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Abstract: Object: For ectothermic insects, thermal tolerance is one of the most essential properties for survival in ambient 

environments. However, the molecular mechanisms involved in thermal tolerance in the silkworm, Bombyx mori L. (Lepidoptera: 

Bombycidae) have not been fully elucidated. The present study investigated mechanisms that provide heat tolerance in embryos 

of Bombyx mori. Materials and Methods: Eggs of the bivoltine silkworm strain p50 were exposed to different temperatures, to 

determine the lethal threshold temperature and to assess the effects of mild and low temperature incubation on tolerance to heat 

shock and on embryonic protein profiles. Protein levels were measured by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE). Results: When eggs were exposed to transient heat shock for one hour, the lethal threshold 

temperature was between 47.0°C and 48.0°C. However, exposure to 40.0°C for four hours, substantially elevated tolerance to the 

threshold heat shock and simultaneously increased levels of 70 and 27 kDa proteins in eggs, whereas exposure to 35.0°C did not. 

Exposure to 10.0°C for four hours lowered heat tolerance and did not alter the expression of 70 and 27 kDa proteins. Conclusion: 

The present findings indicated that hardening silkworm eggs at mild temperatures increases heat tolerance in embryos. To our 

knowledge this is the first observation of heat hardening in silkworm embryos. These putative heat-shock proteins of 70 and 27 

kDa might be involved in the effect of mild temperature hardening on heat tolerance. Cold stress might deprive embryos of 

energy reserves available for protection against heat damage. Protective mechanisms against heat and cold stress are probably 

different in this species. Further studies of the molecular mechanisms of heat tolerance should provide insight into the 

development of novel, high-yield silkworm strains in tropical environments. 
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1. Introduction 

Small ectothermic insects are vulnerable to 

high-temperature stress [1]. Thus, thermal tolerance is one of 

the most essential properties for the survival of insects in 

ambient environments and it plays an important role in 

determining the geographic distribution of each species [2]. 

Insects, like other organisms, synthesize heat shock proteins 

(HSP) when exposed to elevated temperatures and other stress 

factors such as cold, UV light, heavy metals and organic toxic 

substances [3, 4]. HSPs are stress proteins that act as 

molecular chaperones and function in protein folding, 

localization and degradation in key cellular processes 

including protein synthesis, signalling, transcription and 

metabolism. They ensure survival under conditions of stress 

[4-6, 24, 25]. HSPs are classified into several families such as 

HSP90, HSP70, HSP60 and small heat shock proteins 

(molecular weight range, 12 – 43 kDa) according to molecular 

weight and sequence similarity [5-7]. 

Silkworms (Bombyx mori L.) are beneficial insects of 

economic importance. Tropical multivoltine races resist high 

temperatures better than temperate bi- or univoltine races, 

whereas, cocoon and silk yield, as well as the quality of silk 

yarn generated from tropical races are inferior to those of 

temperate races [8-10]. Therefore, heat-resistant and 

high-yield strains that can adapt to tropical climates are in 

demand by the silk market and silk farmers. Studies of heat 

shock responses at the various developmental stages of 
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different silkworm strains have often focused on HSP 

expression [9-12]. However, the molecular mechanisms 

involved in thermal tolerance in Bombyx mori have not been 

fully elucidated and few studies have investigated heat shock 

responses in silkworm embryos at the molecular level [13]. 

The present study aimed to determine the embryonic 

mechanisms involved in heat tolerance in the silkworm. The 

present study identified the lethal threshold temperature of 

transient heat shock, and then assessed the effects of mild and 

low temperatures on tolerance to heat shock and on embryonic 

protein profiles. 

2. Materials and Methods 

2.1. Animals 

The National Bio-Resource Project (NBRP) of the 

Ministry of Education, Science, Sports and Culture of Japan 

(http://www.shigen.nig.ac.jp/silkwormbase/index.jsp) 

provided diapause eggs of the bivoltine silkworm strain, p50. 

Eggs were incubated essentially at 25°C and exposed to 

different temperatures in a relative humidity of 80% ± 10% 

under a daily 12 h light-12 h dark cycle. 

2.2. Thermal Treatment 

Eggs (three-day-old embryos) were incubated for one hour 

at 48.0°C, 47.0°C, 46.0°C, 44.0°C or 25.0°C (control) to 

determine the lethal threshold temperature. 

The present study also examined the effects of incubating 

eggs for four hours at 40.0°C, 35.0°C, 25.0°C (control) or 

10.0°C followed by one hour of recovery at 25°C. The eggs 

were then incubated for one hour at high temperatures of 

47.2°C and 47.0°C, and control eggs were incubated at 

25.0°C. 

Hatched larvae were counted for two weeks after starting 

the incubation of eggs, to determine the effects of various 

temperatures on embryonic survival. Unhatched eggs were 

judged as dead. Survival was defined as the ratio (%) of 

hatched larvae in each experimental group. 

2.3. Statistical Analysis 

Survival rates are expressed as the means with standard 

deviations (SD) of four independent groups of 90 – 137 

individuals per group. Mean values were statistically 

analyzed using one-way analyses of variance (ANOVA) 

followed by Tukey-Kramer tests. P < 0.05 was considered to 

represent significance. 

2.4. Extraction and Analysis of Egg Protein 

Sample eggs (three-day-old embryos) were collected, 

immediately frozen in liquid nitrogen and stored at -80°C. 

Frozen eggs were ground in liquid nitrogen and homogenized 

in phosphate-buffered saline (100 µg eggs/mL) for protein 

extraction. Homogenates were separated by centrifugation at 

13,000 g for 20 min at 4°C, and supernatants were resolved 

by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) [14]. 

3. Results 

3.1. Thermal Treatment 

Heat shock for one hour at 44.0°C and 46.0°C did not 

significantly affect embryonic survival rates (93.3% and 

87.7%, respectively), but survivability at 47.0°C and 48.0°C 

dropped to 60.7% and 0%, respectively (Figure 1). 

 

Figure 1. Effects of transient heat shock on survival rate of Bombyx mori 

embryos. Eggs were exposed to temperatures of 48.0°C, 47.0°C, 46.0°C, 

44.0°C or 25.0°C (control) for one hour. Survival rates of four independent 

groups are expressed as means with standard deviations. Superscript letters 

indicate significantly different survival rates among experimental groups 

(ANOVA and Tukey-Kramer test, P < 0.05). 

The survival rate after exposure to heat shock at 47.2°C 

dropped to 7.8% (Figure 2a). In contrast, incubation for four 

hours at 40.0°C, but not at 35.0°C, increased the survival rate 

of eggs that were subsequently shocked at 47.2°C, to 93.7%, 

which was as high as that of controls maintained at 25.0°C 

(Figure 2a). On the contrary, incubation at 10.0°C lowered the 

survival rate from 67.4% to 3.4% among eggs that were 

exposed to heat shock at 47.0°C (Figure 2b). However, eggs 

incubated at 10.0°C hatched normally (98.8%) after heat 

shock at 25.0°C (Figure 2b). 
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Figure 2. Effects of mild and low temperature incubation on heat shock 

tolerance in Bombyx mori embryos. (a) Mild temperature: Eggs were 

incubated for four hours at 40.0°C or 35.0°C, recovered at 25°C for one hour, 

then heat-shocked for one hour at 47.2°C. Control eggs were incubated at 

25.0°C throughout the experiment. (b) Low temperature: Eggs were incubated 

for four hours at 10.0°C, recovered at 25°C for one hour, then heat-shocked 

for one hour at 47.0°C. Control eggs were incubated at 25.0°C throughout the 

experiment. Survival rates of four independent groups are expressed as 

means with standard deviations. Superscript letters indicate significantly 

different survival rates among experimental groups (ANOVA and 

Tukey-Kramer test, P < 0.05). 

3.2. Protein Profiles in Eggs 

The amounts of 70 and 27 kDa proteins extracted from eggs 

and resolved by SDS-PAGE increased after incubation for 

four hours at 40.0°C, but not at 35.0°C (Figure 3a). Incubation 

at 10.0°C did not alter protein profiles (Figure 3b). 

 

Figure 3. Protein profiles of Bombyx mori embryos incubated at mild and 

low temperatures. (a) Mild temperature: Eggs were incubated for four hours 

at 40.0°C, 35.0°C or 25.0°C (control) followed by one hour of recovery at 

25°C. (b) Low temperature: Eggs were incubated for four hours at 10.0°C or 

25.0°C (control) followed by one hour of recovery at 25°C. Total protein 

extracts (two eggs/lane) were separated by SDS-PAGE on 10% (a) or 12.5% 

(b) polyacrylamide gels and visualised by Coomassie Brilliant Blue staining. 

Arrows indicate 70 and 27 kDa proteins. 

4. Discussion 

The present study initially determined the impact of heat 

shock for one hour on embryos of the silkworm strain p50. 

The lethal threshold temperature was between 47.0°C and 

48.0°C. In fact, heat shock at 47.0°C and 47.2°C decreased 

survival rates to 60.7% – 67.4%, and 7.8%, respectively. 

These threshold temperatures were similar to the range of 

43°C – 48°C that has been reported as threshold or sublethal 

temperatures for other strains of silkworm eggs [11, 13, 15], 

although they cannot be strictly compared due to differences 

in breeding and experimental procedures. 

The present study then examined the effects of exposing 

silkworm eggs to mild and low temperatures on embryonic 

tolerance of lethal threshold temperatures. Mild temperature 

hardening obviously improved heat tolerance in silkworm 

embryos. Although this phenomenon of heat hardening is 

common among insects [4, 16, 17], to our knowledge this is 

the first description of heat hardening in silkworm embryos. In 

contrast, incubating eggs at low temperatures decreased heat 

tolerance. A cross-protection effect that cold hardening 

increases heat resistance has been observed in Drosophila 

melanogaster [16]. However, protective mechanisms for heat 

and cold stress appeared to differ in silkworms, as in the pea 

leafminer, Liriomyza huidobrensis [17]. 

Protein separation by SDS-PAGE revealed that incubating 

eggs at mild temperatures increased the amounts of 70 and 27 

kDa proteins that might correspond to HSP70 and HSP27, 

respectively. Several studies have shown that silkworm larvae 

under heat stress produce HSP70 and near 27-kDa (26, 28 and 

29 kDa) proteins [10-11, 18]. The main Drosophila HSP that 

functions in thermal tolerance is inducible HSP70 [4, 19, 20], 

and HSP27 is also involved in resistance to heat stress [21]. 

The gene expression of HSP70 and HSP20 (but not HSP27) is 

upregulated by mild temperature hardening that increases heat 

tolerance in Liriomyza huidobrensis [17]. Taken together with 

these results, the present findings suggest that 70 and 27 kDa 

proteins are involved in mild temperature hardening that helps 

silkworm embryos to tolerate heat. 

On the other hand, incubating silkworm eggs at low 

temperatures did not affect 70 or 27 kDa protein expression, 

and tolerance to elevated temperatures was decreased. Since 

HSP synthesis consumes energy [22, 23], embryos might have 

evoked a response for cold resistance and used energy reserves 

that were destined for heat resistance. More detailed studies 

are required to clarify how 70 and 27 kDa proteins are 

involved in the protective mechanisms of heat tolerance in 

silkworm embryos. 

5. Conclusion 

The present findings indicated that hardening silkworm 

eggs at mild temperatures increases heat tolerance in embryos. 

Although this phenomenon of heat hardening is common 

among insects, to our knowledge this is the first description of 

heat hardening in silkworm embryos. In addition, the present 

study suggested that the 70- and 27-kDa proteins in silkworm 
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embryos generate tolerance against elevated temperatures. 

These proteins might correspond to HSP70 and HSP27, 

respectively, because several studies have shown that HSP70 

and HSP27 are involved in resistance to heat stress in other 

species. The present study also indicated that protective 

mechanisms against heat and cold stress differ in silkworms. A 

cross-protection effect that cold hardening increases heat 

resistance has been observed in Drosophila melanogaster. 

Protective mechanisms for thermal stress appeared to differ 

among species. Further studies of protective mechanisms of 

heat tolerance should provide insight into the development of 

novel high-yield silkworm strains that will thrive in tropical 

climates. 
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