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Abstract
The present study reports the survival and expression patterns of heat shock protein 90 (hsp90) in
silkworm Bombyx mori. The ubiquitous expression of hsp90 mRNA was observed within all examined
tissues such as fat body, ovary, wing disc and dorsal abdominal epidermis during larval stage, and fat
body and ovary during pupal stage. Under heat stress, depending on its severity, hsp 90 expression was
found to vary among different tissues. At mild and mild-to-severe heat stressed condition (39 ºC and 42
ºC), its expression was found to be significantly up-regulated in all examined tissues except pupal ovary.
At severe-to-lethal heat stressed condition (45 ºC), no significant up-regulation in hsp90 transcript level
was observed in tissues except dorsal abdominal epidermis. The up-regulation of hsp90 was found to be
associated with the ability of the animal to survive at the particular heat shock temperature. The spinning
larvae were found to be more heat resistant than pupae.
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1. Introduction
The insects are the most abundant animal group on earth and the scientific interest to
understand their response to environmental stresses has increased considerably because of
their medical, economical and ecological values. The impact of these stresses, depending on its
severity, varies from increased synthesis of heat shock proteins for the survival to the
physiological and developmental insults. The heat shock proteins act as molecular chaperones
and protect the cells by controlling the appropriate folding and translocation of polypeptides to
different cellular compartments. There are many families of heat shock proteins (Hsps) based
on their molecular weight and homology, and include Hsp100, Hsp90, Hsp70, Hsp60, Hsp40
and sHsps [1-3]. In insects, the genes for many such Hsps have been isolated and characterized
[4-11]
. The heat shock protein of 90 kDa (Hsp90) has been found to be highly conserved and
highly expressed cellular protein [12]. It is important among other Hsps because its target
proteins include steroid hormone receptor, signaling kinases and various transcription factors
and it was suggested that it occupies a central position in cellular networks and plays an
important role in the homeostasis of cellular proteins [13-15]. The involvement of Hsps in
thermotolerance and developmental processes such as diapause, spermatogenesis, oogenesis
and embryogenesis were observed in insects, such as Delia antiqua, Helicoverpa zea, Lucilia
sericata [5, 8, 9, 16-21]. In Bombyx, Hsp70a was found to play a role in the reception/transduction
of diapause termination (5 ºC) signal via gene activation [7].
Thermotolerance in an insect is dependent on the expression of heat shock proteins such as
sHsps, Hsp70 and Hsp90. Recently, it was demonstrated that in Bombyx, two heat shock
proteins, namely, sHsps and Hsp70 are associated with the acquisition of thermal tolerance [22].
The tissue specific expression of hsp70 mRNA and the changes in its expression level along
with other small heat shock proteins were demonstrated in Bombyx and Antheraea pernyi upon
heat stress [11, 22-23]. For Hsp90, its involvement under heat stress in silkworm was
demonstrated at protein level, using the techniques of SDS-PAGE and immunoblot analysis [2426]
. At mRNA level, its differential expression was shown only during embryonic development
in Bombyx [27], and no reports are available till date on tissue specific mRNA expression of
hsp90 gene and its induction upon heat stress in Bombyx. The present study thus made an
attempt to study the tissue specific mRNA expression pattern of hsp90 in silkworm, B. mori.
An attempt was also made to correlate the survival of larvae under heat stress with the
transcript level of hsp90.
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2. Materials and methods
2.1 Experimental Insect
Disease-free layings (dfls) of silkworms breed CSR 18 of B.
mori were obtained from Central Sericultural Germplasm
Resource Centre (CSGRC), CSB, Hosur, Tamilnadu and
reared with fresh mulberry leaves in laboratory under
controlled conditions (temperature, 25±1 C; humidity, 6090%, photoperiod, 12L:12D). Only female larvae and pupae
were considered for heat shock treatment to avoid any sexspecific data variations. Larvae and pupae were staged
according to days after ecdysis, and the available
morphological markers such as spinneret pigmentation and gut
purge.
2.2 Heat shock treatment
For heat shock treatment, day 3 spinning larvae and day 2
pupae were placed individually in glass test tubes plugged with
cotton and were submerged in a water bath at 39 °C, 42 °C and
45 °C for both 1 h and 2 h, as described [28]. Following heat
shock, the larvae and pupae were resumed back to controlled
laboratory conditions.
2.3 Study on survival and development under heat stress
Survival, successful molting to next developmental stage and
developmental abnormalities, if any, were observed under
normal and experimental conditions.
2.4 RNA isolation and semi-quantitative RT-PCR
Total RNA was isolated using TRIzol reagent (Invitrogen)
from tissues such as dorsal abdominal epidermis, wing disc,
fat body and ovary during spinning larval period, and fat body
and ovary during pupal stage. The quantification of RNA was
performed spectrophotometrically at 260 nm. The purity of
total RNA was assessed using A260/280 ratios. The denaturing
agarose gel RNA electrophoresis was performed to ascertain
the integrity of isolated RNA. Up to 5 µg of total RNA was
reverse transcribed into cDNA using M-MLV reverse
transcriptase (Invitrogen) and oligo dT primer. The cDNA was
subsequently used as a template for PCR. The target DNA was
generated using the gene specific forward and reverse primers
and Taq polymerase. The primer sequences were hsp90
(forward 5′-CACAATGGGATACATGGCTGC-3′, and

reverse 5′-GATGAGCCGATTCAGGTTGAAG-3′; GenBank
Accession No.: AB060275); and rp49 (forward 5′GCATCAATCGGATCGCTATGAC-3′ and reverse 5′CAAGAAGACCCGTCATATGCT-3′; GenBank Accession
No.:AB048205). Ribosomal protein (rp49) was used as
internal standard. Multiplex PCR was performed with primer
concentrations of 400nM for hsp90 and 200 nM for rp49. The
reactions were performed at 95 °C for 10 minutes followed by
35 amplification cycles (95 °C for 30 s, 60 °C for 30 s and 72
°C for 30 s), and a final 10 minutes extension period at 72 °C.
The amplified products were subjected to 3.5% agarose gel
electrophoresis and molecular size was confirmed by running
DNA standard. The expression level of hsp90 was calculated
relative to rp49 expression for each sample by comparing the
band densities of both hsp90 and rp49 using Image-J program.
2.5 Statistical analysis
Student`s t-test was performed for the analysis of the data
using GraphPad Prism 6 software.
3. Results
3.1 Survival and development of silkworm larvae and
pupae under heat stress
The response of spinning larvae and pupae under heat stress
was found to be dependent upon the degree of temperature
elevation and the duration of its exposure. All spinning larvae
and pupae were found to survive and almost all entered into
subsequent developmental program, when heat shock was
given at 39 °C for 1 h and 2 h respectively (Figs. 1A, B). The
heat shock at this temperature did not bring any abnormalities
to stressed larvae and pupae. At 42 °C for 1 h exposure,
although all larvae and pupae survived and successfully
entered into next developmental program, some of them (1014%) showed abnormal development in the adult stage (Figs.
1A, B, 2). The heat shock exposure for 2 h at 42 °C showed
pupal death (6%) as well as disturbed adult metamorphosis
(14%) for spinning larvae (Figs. 1A, 2), whereas, for pupae
(Figs. 1B, 2), it showed abnormal development in the adult
stage (27%). The most observed striking effect of heat shock
at this temperature was found to be failure of molting process
or abnormalities in development before ensuring the death of
affected animals (Fig. 2).

Fig 1: Effect of heat stress on survival and development of silkworm, Bombyx mori. (A). heat stress to day 3 spinning larvae (n=40-50). (B).
Heat stress to day 2 pupae (n=30). C: control; 39-1: heat shock at 39 °C for 1 h; 39-2: heat shock at 39 °C for 2 h; 42-1: heat shock at 42 °C for 1
h; 42-2: heat shock at 42 °C for 2 h; 45-1: heat shock at 45 °C for 1 h; 45-2: heat shock at 45 °C for 2 h.
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The heat stress at 45 °C-1 h to spinning larvae (Fig. 1A)
showed normal development till adult stage (35%) as well as
disturbed pupal metamorphosis (53%), whereas, 87% of heat
stressed pupae died after survival for few days, as evident by

response to a stimulus like touch (Fig. 1B). The heat shock
exposure for 2 h at 45 °C caused 100% mortality in all heat
stressed larvae and pupae (Figs. 1A, B).

Fig 2: Developmental abnormalities of silkworm, Bombyx mori under heat stress. A, B: disturbed pupal metamorphosis; C: abnormal pupa; D,
E: disturbed adult metamorphosis; F: abnormal adult.

3.2 Tissue specific expression of hsp90 transcript
Tissue specific expressions of hsp90 transcript were studied in
fat body, ovary, dorsal abdominal epidermis and wing disc in
spinning larvae, and fat body and ovary of day 2 pupae (Fig.
3). During spinning larval phase, ovary showed less expression
of hsp90 transcript than other tissues examined viz., fat body,

dorsal abdominal epidermis and wing disc. During pupal stage,
ovary showed more expression than fat body. Thus, ovary
displayed a higher level of hsp90 expression in day 2 pupae
than in spinning larvae, and fat body showed more expression
in spinning larvae than pupae.

Fig 3: Tissue distribution of hsp90 mRNA in Bombyx mori. (A). Expression of hsp90 and rp49 as revealed by semi-quantitative RT-PCR. The
expression of rp49 was used as an internal control. (B). Relative expression level of hsp90 as normalized by amount of rp49. The normalized
level of hsp90 mRNA in fat body of spinning larvae was designated as 1. Each histogram bar represents the mean relative expression of hsp90
(n=7-9) and the error bar represents standard error of the mean (SEM). The asterisks (* or **) show the data which are significantly different
from ovary of spinning larvae or fat body from pupae (unpaired t-test; *p<0.05, ** p<0.01- p<0.001). SL-Fb: fat body from spinning larvae; SLOv: ovary from spinning larvae; SL-Wd: wing disc from spinning larvae; SL-Ae: abdominal epidermis from spinning larvae; P-Ov: ovary from
day 2 pupae; P-Fb; fat body from day 2 pupae.
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3.3 The expression pattern of hsp90 transcript under heat
stress
Depending upon the severity of heat stress, tissue- and
developmental- specific alterations in the transcript level of
hsp90 were found upon heat shock. The heat shock to spinning
larvae at 39 °C (1 h & 2 h) and 42 °C (1 h & 2 h) caused a
significant up-regulation in the expression of hsp90 transcript
level in all examined tissues viz., fat body, ovary, wing disc
and dorsal abdominal epidermis (Figs. 4A, B, C). However, at
45 °C (1 h & 2 h), these tissues failed to show any up-

regulation in hsp90 transcript level, except abdominal
epidermis, which still maintained a significant increase in its
expression level. During pupal stage (Fig. 5A), fat body
showed an up-regulation in hsp90 mRNA expression at 39 °C
and 42 °C (1 h & 2 h), as found during larval stage. However,
pupal ovary showed a very different expression pattern of
hsp90 upon heat shock. It didn’t show any up-regulation in
hsp90 transcript level, when heat shock was given at 39 °C and
42 °C for 1 h and 2 h, whereas, showed a down-regulation in
its expression, when heat shock was given at 45°C (Fig. 5B).

Fig 4: Tissue specific expression of hsp90 mRNA during spinning larval period upon heat shock. (A). Fat body. (B) Ovary. (C) Wing disc and
abdominal epidermis. The upper panel showed expression of hsp90 and rp49 as revealed by semi-quantitative RT-PCR. The lower panel showed
relative expression level of hsp90 as normalized by amount of rp49. The normalized level of hsp90 mRNA in respective control sample was
designated as 1. Each histogram bar represents the mean relative expression of hsp90 (n=6-8) and the error bar represents standard error of the
mean (SEM). The asterisks (* or ** or ***) show the data which are significantly different from control sample (unpaired t-test; *p<0.05, **
p<0.01, ***p<0.001). The abbreviations used are as mentioned for figure 1.
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Fig 5: Tissue specific expression of hsp90 mRNA during pupal stage upon heat shock. (A). Fat body. (B) Ovary. The upper panel showed
expression of hsp90 and rp49 as revealed by semi-quantitative RT-PCR. The lower panel showed relative expression level of hsp90 as
normalized by amount of rp49. The normalized level of hsp90 mRNA in respective control sample was designated as 1. Each histogram bar
represents the mean relative expression of hsp90 (n=6-8) and the error bar represents standard error of the mean (SEM). The asterisks (** or
***) show the data which are significantly different from control sample (unpaired t-test; ** p<0.01, ***p<0.001). The abbreviations used are as
mentioned for figure 1.

4. Discussion
The present study clearly illustrated the response of silkworm
under heat stress, and the tissue and developmental specific
expression pattern of hsp90. It was observed that the heat
shock response in silkworm depends not only on the severity
of heat shock but also on the developmental stages of the
animal. The heat shock at 39 °C for 1 h and 2 h exposure was
found to be mild, irrespective of the developmental stages, as
almost all stressed larvae and pupae were able to survive and
entered into successive developmental program. Depending on
exposure time, the heat shock at 42 °C was found to be mildto-severe, whereas, 45 °C proved to be severe-to-deleterious
for the survival of stressed larvae and pupae. There was a
decrease in thermo-tolerance both in terms of survival and
successful entry to next developmental stage when the
duration of heat shock exposure was increased from 1 h to 2 h
at both 42 °C and 45 °C.
Although studies are available on survival of Bombyx under
heat stress [24, 25, 29-31], but in the present study, the development
of silkworm under heat stress was monitored very carefully
and it was observed that at severe heat stressed conditions,
although the affected larvae or pupae survived initially but
afterwards they showed a failure of molting process or
abnormal development before ensuring death. The data also
showed that the spinning larvae are more resistant to heat
stress than pupae at 42 °C and 45 °C. The heat shock exposure
at 45 °C for 1 h showed the survival of almost 35% spinning
larvae, whereas it was only 3% for pupae. It was reported that
beyond 43°C, even a 10-20 min exposure proved lethal to all
the developmental stages of the silkworm [24]. The differences
in the findings might be because of the different strains used in
the study. It was also shown in some studies [24, 25, 29] that the
thermo-tolerance increased as larval development proceeds,

and the present data indicated that spinning larvae are more
tolerant to heat stress than pupae. The fifth instar larvae were
found to be even more tolerant to heat stress than adult moths
[31]
.
The present study showed a ubiquitous expression of
endogenous hsp90 mRNA in all examined tissue but with
variations in its expression level between fat body and ovary
during spinning larval and pupal stages. A higher hsp90
expression was observed in larval fat body, wing disc and
dorsal abdominal epidermis than ovary at spinning period and
pupal fat body. During pupal stage the expression was found
to be more in ovary than fat body. The ubiquitous expression
of hsp90 was also found in cDNA libraries representing
different tissues and/or developmental stages of Bombyx [4]. In
H. armigera, the variation in expression of Hsp90 was
demonstrated in all developmental stages from fifth instar
larvae to day 2 pupae and it was suggested that Hsp90
expression is regulated developmentally [32]. Tissue specific
variations in expression of hsp90 was also observed in Chinese
oak silkworm, Antheraea pernyi, where testis during pupal
stage showed a higher expression than hemocytes, fat bodies,
midgut and ovaries [33]. The finding that spinning larval fat
body has higher endogenous hsp90 transcript level than pupal
fat body is interesting but is difficult to explain. At the former
time it is primarily taking up and storing the storage proteins
for future use, whereas in the pupa it is breaking down those
proteins to fuel adult development. For ovarian tissues, the
endogenous expression of hsp90 was found to be more during
pupal stage than spinning larval period. However it is
premature to explain this data, but it might be that the ovary
has not started to develop in the spinning larva whereas it is
developing in the pupa. In Bombyx the follicular differentiation
and the expression of the yolk protein start only after pupation
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when ecdysteroid titer is high [34-35]. In Tribolium castaneum, it
was observed that the Hsp83 is expressed in ovary of mature
adults, but not in newly hatched beetles which lack mature
oocytes [9]. It was suggested that the Hsp83 protein could be
involved in oogenesis during ovarian maturation as female
beetles were not able to produce mature oocytes after knockdown of the hsp83 expression [9]. The role of hsp90 in ovary
maturation was also suggested in Penaeus monodon [36].
In the present study, at mild and mild-to severe heat stressed
conditions, the up-regulation of hsp90 mRNA was
demonstrated in all examined tissues except pupal ovary. This
up-regulation of hsp90 in various tissues correlates with the
ability of the animal to survive the particular heat shock. The
heat shock exposure at a higher temperature (45 °C for 1 h and
2 h) could not elicit any significant up-regulation in hsp90
expression except dorsal abdominal epidermis, which still
showed a heat shock response at the lethal temperature of
45°C. The role of hsp90 in protection against heat stress was
also demonstrated in other insect species such as Plutella
xylostella, Liriomyza huidobrensis [19, 37]. In Bombyx larvae,
the induction of Hsp90 under heat stress was demonstrated at
protein level in fat body and whole body extracts [24-26]. As
indicated earlier, it was found that at sub-lethal temperature,
pupal ovary failed to show any up-regulation in hsp90
expression. During pupal stage, ovary is at highly progressive
state of ovarian development in terms of follicular
differentiation and the possible induction of hsp90 expression
over normal threshold level upon heat shock might have more
adverse effect on ovarian development. It was suggested that
though Hsps play an important role in helping insect to survive
under extreme temperatures, its high level usually brings
negative physiological effect on organisms [38].
Thus, our study on the up-regulation of hsp90 expression at
mRNA level along with earlier studies on Hsp90 expression at
protein level in Bombyx suggests that Hsp90 play a protective
role on the survivability of silkworm larvae and pupae under
heat stress. Beside Hsp90, other heat shock proteins have also
been evaluated on their role for increased thermotolerance in
Bombyx [22-23]. Further studies will provide us more
understanding on the role of Hsp90 in Bombyx development
with particular reference to its tissue- and developmentalspecific expression as many of the heat shock protein genes
are found to be developmentally regulated and important for
insect adaptability with climate changes [39]. The expression of
hsp90 can also be used as a biomarker for stress in sericulture
industry, as its induction was found to be more rapid than
traditional marker such as growth inhibition and death.
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