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Abstract

The pea leafminer, Liriomyza huidobrensis, is one of the most important economic insect pests around the world. Its population

fluctuates greatly with seasonal change in China, and temperature was thought to be one of the important reasons. In attempt to further

explore the impact of disadvantageous temperature on L. huidobrensis, 1-day-old adults were shocked at various temperatures (10, 25, 32,

and 35 1C, respectively) for 4 h, and the effects on thermotolerance, feeding, and fecundity were studied. Meanwhile the expression of five

heat shock genes (hsp90, 70, 60, 40, and 20) was examined by real-time quantitative PCR. Our results showed that both 32 and 35 1C

hardenings remarkably increased adult heat resistance, whereas cold tolerance was not improved accordingly. No cross resistance in

response to cold and heat stresses was observed. Both adult feeding and fecundity were dramatically reduced, but no effect was observed

on egg hatching, larval survival, pupal eclosion, or sex ratio. The results indicate that the deleterious effect on fecundity is the result of

direct cessation of oviposition during the period of stress. Simultaneously, the mRNA levels of hsp70 and hsp20 significantly increased

upon thermal hardening. Taken together, our results suggest that mild heat hardening improves thermotolerance of L. huidobrensis at the

cost of impairment on fecundity, and the induced expression of hsp70 and hsp20 may play an important role in balancing the functional

tradeoff.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The pea leafminer, Liriomyza huidobrensis, is one of the
most important economic insect pests on vegetables and
ornamentals. Female adults puncture the leaf surface with
their ovipositors, feed on the leaf tissue, and insert their
eggs into leaves. When the eggs hatch, the larvae mine
within the leaf tissue, forming serpentine tunnels. The
leafminers can severely reduce plant yield, transport viral
and fungal diseases (Civelek and Önder, 1999), and even
kill the plants at high fly density (Spencer and Steyskal,
1986). First found in China in 1993, they have spread to
more than 15 provinces, and can occur throughout the year
(Kang, 1996; Chen and Kang, 2002). The populations of
L. huidobrensis fluctuate seasonally in nature, and dom-
e front matter r 2007 Elsevier Ltd. All rights reserved.
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inate their congeners such as Liriomza sativae in late spring
and autumn, whereas decrease their abundance in hot
summer (Chen and Kang, 2002). Recent studies have
shown that thermotolerance plays an important role in
determining seasonal abundance and geographic distribu-
tion in these Liriomyza species (Chen and Kang, 2002,
2005).
Temperature is one of the most important variables that

affect insects (Cossins and Bowler, 1987; Worner, 1998;
Bale et al., 2002). The disadvantageous temperatures can
significantly affect development. Leibee (1984) found that
high temperature (35 1C) decreased pupal viability of
Liriomza trifolii. At extreme temperatures, individual
development of Drosophila would not proceed through
the whole life cycle (Chakir et al., 2002). Another
important effect of temperature is to decrease fecundity.
The threshold temperatures generally limited reproduction
(Schnebel and Grossfield, 1984) in most tropical and
temperate species when they are continuously exposed to
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the disadvantageous temperatures. In Drosophila males,
sterility was induced at temperatures above 30 1C and
below 12 1C (David and Clavel, 1969).

During evolutionary history, insects have evolved many
behavioral and physiological strategies such as seeking
shelters, changing the fluidity of cell membranes, and
accumulating sugars, polyols, antifreeze proteins and
amino acids (Storey, 1997; Duman, 2001; Wang and Kang,
2005a) to avoid temperature impairments. One of the most
important physiological adaptations to temperature stress
is to induce the expression of heat shock proteins (Hsps).
When organisms are exposed to a variety of stress factors
such as cold, heat, CO2, heavy metal, and various
chemicals (Lindquist, 1986; Hoffmann and Parsons, 1991;
Krishna et al., 1992; Ferrando et al., 1995), they synthesize
a set of Hsps, which usually act as molecular chaperones,
and play diverse roles in transporting, folding, assembling
of degraded or misfolded proteins (Johnston et al., 1998;
Sørensen et al., 2003). Hsps can be divided into several
families including Hsp90, 70, 60, 40 and small Hsps (sHsps)
on the basis of molecular weight and homology of amino
acid sequences (Feder and Hofmann, 1999; Sørensen et al.,
2003). The sHsps contain an a-crystalline domain with
molecular weights of 12–43 kDa due to the variable N- and
C-terminal extensions (MacRae, 2000; Taylor and Benja-
min, 2005). The Hsps have been shown to provide
protection from thermal killing (Gehring and Wehner,
1995), whereas overexpression brings disadvantages in cell
division (Feder et al., 1992), development (Krebs and
Feder, 1997), and reproduction (Krebs and Loeschcke,
1994; Silbermann and Tatar, 2000).

The thermotolerance and distribution of L. huidobrensis

have been clearly revealed after they invaded China in 1993
(Chen and Kang, 2002, 2004, 2005). However, the impact
of disadvantageous temperature on the population remains
unclear. In this study, we investigated the effects of mild
temperature hardening on adult thermotolerance, feeding,
and fecundity. Meanwhile, the mRNA levels of five hsp

genes were examined. We attempt to address the following
questions: (1) How does mild temperature hardening affect
the pea leafminer? and (2) what kinds of hsps are induced
during the process? The answers may help elucidate the
mechanism of seasonal population dynamics of L. huido-

brensis.

2. Materials and methods

2.1. Insect samples

The laboratory-reared population of L. huidobrensis was
originally collected on celery in Beijing in 2001, and
maintained at 25–26 1C on the bean plant Phaseolus
vulgaris following protocols outlined by Chen and Kang
(2002). Beans were seeded by 2–3 plants per pot (12 cm in
diameter). Ten days after germination, eight pots of plants
about 20 cm tall were put into a wood cage
(40� 40� 40 cm) with mesh Saran screening draped over
it. About 100 adults (1:1 sex ratio) were raised per cage.
The detailed procedure was described by Chen and Kang
(2005). The pupae were kept in a glass tube and blocked
with cotton. A piece of filter paper saturated with honey
water was put in the tube to provide adults with food. The
1-day-old adults were used in the test.

2.2. Thermotolerance

Forty adults (1:1 sex ratio) were collected in a 5mL
cryogenic tube, exposed to the target temperatures (10, 25,
32, and 35 1C) for 4 h, then allowed to recover at 25 1C for
1 h. Recovery adults were kept at 41 1C for 1 h and �12 1C
for 4 h to examine the heat or cold tolerance, respectively.
Flies were tallied as surviving if they responded to gentle
prodding after 1 h recovery at 25 1C. The temperature
alterations were achieved by submersing the tubes into a
glycol bath (Programmable Temperature Controller, Poly-
sciences). Each treatment was repeated four times.

2.3. Adult feeding and fecundity

Forty adults (1:1 sex ratio) were respectively exposed to
10, 25, 32, and 35 1C for 4 h, and then raised with a pot of
plants in a 20� 20� 34 cm (length�weight� height) cage.
A fresh plant was supplied every day until the flies died.
Fecundity is often indicated by the amount of eggs laid
(Leibee, 1984; Sæthre and Hofsvang, 2002). An oviposition
puncture was taken to indicate the presence of an egg
(Facknath, 2005). The numbers of feeding and oviposition
punctures were counted by examining leaves under a
stereomicroscope according to the method of Reitz and
Trumble (2002). The feeding and oviposition punctures can
be distinguished from each other by the fact that most of
the feeding punctures are located on the upside of leaves,
while the oviposition ones are mainly present on the
underside. Moreover, the feeding punctures are much
bigger than the ovipositon ones, and the former are usually
visible by the naked eyes (Luo et al., 2001). The number of
1-instar larvae was checked according to their tunnels 4
days after the plant was inoculated. Pupae were collected,
and the adult amount and sex ratio (male: female) were
recorded 10 days after eclosion. The 25 1C hardening
samples were used as the control, and each treatment was
repeated four times.

2.4. Real-time quantitative PCR

Forty adults (sex ratio 1:1) were treated at different
temperatures as above, recovered for 1 h at 25 1C, and then
frozen quickly in liquid nitrogen and stored at �70 1C.
Each treatment was repeated three times. The total RNAs
were isolated using the RNeasys Mini Kit (Qiagen), and
2 mg RNAs were used to generate the cDNAs. The mRNA
amounts of Hsps were quantified by real-time quantitative
PCR. The PCR reactions were performed in a 20 mL total
reaction volume including 10 mL of 2� SYBRs Premix EX
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Table 1

Primer sequences used in the real-time quantitative PCR

Gene Primer sequence (50-30) Fragment

length (bp)

hsp90 CATCACAATACGGTTGGTCTGC 92

CTTGCCACTCATGTAGCCCAT

hsp70 CTTTGACTTGGGTGGCGGTA 197

GACGCAAGGCTCTGGGATT

Hsp60 ATTCGTCGTGGTGTCATGTTGG 110

GCTGAGATGGTGGCTACTTGAG

Hsp40 ATTAGGCGGTGGTGCTTTTCG 167

GAGCCAAGGACATGCGTGAGA

hsp20 AGTAGAGGGGAAGCACGAGGA 154

CTTCATAGGGGCACGCACA

b-actin TGACTGAAGCCCCATTGAACC 236

GCGACCAGCCAAGTCCAAAC
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Fig. 1. Survival experiment. Adult L. huidobrensis were exposed for 4 h to

10, 25, 32, and 35 1C, respectively. After 1 h recovery at 25 1C, the adults

were exposed to 41 1C for 1 h (A), or �12 1C for 4 h (B). Survival rate was

presented as mean7SE.
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TaqTM (TaKaRa) master mix, 5 mM each of gene-specific
primers (Table 1), and 1 mL cDNA templates. They were
carried out on the Mx 3000P detection system (Stratagene),
and the parameters were as follow: 10 s at 95 1C, then 40
cycles of 5 s at 95 1C, 20 s at 58 1C and 20 s at 72 1C, then
one cycle of 30 s at 95 1C, 30 s at 58 1C and 30 s at 95 1C in
order to produce the melting curves, which can be used to
judge the specificity of PCR products. A standard curve
was derived from the serial dilutions to quantify the copy
numbers of target mRNAs. The relative level of each hsp

was defined as the increased folds compared with the
amount of b-actin. The hsp70 mRNAs of the control were
examined in every PCR plate to eliminate the systematic
error.
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2.5. Statistical analysis

Differences between treatments were compared either by
t-test (for comparison of two means), or by one-way
analysis of variance (ANOVA; Systat, Inc.) followed by a
Tukey’s test for multiple comparisons. The data were
denoted as means7SE (Standard Error of Mean), and
analyzed using SPSS 11.0 software.
0
10 25 32 35

Hardening temperature (°C)

Fig. 2. Feeding punctures of adult L. huidobrensis at different temperature

hardenings. Forty adults (sex ratio 1:1) were exposed for 4 h to 10, 25, 32,

and 35 1C, respectively, and then raised on fresh leaves at 25 1C. The

number of feeding punctures during their lives was summed. Columns

topped by different letters had significantly different means (ANOVA,

F3,15 ¼ 44.86, Po0.001).
3. Results

3.1. Adult thermotolerance

Heat resistance was greatly elevated by a 4 h exposure to
32 or 35 1C (except for 10 1C). After hardenings, adult
survival at 41 1C changed from 49.8% (25 1C) to 45.6%
(10 1C, t ¼ 1.04, P ¼ 0.34), 77.8% (32 1C, t ¼ 8.1,
Po0.001) and 93.8% (35 1C, t ¼ 17.3, Po0.001), respec-
tively (Fig. 1A). However, these temperature hardenings
did not improve cold tolerance (Fig. 1B). After 4 h
exposures to 10, 32, and 35 1C, respectively, the adults
did not show significant improvement to survive extreme
cold treatment (�12 1C, 4 h) (ANOVA, F3, 15 ¼ 0.17,
P ¼ 0.91).
3.2. Adult feeding

Mild temperature hardenings dramatically reduced the
number of feeding punctures (Fig. 2). After 4 h hardenings
at 10, 32, and 35 1C, the numbers of average feeding
punctures produced by 40 adults during their lives were
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395, 635, and 269, respectively, which were significantly
lower than that (1100 punctures) at 25 1C (101C, t ¼ 7.47,
Po0.001; 32 1C, t ¼ 4.55, P ¼ 0.004; 35 1C, t ¼ 8.62,
Po0.001). The 35 1C hardening had the greatest effect on
adult feeding.

3.3. Adult fecundity

The amount of eggs deposited remarkably decreased
during the mild temperature hardenings (ANOVA, F3,

15 ¼ 55.90, Po0.001) (Fig. 3). For example, the average
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Fig. 3. Egg production by adults of L. huidobrensis under different

temperature hardenings. An oviposition puncture was taken to indicate

the presence of an egg. The number of oviposition punctures was counted

by examining leaves under a stereomicroscope. Refer to Fig. 2 for the

treatment method. Columns topped by different letters had significantly

different means (ANOVA, F3, 15 ¼ 55.90, Po0.001).
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Fig. 4. Effect of mild temperature hardening on offspring fitness: egg hatcha

(male:female) (D).
egg amount was 111 at 25 1C. However, it dropped to 38
(t ¼ 10.8, Po0.001) after 4 h exposure to 10 1C. The
exposure to 35 1C reduced the amount to 4 (t ¼ 18.2,
Po0.001), and almost stopped egg deposition.

3.4. Offspring fitness

Egg hatchability, larval survival, emergence rate of
pupae, and sex ratio were investigated to assess the effect
of mild temperature hardening on offspring fitness. None
of these elements changed, no matter how the parents were
stressed by the mild temperature hardening (Fig. 4). The
sex ratio of the offspring remained 1:1, and there was no
significant difference among the treatments and control
(ANOVA, F3, 15 ¼ 0.66, P ¼ 0.59) (Fig. 4D).

3.5. Expression of five hsp genes

In order to know which kind of hsp is involved in the
mild temperature hardening, we examined the relative
levels of five hsps. Both hsp70 and hsp20 were significantly
induced (Fig. 5). The relative levels of hsp70 mRNA were
5.27, 3.92, and 3.8� 10�2 at 10, 32, and 35 1C, respectively.
These amounts were remarkably higher than that
(1.49� 10�2) at 25 1C (10 1C, t ¼ 5.79, P ¼ 0.004; 32 1C,
t ¼ 3.59, P ¼ 0.023; 35 1C, t ¼ 5.90, P ¼ 0.004). As com-
pared with the control (25 1C), the relative levels of
hsp20 increased to 3.8, 3.0, and 2.6 folds at 10, 32, and
35 1C, respectively. However, the relative levels of hsp90,
hsp60, and hsp40 did not change under the temperature
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Fig. 5. Expression levels of five hsps under different temperature

hardenings. The treatment was carried out as described for Fig. 2. The

mRNA level was determined by real-time quantitative PCR. The asterisk

on the columns indicates a significant difference from the controls (25 1C)

(Po0.05).
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hardenings. Former studies have shown that Hsps have a
basal expression at the normal environment (Foster and
Brown, 1996; Rossi et al., 2002). We found the basal
mRNA levels of both hsp70 and hsp20 were about
1.5� 10�2, which were significantly lower than those of
hsp90 (28.97� 10�2), hsp60 (7.03� 10�2), and hsp40

(5.26� 10�2) (ANOVA, F4,14 ¼ 26.31, Po0.001).

4. Discussion

Insects are usually exposed to various stresses such as
heat, cold, desiccation, and chemical poison in nature, so
they have to cope with the associated effects. In some
situations, one stressor can enhance tolerance to other
stressors. This phenomenon of cross resistance is well
known for chemical resistance. However, whether cross
resistance applies to thermal acclimation is less understood
(Hoffmann et al., 2003). Our results showed that mild heat
hardening (4 h exposure to 32 or 35 1C) significantly
increased heat resistance of adult leafminers, but it was
unable to enhance cold survival. Moreover, 10 1C cold
hardening could not increase heat survival. There seems
to be no cross resistance in the thermotolerance of
L. huidobrensis. This phenomenon is partially consistent
with a previous study by Bubliy and Loeschcke (2005),
which showed that the cold hardening was unable to
increase heat resistance of Drosophila melanogaster, while
heat hardening could elevate cold tolerance. However, in
the same species Sejerkilde et al. (2003) found that heat
hardening had a negative effect on cold tolerance. These
results indicate a possibility of different multiple-stress-
resistance mechanisms for stress resistances (Bubliy and
Loeschcke, 2005). Perhaps heat and cold hardenings have a
different physiological basis.

Although temperature hardening can improve thermo-
tolerance of L. huidobrensis, it has a negative impact on
fecundity. We found that the egg amount remarkably
decreased after 4 h exposure to 10, 32, or 35 1C, and the
35 1C exposure almost completely halted egg deposition.
Similar results have been reported in other insects such as
Eurosta solidaginis (Irwin and Lee Jr., 2000), Drosophila

melanogaster (Hercus et al., 2003), and Diplolepis spinosa

(Wiliams et al., 2003). Although the mild temperature is
non-lethal to adults, it may produce negative effects for
many physiological functions, especially reproductive
systems. The work on Scathophaga stercoraria indicated
that warmer temperatures resulted in smaller ovarioles and
testes (Blanckenhorn and Henseler, 2005). We also found
that egg hatchability, larval survival, emergence rate of
pupae, and sex ratio were not affected by treatments of
their parents. This implies that the deleterious effect on
fecundity may be the result of direct cessation of egg
deposition during the period of stress.
Another consequence resulting from temperature hard-

ening is to depress adult feeding. An earlier study on the
leafminer L. sativae showed that a mild temperature (28 1C)
treatment decreased the food intake of larvae (Hao and
Kang, 2001). In fact, mild temperature also affects adult
feeding. For instance, the number of feeding punctures
remarkably declined after adults of L. huiborensis were
stressed by mild temperature hardenings. Feeding is very
important for insect reproduction. Supplementary food
during the early adult stage has been reported to increase
female survival and egg deposition (Hou and Sheng, 2000).
On the other hand, exposure of premature adults to low
food rations during vitellogenesis led to a sharp drop in
mean ovary weight, and was associated with poor growth
of vitellogenic oocytes (Bromley et al., 2000). These
findings suggest that mild temperature hardenings can
result in depressed adult feeding which may cause a
subsequent impairment on fecundity.
A correlation has been shown between Hsp expression

and the consequential phenotypic variations such as stress
tolerance, fecundity, and longevity (Feder and Hofmann,
1999; Hoffmann et al., 2003; Vermeulen and Loeschcke,
2007). For example, a non-lethal cold hardening elevated
cold tolerance of Drosophila melanogaster and induced
Hsp70 expression (Sejerkilde et al., 2003). In this study, we
found that both hsp70 and hsp20 were induced after mild
temperature hardenings. By contrast, thermotolerance of
L. huidobrensis was greatly improved, whereas the numbers
of eggs significantly declined. This phenomenon was in
agreement with the earlier study that overexpression of
hsp26 and hsp27 enhanced Drosophila resistance to stress as
well as induced a decline in fecundity (Wang et al., 2004).
These results indicate that the overexpression of heat shock
proteins highly relates to the tradeoff between thermal
protection and fecundity. Tradeoffs between thermotoler-
ance and other consequences (such as fecundity and
longevity) have been widely revealed in various organisms
(Hoffmann et al., 2003; Sørensen et al., 2003), but the
underlying mechanisms are less understood. The synthesis
of heat shock protein has been proved to be a process of
energy consumption (Koehn and Bayne, 1989; Hoffmann,
1995) and usually results in a concomitant reduction in the
synthesis of other proteins (Parsell and Lindquist, 1994).
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Therefore, the tradeoff between thermotolerance and
fecundity in L. huidobrensis is possibly due to a reduction
of energy support, which has been consumed to synthesize
stress proteins (probably Hsp70 and Hsp20) to cope with
thermal stresses. In L. huidobrensis, the induced synthesis
of Hsp70 and Hsp20 may play an important role in
balancing the functional tradeoff (thermotolerance vs.
fecundity) to ensure their survival at disadvantageous
temperatures. The other hsp members (hsp90, hsp60, and
hsp40) were not induced by mild temperature hardenings in
this study. We found that their basal levels were
significantly higher than both hsp70 and hsp20. It appears
that the hsp genes with lower basal expression are more
easily induced. This is in accord with our previous study
showing that hsp70 and hsp20 were more susceptive to
thermal stress than the other hsps (Huang and Kang, 2007).
One possible explanation for this phenomenon is that these
hsp genes with high basal levels may mainly play house-
keeping functions in the cell physiology of Liriomya.

Mild temperature hardening is one of the most frequent
stresses confronting insects in nature. In most insect
species, populations fluctuate with seasonal change. The
population of L. huidobrensis reaches its climax in cool
seasons, and drops greatly in summer. Low heat resistance
was thought to be one of the important reasons (Chen and
Kang, 2002). Our study further demonstrated that poor
heat resistance would make them suffer from constant heat
stress in hot weather and result in overexpression of both
hsp70 and hsp20. Although the expression of heat shock
proteins will provide thermal protection (Gehring and
Wehner, 1995), it is at the cost of reproductive impairment.
This may be attributable to the population reduction of
L. huidobrensis in summer.

Thermal selection can make organisms produce genetic
variation and adaptive evolution. Leafminer populations in
high latitudes are more cold tolerant than those in low
latitudes (Chen and Kang, 2004). The connections between
climatic parameters and stress resistance suggest that
climatic selection positively contributes to the evolution
of thermotolerance in insects. The inheritance of thermo-
tolerance has been observed in Drosophila melanogaster

(Guerra et al., 2000) and Locusta migratoria (Wang and
Kang, 2005b). In general, the tolerance of F1 generation
was approximately intermediate between their parental
stocks, but with a bias towards their mother, indicating a
possible maternal inheritance. Our results have shown that
the short-term mild temperature hardening has no effect on
offspring fitness. However, whether the long-term repeated
stress in nature has produced a heritable effect on offspring
needs further study.
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