig. 6B).
4. Discussion

Cold tolerance of the migratory locust varies clinically
along latitudinal gradients in China (Jing and Kang,
2003). But, geographic variations detected in natural
populations may have either a genetic component, or a
component that is plastic in nature because thermo-
tolerance can be influenced by prior exposure to altered
temperature, photoperiods, and conditions that induce a
diapause state (usually linked to photoperiod) (Huey
and Berrigan, 1996). To investigate if thermotolerance
of the migratory locust has a genetic component, two
populations (tropical and temperate) of the migratory
locust were collected in field. Although this experimental
design was adequate for crossing experiments because
there were great differences of cold tolerance between
both populations (Jing and Kang, 2003), this approach
could not test variation within local populations
(Hoffmann et al., 2003; Felsenstein, 2002).
Our results indicate that phenotypic variation of

thermotolerance is genetically controlled and appears to
have a complex genetic basis. For cold tolerance,
maternal effects or cytoplasmic factors in stage III were
found. In stage II, it is nuclear genetic effects rather than
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Fig. 6. Relative amounts of Hsp70 (A) and Hsp 90 (B) mRNA in 7

day-old eggs from L (Liaoning) population and H (Hainan)

population of L. migratoria after they were exposed to 40 and 0 1C

for 12 h, respectively. Controls were those eggs incubated for 7 days

old at 30 1C. Data in the same group that have different letters above

their corresponding bars are significantly different (Tukey’s HSD,

Po0:05).
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a maternal effect that contributes to differences in the
cold tolerance between the populations, and the
genotype of the tropical population appears dominant
to the genotype of the Liaoning population. There were
similar between-population dominance effects in M.

sanguinipes from reciprocal-grouped crosses made be-
tween a highly migratory population (New Mexico) and
a sedentary population (Colorado) (McAnelly, 1985).
For the heat tolerance, maternal effects or cytoplasmic
factors appeared to be involved in all three stages. A
reciprocal difference is also evident for diapause
induction in L. migratoria (Tanaka, 1994) and for
resistance to desiccation in Drosophila (Hercus and
Hoffmann, 1999). Genetic variation of thermotolerance
suggests the existence of a past evolutionary history of
adaptation to local thermal environment among both
Hainan and Liaoning populations. The same pattern
was also observed in two intertidal fishes, Scartichthys

viridis and Girella laevifrons (Pulgar et al., 2005). In
addition, other properties of the locusts differ consider-
ably between the tropical and the temperate popula-
tions. For example, the two populations studied differ in
embryonic diapause, life cycle, and numerical and
molecular characteristics (Kang and Chen, 1991; Tana-
ka, 1994), which is consistent with our results in respect
to the thermotolerance.
Cold tolerance of both reciprocal crosses in egg stage
II was intermediate, suggesting apparently nuclear
genetic. However, for heat tolerance of locust eggs, we
are unable to separate many possible ways that maternal
origin can affect offspring survival because the gender of
locust eggs cannot be discerned. Maternal effects have
been observed for a variety of traits in many insects that
are heavily influenced by maternal proteins and
mRNAs, the inheritance of organelles, or micro-organ-
isms in the cytoplasm (Mousseau and Fox, 1998).
Further investigations will be needed to understand
clearly the mechanisms of the maternal effect.
Different levels of tolerance to thermal stress were

found among the different developmental stages of
locust eggs in Hainan and Liaoning populations. Cold
tolerance was observed to be greatest in stage II in both
populations (Jing and Kang, 2004). The heat tolerance
of stage II was greatest in Hainan populaiton, but no
differences were found among the three stages in
Liaoning population. Similarly, many studies have
reported that thermotolerance is largely independent in
different life cycle stages of Drosophila species
(Loeschcke and Krebs, 1996; Hercus et al., 2000). For
D. melanogaster, only 6% of preblastoderm embryos
(1–2 old) hatch after exposure to 37 1C for 40min, as
compared to 85% after the onset of gastrulation (5 h
and above) (Bargh and Arking, 1984). Independence of
thermal adaptations between different developmental
stages may reflect the fact that heat and cold tolerance
are determined by different mechanisms in insects
(Cossins and Bowler, 1987). For locust eggs, embryonic
development can be divided into 23 stages and great
changes of morphology and physiology occur during the
embryonic formation from germ cells to larvae (Uvarov,
1966). In northern China, overwintering eggs remain in
the soil for 6 or 7 months from the autumn until the next
spring in the soil. Stage II of egg development if the
overwintering stage in northern China, whereas, warmer
temperatures are experienced throughout during the
year in southern China (Zhang and Li, 1999). Therefore,
different developmental stages of the locust eggs
experience different thermal stresses in these two
populations. In relative terms, heritability of heat
tolerance was more consistent across the three stages,
but cold tolerance varied among the different stages.
The complex genetic basis of thermotolerance may
reflect the fact that there were different evolutionary
responses to thermal extremes across different develop-
mental stages of the locust eggs.
Two heat shock protein genes (Hsp70 and Hsp90) of

the migratory locust were cloned and used to investigate
the mRNA expression of Hsps with relation to thermo-
tolerance in natural populations. We found that these
two Hsps were differentially expressed in migratory
locust populations. After cold shock (0 1C), the levels
of Hsp70 and Hsp90 mRNA increased in Hainan
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population, but no variation was observed in the
Liaoning population. In contrast, heat shock (40 1C)
enhanced the expression of Hsp90 transcripts in Liaon-
ing population, but not in Hainan population. Levels of
Hsp70 mRNA did not vary in either population after
heat shock. These results suggest that Hsps expression
may affect thermotolerance in natural populations of
the migratory locust. In many species, sub-lethal
temperatures can often induce the greatest amounts of
Hsp mRNA (Feder and Hofmann, 1999). The 0 and
40 1C are sub-lethal temperatures for locust eggs (Jing
and Kang, 2003) and can induce increase in Hsps

expression (Li et al., 2000). Thus, we selected both
temperatures to test for differences of Hsps mRNA
expression between L and H populations. Lyashko et al.
(1994) suggested in human fibroblasts that the heat-
resistant phenotype induces larger amounts of Hsp70
than the heat-intolerant one, not at the level of Hsp70
mRNA induction but rather at later stages, including
RNA transport to polysomes and/or other aspects in
post-transcriptional regulation. Heat- and cold-shock
response at the protein level should be further investi-
gated to understand its importance in the thermotoler-
ance of population adaptation.
A correlation has also been shown between Hsps

expression, stress tolerance, and gradients of environ-
mental stress by other studies (Feder and Hofmann,
1999). For example, in Drosophila species selected for
thermotolerance or collected from subtropical regions,
there was a reduced expression of Hsp70 mRNA and
protein after heat shock compared with non-selected or
temperate strains (Krebs and Feder, 1997b; Goto and
Kimura, 1998; Bettencourt et al., 1999; Yocum, 2001;
Zatsepina et al., 2001). A relatively cold-water, northern
species of mussel (Mytilus trossulus) also has a lower
threshold for Hsp70 expression than its congener, M.

galloprovincialis, a warm-water species (Hofmann and
Somero, 1996). Although Hsp90 gene transcription is
generally regarded to be less dependent upon thermal
stress than other genes of the HSP family (Buchner,
1999), the Hsp90 mRNA of locust eggs was inductively
expressed by heat- and cold-shock, as observed in
several other Insecta (Landais et al., 2001). Studies in
Drosophila larvae transformed with extra copies of the
Hsp70 gene indicated that high levels of Hsps, if
chronically expressed, are detrimental to the organism
and would be negatively selected in nature (Krebs and
Feder, 1997a; Feder and Hofmann, 1999; Zatsepina et
al., 2001). Besides, morphological variation that has
occurred between tropical and temperate populations
(Wang and Kang, unpublished data) might be related to
differentiation in constitutive expression levels of the
Hsp90 gene between two populations, since the work on
Drosophila and Arabidopsis showed links between
changes in Hsp90 levels and the expression of novel
morphological variation (Yahara, 1999; Queitsch et al.,
2002). However, further experiments are required to
understand the relationship between morphological
variation and Hsp90 expression after thermal stress in
the migratory locust.
In summary, a complex genetic component seems to

be involved in differences of thermotolerance between
Haian (tropical) and Liaoning (temperate) populations
in the migratory locust. Thermotolerance of locust eggs
varies across several developmental stages. Variations in
regulation of Hsps transcription likewise may be
explained by temperature-mediated selection. Further
studies will be needed to investigate genetic architecture
associated with thermotolerance of locust eggs and the
effects of Hsps variation at the protein level.
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