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Abstract. The present study describes changes in haemolymph ecdysteroid levels during the feeding phase of fifth instar larvae of
Bombyx mori. A small and sharp peak in ecdysteroid level was recorded on day 4 when larvae had already reached the critical weight
(2.76 £ 0.11 g) for metamorphosis. Food deprivation of larvae from day 4 resulted in an increase in the ecdysteroid level. Injection of
insulin in both 1 day (before reaching critical weight) and 4 day (after reaching critical weight) old fed larvae resulted in an increase
in the ecdysteroid level. However, when deprived of food only the haemolymph ecdysteroid levels of 4 day old larvae respond to an
injection of insulin. The hormone level was also increased by treating 1day old larvae with a juvenile hormone analogue, but again, like
insulin, only the fed larvae were affected by this treatment. Neck- and thorax-ligated 4 day old larvae had decreased ecdysteroid levels
compared to both fed and food deprived larvae. However, a significant increase in ecdysteroid level was recorded in both neck- and
thorax-ligated larvae injected with insulin. The injection of 20-hydroxyecdysone into 4 day old larvae resulted in an increase in the
level of this substance in the haemolymph of fed and food deprived larvae, but the level was significantly higher in neck- and thorax-
ligated larvae. The data, thus, indicates that ecdysteroid levels vary both in relation to the critical weight of the larvae and its nutritional

status, and insulin might also play an important role in regulating the level of ecdysteroid.

INTRODUCTION

The growth and development of an insect is under the
control of various intrinsic and extrinsic factors such as
hormones and nutrition (Riddiford, 1994; Nijhout, 2003;
Riddiford et al., 2003; Dubrovsky, 2005; Mirth & Riddi-
ford, 2007; Truman & Riddiford, 2007; Layalle etal., 2008;
Nijhout et al., 2014). The classical idea is that the synthesis
and release of the insect steroid hormone, ecdysteroid, by
the prothoracic gland (PTG), are governed by the protho-
racicotropic hormone (PTTH), a neuropeptide produced by
the neurosecretory cells (NSCs) in the brain (Bollenbacher
& Granger, 1985; Gilbert et al., 2002; Rybczynski, 2005;
Truman, 2006; Marchal et al., 2010). However, in recent
years, it has been shown that in Bombyx mori, the ecdys-
teroid synthesis in the PTG is also controlled by nervous
connections and other neuropeptides, such as prothoraci-
costatic peptide and bommomyosuppresin (Yamanaka et
al., 2005; Tanaka, 2011). In Drosophila melanogaster, ser-
otonergic neurons respond to nutrients and regulate the bi-
osynthesis of ecdysteroid (Shimada-Niwa & Niwa, 2014).
The ecdysteroidogenesis in the PTG is also stimulated by
an unidentified autocrine factor, as recorded in B. mori (Gu,
2007). A study on the stimulation of ecdysteroidogenesis
by bombyxin and bovine insulin (Gu et al., 2009, 2015)
indicates that insulin-like peptides also regulate ecdyster-
oidogenesis. The stimulation of ecdysteroidogenesis in the
PTG by insulin/insulin-like growth peptides/insulin sign-
aling is also reported in other insects, such as Rhodnius
prolixus and D. melanogaster (Vafopoulou & Steel, 1997,
Caldwell et al., 2005; Colombani et al., 2005; Mirth et al.,

632

2005). The gut tissues are also a source of ecdysiotropic
peptides (see review by Marchal et al., 2010).

Nutritional status of an insect can influence the synthesis
and release of PTTH by the NSCs in the brain and/or cause
deficiency in PTTH signal transduction, which in turn al-
ters the rate of ecdysteroid synthesis by the PTG (Chen &
Gu, 2006). Juvenile hormone (JH) modulates the compe-
tency of the PTG to PTTH during the early phase of the last
larval instar in B. mori (Gu et al., 1997). Although PTG is
the main source of ecdysteroid synthesis, tissues such as
ovaries, testis, epidermis and oenocytes are also thought to
synthesize ecdysteroids in many insects (Ohnishi & Cha-
tani, 1977; Gelman et al., 1989; Jenkins et al., 1992; Jarvis
et al., 1994; Gillott & Ismail, 1995; Telang et al., 2007;
Marchal et al., 2010; Hentze et al., 2013). The stimulation
of ecdysteroidogenesis by bovine insulin in tissues such as
the ovary is also reported in dedes aegypti and Phormia
regina (Graf et al., 1997; Riehle & Brown, 1999; Maniere
et al., 2004).

Nutritional level determines the time it takes to reach
the critical or final body size in insects. Once body size
reaches this threshold, it leads to a cascade of endocrine
events, which initiate metamorphosis (Nijhout & Williams,
1974a), even though the maximum final body size may not
be attained by the larvae. In other words, last instar lar-
vae after attaining the critical weight undergo successful
metamorphosis, even when subsequently deprived of food.
The interaction between JH and ecdysteroids is known to
regulate insect growth in relation to its state of nutrition. In
addition, the insulin/IIS signaling pathway also regulates



insect growth. Much of the understanding of the critical
weight and its correlation with PTTH, ecdysteroid and in-
sulin/IIS signaling pathway has emerged from studies on
D. melanogaster and Manduca sexta (Nijhout & Williams,
1974a; Mirth et al., 2005; Shingleton et al., 2005; Mirth &
Riddiford, 2007; Layalle et al., 2008; Stieper et al., 2008;
Mirth & Shingleton, 2012; Koyama et al., 2014). The cen-
tral idea is that when a larva reaches the critical weight,
JH secretion stops and PTTH is released, which triggers
the PTG to secrete ecdysone for metamorphosis (Nijhout,
2003). However, the integration of JH with other factors in
regulating insect growth is not very clear. A recent study
by Mirth et al. (2014) reveals an intimate link between JH,
ecdysteroid and the insulin signaling pathway, whereby JH
controls body size by regulating ecdysone synthesis.

The present study is thus an attempt to demonstrate that
changes in haemolymph ecdysteroid levels during the feed-
ing phase of fifth instar larvae of B. mori are in some way
associated with the attainment of the critical weight both in
fed and food deprived conditions. The changes in ecdyster-
oid levels that occurred when insulin was exogenously ap-
plied under different feeding conditions in association with
the attainment of the critical weight by fifth instar larvae
were also recorded. Ecdysteroid titer was also measured
in the haemolymph of methoprene-treated larvae as it is
suggested that JH regulates insect growth via ecdysone and
the insulin signaling pathway, whereby JH controls body
size by regulating ecdysone synthesis (Mirth et al., 2014).
In addition, ligation experiments were performed to throw
some light on the involvement of some other tissues other
than PTG in insulin-mediated ecdysteroidogenesis and to
explain the attainment of the critical period by fifth instar
larvae of Bombyx. This study indicates that in B. mori, the
ecdysteroid levels fluctuate under both fed and food de-
prived conditions during the fifth larval instar and in rela-
tion to the critical weight of the larvae, and that both JH
and insulin play a role in regulating the ecdysteroid level.

MATERIAL AND METHODS

Experimental insect

A bivoltine, sex-limited strain of silkworm (Bombyx mori) L.
(CSR 18, BB1-0293) was used in the present study. Disease-
free layings (dfls) of silkworms were obtained from the Central
Sericultural Germplasm Resource Centre (CSGRC), Central Silk
Board, Hosur, Tamil Nadu and reared on fresh mulberry leaves
in the laboratory under controlled conditions (temperature, 25 +
1°C; humidity, 60-90%, photoperiod, 12L: 12D).

Measurement of larval body weight, design of starvation
experiments and determination of the critical weight

Larval body weight of un-anaesthetized larvae was determined
using a digital balance (Make-Sartorious, Model No. B223S) and
weighing all the larvae during the beginning of photophase over
a period of 1-2 h. The sensitivity of the balance was 0.001 g or
1 mg.

The synchronously developing fifth instar larvae were deprived
of food at various times and the control group of larvae of similar
weight reared at the same time were fed ad libitum. To prevent
starved larvae from desiccating, the room humidity was main-
tained at a high level and a water source was also kept near the
rearing trays. Larvae were inspected every 6 h during the photo-

phase (day), with 12 h interval during the scotophase (night), for
pupation and for wandering and spinning behaviour. Only female
larvae were included in the experiments in order to avoid any sex
specific variations in the data. Age during fifth (last) larval instar
was measured in terms of days after ecdysis. The first day of feed-
ing of fifth instar larvae after ecdysis was designated as day 0.
To determine the critical weight, breakpoint analysis was used
as described previously (Stieper et al., 2008; Mirth et al., 2014).
A breakpoint analysis exploits the fact that the relationship be-
tween larval weight when starved and time to pupation changes
after critical weight, and this change can be identified by using
a bi-segmental linear regression (Mirth et al., 2014). In the pre-
sent study, the inflection in the regression line was obtained us-
ing R software (www.r-project.org) (Ihaka & Gentleman, 1996).
Davies’ statistical test was used to determine the significance
of the inflection. Growth rate of fifth instar larvae in relation to
the critical weight was modelled as two exponential periods of
growth, one before and one after the attainment of the critical
weight. The analysis of two phases of the growth curve was done
using best-fitting equations following Nijhout et al. (2006).

Surgical procedures

The larvae were anaesthetized with diethyl ether before liga-
tion. Neck ligation was performed by ligating the larvae between
the head and the prothorax, and for thorax ligation, the cotton
thread was tied tightly between the metathoracic region and the
first abdominal segment. After the removal of the anterior part,
the wounded surface was sealed with melted paraffin wax.

Hormonal treatment

Methoprene, a juvenile hormone analogue (JHA), was applied
topically in acetone at a concentration of 2 pg/larva in a total
volume of 5 pl along the dorsal vessel of fifth instar larvae. Bo-
vine insulin was dissolved in 10 mM HCI and a stock solution
of 20-hydroxyecdysone (20E) in absolute ethanol was also pre-
pared. Both insulin and 20E were diluted by adding insect ringer
solution and then injected into larvae at a concentration of 2 pg/
larva in a total volume of 5 pl via the second abdominal leg using
a Hamilton syringe. A control group was also similarly injected
but only with insect ringer solution. All hormones were obtained
from Sigma-Aldrich and all larvae were anaesthetized before in-
jection with hormone.

Measurement of the level of ecdysteroid in haemolymph
using an enzyme-immunoassay

The ecdysteroid level in the haemolymph was measured us-
ing enzyme-immunoassay (EIA) as described by Porcheron et al.
(1989). Haemolymph was collected from larvae via an incision
in their proleg then mixed with methanol (1:9) before centrifu-
gation at 10,000 x g for 10 min. The resulting supernatant was
then evaporated to dryness in a vacuum and resuspended in EIA
buffer. For the early fifth instar larvae, 100 pl of haemolymph,
after extraction and evaporation, was resuspended in only 50 pl
of EIA buffer to improve the sensitivity of measuring ecdysteroid
at levels above the detectable range. EIA buffer, 20E antiserum,
20E acetylcholineesterase (AChE) tracer and Ellman’s reagent
were purchased from Cayman Chemical Company, USA. The as-
say was calibrated using 20E as the standard, which was obtained
from Sigma-Aldrich. The calibration curve was drawn by plot-
ting different concentrations of 20E (ranging from 10 ng/ml to
0.1562 ng/ml) versus the logit (B/B) values using Cayman EIA
software. The assay was done in a total volume of 150 pl, com-
posed of 50 pl of 20E standard, 50 pl of 20E AChE tracer and
50 pl of 20E EIA antiserum. Ellman’s reagent was used for the
chromogenic reaction and absorbance was read at 405 nm. Under
these conditions, the limits to the detection of ecdysteroid was
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Fig. 1. Time to pupation of fifth instar larvae of Bombyx de-
prived of food when they attained different weights. The inflec-
tion in regression line indicates the point at which larvae reached
the critical weight as determined by a breakpoint analysis of a
bi-segmental regression line using software R (Davies’ test, p <
0.005).

7.8 pg/well to 500 pg/well for the 96-well microtiter plate, used
in the EIA assay system. The concentration was calculated using
Cayman EIA software and the data expressed as Mean = SEM of
5-7 separate determinations.

Statistical analysis

Student’s t-test was used in the analysis of the data and the
results presented as mean + SEM. A general linear model and
analysis of variance (ANOVA) followed by a Bonferroni Multi-
ple test was used to analyze some of the experimental data.

RESULTS

Critical weight and measurement of ecdysteroid levels
in the haemolymph

In our laboratory fifth instar larvae feed for 7 days before
entering the wandering phase. As the weight of final instar
larvae determines when they pupate the critical weight for
pupation was studied by starving final instar larvae after
reaching certain weights. This revealed that when fifth in-
star larvae were deprived of food from day 1 they all died
within 5-6 days. When larvae were deprived of food, be-
ginning from day 3, more than 50% of them died, but the
rest survived and pupated. When food deprivation started
from day 4, most of the larvae survived and pupated, but
almost one day earlier than larvae not deprived of food.
Since the starved Bombyx larvae pupated earlier to those
that were not starved, a breakpoint analysis using a bi-seg-
mental linear regression was used to determine the criti-
cal weight following the method of Stieper et al. (2008).
The breakpoint (critical weight) was 2.76 g (95% CI:
2.65-2.87 g) when the larval weight at the time they were
deprived of food was plotted against time of pupation (Fig.
1). Based on Davies’ test a significant change (p <0.005) in
slope occurred at this breakpoint.
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Fig. 2. Growth curve of fifth instar larvae of the silkworm, B.
mori, showing the active growth period (AGP), terminal growth
period (TGP) and a critical weight of 2.76 g. The AGP curve (be-
fore the critical weight is attained) is concave upwards and TGP
(after the critical weight is attained) is concave downwards. The
best-fitting equations for both AGP and TGP are indicated. Each
point is the mean of more than 40 larvae and standard errors not
shown as less than the size of data points.

During the last instar the average body weight of larvae
that were provided with food increased from 0.832 + 0.003
g on day 0 to 4.0 £ 0.05 g on day 7 (Fig. 2). Analysis of
growth curve of larvae (Fig. 2) revealed that fifth instar lar-
vae reached the critical weight (2.76 + 0.11 g) between 3.5
and 4 days. Since the body growth of an insect is not con-
stant throughout its development and attaining the critical
weight initiates the cessation of growth and onset of meta-
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Fig. 3. Change in the level of ecdysteroid in the haemolymph
of fifth instar larvae of the silkworm, B. mori, recorded during
their feeding phase. Each point is a mean value of 5-7 separate
determinations and the error bars are the standard error of mean
(SEM). The labels on X-axis are not to scale. The significance
of the differences between adjacent means were tested using
Student’s t-test. The asterisks indicate that adjacent means dif-
fer significantly (*p < 0.05, **p < 0.01, ***p < 0.001). NS — not
significant at p < 0.05.
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Fig. 4. Effect of food deprivation on the level of ecdysteroid in the haemolymph of fifth instar larvae of the silkworm, B. mori. A —
food deprivation from day 1; B — food deprivation from day 4. Each column is the mean of 57 separate determinations and the error
bars are standard errors of the means (SEM). The asterisks (*) indicate that the result differs significantly from that recorded for control

(fed) larvae (p < 0.05). NS — not significant at p < 0.05.

morphosis, the present study made an attempt to determine
silkworm larval growth in relation to its critical weight.
This revealed that larval growth is exponential both before
and after the critical weight is achieved, but less so after the
larvae reach the critical weight.

Although food deprivation, beginning on day 4, did not
result in the abnormal development of pupae, it did result
in a significant decrease in the weight of the cocoon, pupal
weight and pupal duration. The pupal and cocoon weights
of larvae deprived of food beginning on day 4 were 0.968
+0.02 gand 0.89 £ 0.004 g, respectively, which is 57% and
25% of the values recorded for the control group. Pupal
duration was shortened by almost 1 day by depriving the
larvae of food from day 4 onwards during the final larval
instar.

In fed larvae, on day 1 of the last larval instar, the ecdys-
teroid level was 1798 + 259 pg/ml, and after 6 h of feeding,
the hormone level decreased to 1130 = 61 pg/ml (Fig. 3).
On day 2 of the fifth larval instar, the hormone level further
decreased to 681 = 54 pg/ml. The first sharp and significant
increase in hormone level was recorded on day 4 (3074 +
270 pg/ml), when larvae reached the critical weight (2.76
+0.11 g) for metamorphosis. After 6 h of feeding on day 4,
the hormone level decreased to 1467 + 192 pg/ml, but after
12 h of feeding the level significantly increased to 2880 +
420 pg/ml. On day 6, the level further increased to 5824 +
766 pg/ml of haemolymph (Fig. 3).

Changes in the level of ecdysteroid in the haemolymph
of fed and food deprived larvae

The hemolymph ecdysteroid levels of larvae deprived of
food for different periods of time from day 1 (i.e., before
attaining the critical weight) and day 4 (after attaining the
critical weight) were determined. This revealed that food
deprivation of 1 day old larvae did not result in a differ-
ence in ecdysteroid levels of larvae deprived of food for 6
h, 12 h, 24 h and 48 h, compared with that of the control
groups (Fig. 4A). However, food deprivation of 4 day old

larvae caused a significant increase in the ecdysteroid level
of those deprived of food for 24 h and 48 h (Fig. 4B). After
being deprived of food for 24 h the ecdysteroid level was
5067 + 406 pg/ml and after 48 h the level was 9230 + 1185
pg/ml, which are significantly greater than the 3305 + 530
pg/ml and 5824 + 766 pg/ml, recorded for the controls, re-
spectively.
Changes in hemolymph ecdysteroid levels in neck- and
thorax-ligated larvae

The ecdysteroid levels were measured 24 h after neck-
or thorax-ligation of 4 day old fifth instar larvae, at which
time they had reached the critical weight for metamorpho-
sis. The data (Fig. 5) reveal that the hemolymph ecdyster-
oid levels were significantly less in neck- and thorax-ligat-

6000 -

5000
4000
3000
2000

1000
c\k-\\ga;ed rax” xigete®

Ecdysteroid titer (pg/ml)

co““o deP‘Ne
F

Fig. 5. Change in level of ecdysteroid in the haemolymph of
neck- and thorax-ligated fifth instar larvae of the silkworm, B.
mori. Individuals were ligated on day 4 and the hormone level
determined 24 h later. Each column is the mean of 5-7 separate
determinations and the error bars are the standard errors of the
means (SEM). Treatments with different letters differ significant-
ly at p <0.05.
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ed larvae (1164 = 146 and 1276 + 265 pg/ml, respectively)
than in fed and food deprived larvae.

Effect of insulin on haemolymph ecdysteroid levels

Day 1 and day 4 fifth instar larvae were injected with a
dose of 2 pg/larva of insulin and after 24 h their ecdysteroid
levels were measured. The data (Figs 6A, B) indicates that
the insulin caused a significant increase in haemolymph
ecdysteroid levels of both 1 day and 4 day old larvae, fed
ad libitum. In 1 day old fed larvae, the insulin caused an
increase in the ecdysteroid level from 681 + 54 pg/ml to
1004 + 129 pg/ml, whereas, in 4 day old larvae, the ecdys-
teroid level increased to 5793 + 796 pg/ml from 3305 +
530 pg/ml.

The injection of insulin into larvae deprived of food
resulted in an increase in ecdysteroid levels, but only in
4 day old larvae, not 1 day old larvae (Figs 6A, B). The
ecdysteroid level in 4 day old larvae injected with insulin
and deprived of food increased to 8162 + 713 pg/ml from
5067 + 406 pg/ml, recorded for the food deprived larvae.
The inducing effect of insulin on ecdysteroidogenesis was
also recorded in neck-ligated larvae in which the ecdyster-
oid level increased to 5408 + 828 pg/ml (Fig. 6B). Surpris-
ingly, the injection of insulin also caused an increase in
ecdysteroid level in thorax-ligated larvae, which were no
longer being controlled by their prothoracic glands. How-
ever, the magnitude of the increase in ecdysteroid level in
thorax-ligated larvae was less than that recorded for neck-
ligated larvae (Fig. 6B).

Effect of methoprene and 20E treatment on
haemolymph ecdysteroid level

The topical application of methoprene at a dose of 2 pg/
larva into 1 day old fed larvae resulted in an increase in
ecdysteroid level from 681 + 54 pg/ml to 1081 + 126 pg/
ml, measured 24 h after the topical application (Fig. 7).
However, in food deprived larvae, this treatment did not
result in an increase in the ecdysteroid level.
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The injection of 20E at a dose of 2 pg/larva into 4 day
old larvae, as expected, resulted in an increase in ecdys-
teroid level under all experimental conditions, compared
with the control larvae (Fig. 8). The data showed that
among the 20E-treated fed and food deprived larvae, no
significant differences in ecdysteroid levels were record-
ed. In 20E-treated neck-ligated larvae, however, higher
levels of ecdysteroid were recorded in their haemolymph
(124 £ 22 ng/ml) than in that of both 20E-treated fed and
food deprived larvae (17-22 ng/ml). The injection of 20E
into thorax-ligated larvae also resulted in higher levels of
ecdysteroid (60 + 7 ng/ml) than recorded for 20E-treated
fed and food deprived larvae, but the level was less than
that recorded for 20E-treated neck-ligated larvae.
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Fig. 7. Effect of topical application of methoprene (JHA) on
the level of ecdysteroid in the haemolymph. Graph shows the
level of the hormone 24 h after the topical application of fed and
food deprived larvae on day 1. Each column is the mean of 5-7
separate determinations and the error bars are the standard errors
of the means (SEM). The asterisks (*) indicate those that differ
significantly from that recorded for the control (vehicle-treated)
larvae (p <0.01). NS — not significant at p < 0.05.
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Fig. 8. The ecdysteroid titers recorded in the haemolymph
of fifth instar larvae after treatment with 20-hydroxyecdysone.
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treated) larvae (p < 0.001).

DISCUSSION

The critical weight is the larval size at which further
feeding is not necessary for normal pupation (Nijhout &
Williams, 1974b; Mirth et al., 2005; Tobler & Nijhout,
2010). The present study showed that Bombyx larvae reach
the critical weight of 2.76 = 0.11 g for metamorphosis be-
tween 3.5 and 4 days of the fifth larval instar. It was further
observed that depriving them of food, beginning from day
4, did not prevent the larvae from pupating normally. Chen
& Gu (2006) show that in B. mori food deprivation of the
last larval instar from day 3 onwards results in all the lar-
vae pupating, whereas, in the present study, food depriva-
tion from day 3 onwards resulted in only 50% of the larvae
pupating. The differences in the above findings might be
because of different silkworm strains and/or laboratory
rearing conditions. This study also reports an advancement
in the time of pupation by almost one day, when larvae
were deprived of food after attaining the critical weight
(Chen & Gu, 2006). In Drosophila, starvation post-critical
weight also results in an acceleration in the rate of meta-
morphosis (Stieper et al., 2008; Mirth et al., 2014). On the
other hand, Manduca larvae, starved post-critical weight,
pupate at the same time as normally feeding control larvae
(Nijhout & Williams, 1974b; Tobler & Nijhout, 2010). In
the present study, the importance of attaining the critical
weight was further confirmed by ligating larvae between
the head and thorax on day 4, as the neck-ligated larvae
that survived showed prepupal behaviour, such as expo-
sure of the dorsal vessel, gut purging and even deposition
of patches of pupal cuticle. In M. sexta, the neck-ligation
of fourth or fifth instar larvae that have attained the criti-
cal weight, does not prevent them from developing further
(Safranek et al., 1980).

This study further showed that larval growth is not con-
stant throughout the fifth instar, and is linked with the at-
tainment of a critical weight. Although larval growth was
exponential during both the phases of growth i.e. before
and after attaining the critical weight, the exponent was
greater during the early growth phase of the last larval in-
star of Bombyx. This phase of growth (pre-critical weight
growth) is also essential for the larvae to undergo success-
ful metamorphosis and is referred to here as the active
growth period (AGP). The phase of growth between the at-
tainment of the critical weight and the cessation of feeding
is known as the terminal growth period (TGP) (Shingleton
et al., 2007). The present study revealed a decline in larval
growth rate during the TGP, as is also reported in M. sexta
and D. melanogaster (Nijhout et al., 2006; Shingleton et
al., 2008).

A low level of haemolymph ecdysteroid (0.6-2 ng/ml)
was recorded in B. mori during the early growth phase fol-
lowed by a small and sharp increase on day 4 (3 ng/ml).
Sakurai et al. (1998) report a low haemolymph ecdysteroid
level of less than 1 ng/ml in fifth instar Bombyx larvae be-
fore the head critical period (HCP) and a first significant
increase (1 ng/ml) during HCP (16 h on day 3 to 0 h on day
4). However, Gu & Chow (1996) report a higher haemo-
lymph ecdysteroid concentration, in the range of 3—12 ng/
ml, in the early developmental stages of fifth instar larvae
of B. mori. The daily fluctuations in ecdysteroid level,
as recorded in the present study, might be due to a daily
rhythm in ecdysteroid synthesis by the PTG, which is un-
der the influence of the daily release of the PTTH (Sakurai
etal., 1998). In the present study, Bombyx fifth instar larvae
attained the critical weight between 3.5 and 4 days, and co-
incidently a small but significant peak of ecdysteroid was
recorded on day 4. Thus, the data indicate that this peak
of ecdysteroid might be linked with the attainment of the
critical weight by Bombyx larvae. In D. melanogaster, a
small nutrition-sensitive ecdysone peak, occurs early in the
third larval instar and is associated with the achievement
of the critical weight by the larvae (Koyama et al., 2014).
The achievement of the critical weight, in turn, can trigger
the release of the PTTH for the synthesis of ecdysone and
the commitment to metamorphosis (see review by Mirth &
Riddiford, 2007).

The effect of food deprivation on ecdysteroid level was
dependent on the developmental phase of the fifth larval
instar. An increase in ecdysteroid level was recorded only
in the haemolymph of larvae deprived of food after attain-
ing the critical weight. Since an increase in the haemo-
lymph ecdysteroid level is primarily due to the increased
secretory activity of the PTG and since the growth of the
PTG in Bombyx starts during the latter phase of the fifth in-
star larva, it might be presumed that the PTG is responsive
to nutrition only after and not before the critical weight is
attained. The deprivation of food after the critical weight is
attained might stimulate the NSCs of the brain to release
PTTH and/or might augment the PTTH signal transduc-
tion pathway for increased ecdysteroid synthesis. Layalle
et al. (2008) report that in D. melanogaster, nutrition acts
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on the PTG during a restricted time window near the end
of larval development, which coincides with the commit-
ment to pupation. Layalle et al. (2008) further reports that
the Target of the rapamycin (TOR) pathway in the PTG is
a core component of the nutrient-response pathway, which
links nutritional inputs to ecdysone synthesis. As the depri-
vation of food after larvae attain the critical weight resulted
in an advancement in the time of pupation by almost one
day, it is believed that the increase in ecdysteroid level trig-
gered an earlier metamorphic moult or shortened the termi-
nal growth period of larvae of Bombyx deprived of food.
Chen & Gu (2006) report an increase in ecdysteroid level
after 48 h of food deprivation that began on day 3 of the
last larval instar of B. mori. The present study revealed an
increase in the ecdysteroid level of larvae that had attained
the critical weight 24 and 48 h after they were deprived
of food. In Manduca larvae, however, food deprivation re-
sults in a significant decrease in the ability of the PTG to
secrete ecdysone relative to that in the fed control (Walsh
& Smith, 2011). The effect of food deprivation on larval
developmental time and ecdysteroid level is thus different
in Bombyx and Manduca larvae.

The injection of insulin into larvae provided with food
resulted an increase in the level of ecdysteroid in both 1 day
and 4 day old fifth instar larvae (before and after attaining
the critical weight). The increase in the level of ecdysteroid
following the injection of insulin might be due to increased
ecdysteroidogenesis by the PTG (Gu et al., 2009; Smith et
al., 2014). In vitro studies on B. mori have revealed that
insulin causes an increase in ecdysteroidogenesis in the
PTG, but only when PTGs are isolated after day 4 of last
instar larvae (Gu et al., 2009). However, it should be noted
in their study a short incubation period of 8 h was used
and that might have been insufficient to stimulate insulin-
mediated ecdysteroidogenesis. Recently, it has been shown
that ecdysteroidogenesis is stimulated by bombyxin in iso-
lated PTGs of 7 day old last instar larvae, but only when
incubated for longer (24 h) (Gu et al., 2015), though earlier
studies indicate that bombyxin, at physiological doses, has
no effect on ecdysteroidogenesis in B. mori (Kiriishi et al.,
1992; Ishizaki & Suzuki, 1994). It is also reported that the
PTG in the early stage of the fifth instar is not even re-
sponsive to PTTH due to a deficiency in PTTH signaling
(Gu et al., 1996). Although PTTH does not induce steroi-
dogenesis in isolated PTGs during the early stages of the
last larval instar (Okuda et al., 1985; Gu & Chow, 1993; Gu
et al., 1996, 1997), in intact larvae, however, a detectable
level of ecdysteroid in the haemolymph is reported (Gu &
Chow, 1996; Sakurai et al., 1998; this study). Thus, we hy-
pothesize that although the PTG is a likely candidate for
insulin-mediated increased ecdysteroidogenesis in 1 day
old Bombyx larvae provided with food, the involvement of
other tissues cannot be ruled out, as in the present study an
increase in ecdysteroid level was recorded in both neck-
and thorax-ligated day 4 larvae injected with insulin. In
A. aegypti, insulin stimulates ecdysteroidogenesis in ovar-
ian tissues (Graf et al., 1997, Riehle & Brown, 1999). In
Drosophila, insulin/IGF signaling controls the basal levels
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of ecdysone synthesis in the PTG and transgene manipula-
tions of the insulin producing cells (IPCs) reveals that an
increase in insulin signaling causes an increase in ecdyster-
oidogenesis (Colombani et al., 2005; Walkiewicz & Stern,
2009). However, in M. sexta, insulin does not stimulate
the PTG and increase ecdysone synthesis (Walsh & Smith,
2011; Smith et al., 2014). The reason for this discrepancy
in the insulin-mediated ecdysteroidogenesis by the protho-
racic gland is not clear (Smith et al., 2014).

The topical application of methoprene (JHA), like insu-
lin, also caused an increase in the ecdysteroid level, when 1
day old larvae were used. It was earlier shown that fenoxy-
carb (JHA) prevents the PTG from ecdysteroid synthesis
and secretion in early fifth instar larvae of Bombyx (Dedos
& Fugo, 1996). It is also reported that JH acts not only
indirectly through the PTTH to inhibit ecdysteroidogenesis
but also exerts a direct effect on the PTG by preventing it
responding to PTTH (Sakurai et al., 1989; Gu et al., 1997).
A recent study indicates that treatment of newly moulted
fifth instar larvae with methoprene delayed the normal de-
cline in the PTTH receptor (Torso) gene in the PTG of B.
mori (Young et al., 2012). Thus, the increase in the level
of ecdysteroid after JH treatment, as recorded in the pre-
sent study, might be because this treatment maintains PTG
activity in terms of the functioning of the PTTH recep-
tor. It is note-worthy that in the present study, during the
normal course of development of the fifth instar larvae, 1
day old larvae had a higher level of ecdysteroid in their
haemolymph than 2 day old larvae (Fig. 3) and since the
JH treatment was done on day 1 and the ecdysteroid level
was measured 24 h later, i.e. on day 2, it might be possible
that the higher level of ecdysteroid in methoprene-treated
larvae compared to 2 day old fed larvae is due to a delay
in the decline in its level in 1 day larvae after methoprene
treatment. The possibility of the participation of other
tissue/s in the increase in ecdysteroid synthesis cannot be
ruled out. The gonads, such as testis and ovary, along with
the epidermis and oenocytes are proposed as alternative
tissues for ecdysteroid synthesis (see review by Marchal
et al., 2010). In B. mori, the ovary synthesizes ecdysone,
but this is only recorded for developing adults (Ohnishi &
Chatani, 1977). In A. aegypti, tissues dissected from the
thorax and abdomen of fourth instar larvae to pupae also
synthesize and release ecdysteroids (Jenkins et al., 1992;
Telang et al., 2007). In the lepidopteran species, Heliothis
virescens, Lymantria dispar, Ostrinia nubilalis, Mamestra
brassicae, Leucania separate and Spodoptera littoralis, the
testicular tissues at the end of the last larval instar and dur-
ing pupal development also synthesize ecdysteroid (Loeb
et al., 1982, 1988; Shimizu et al., 1985, 1989; Gelman et
al., 1989; Jarvis et al., 1994). As in the present study, only
female larvae were used, it is possible that the larval ovary
can also synthesize a basal level of ecdysteroid and its syn-
thesis is augmented after JH or insulin treatment.

In food deprived larvae, injection of insulin resulted in a
developmentally regulatory effect on the level of ecdyster-
oid. Injection of insulin into 1 day old larvae deprived of
food did not result in an increase in the level of ecdyster-



oid, but the same treatment of 4 day old larvae deprived of
food did. Based on the results of the present study, it seems
that for 4 day old larvae the increase in the level in ecdys-
teroid is due to an association between the critical weight
and the sensitivity to insulin, as in Drosophila, ecdysone
synthesis requires both attainment of a specific body size
and its production at the appropriate circadian time, which
is regulated by both insulin and PTTH via PI3K and Ras
pathways (Walkiewicz & Stern, 2009). These two path-
ways, acting together, activate the transcription of the PTG
specific “Halloween genes”, which encode the ecdysone
biosynthetic enzymes, ultimately triggering ecdysone syn-
thesis. Like insulin, JH treatment also failed to increase the
level of ecdysteroid in 1 day old larvae deprived of food
(before attaining the critical weight). The failure of both
JH and insulin to increase the level of ecdysteroid in larvae
deprived of food during their active growth phase might be
because of the absence of nutritional inputs as both these
hormones are known to have growth promoting effects.
The increase in ecdysteroidogenesis recorded in larvae that
had attained the critical weight and were then deprived of
food and injected with insulin might be due to an alteration
in the competency of the PTG and/or other tissues to in-
sulin associated with attaining the critical weight. Sakurai
et al. (1998) report that the responsiveness of the PTG to
PTTH is higher in larvae that are deprived of food after
HCP, than those of larvae deprived of food before HCP.
Tobler & Nijhout (2010) indicate that it is likely that the
expression of insulin is decoupled from nutrition after
Manduca larvae attain the critical weight. In our study, af-
ter attaining the critical weight, although larvae deprived
of food had a higher level of ecdysteroid than fed larvae,
but after injection with insulin, the fold-increase in fed and
food deprived larvae were almost same with vehicle-treat-
ed fed and food deprived larvae respectively. As after the
critical weight was attained, injection with insulin caused
an increase in the level of ecdysteroid in both fed and food
deprived larvae, and before critical weight was attained,
injection of insulin caused an increase in the level ecdys-
teroid only in fed larvae, it is likely that the action of insu-
lin on ecdysteroidogenesis is related to feeding, but only
before the critical weight is attained. The present study
revealed that the effect of insulin is dependent not only on
the nutritional status but also the stage of development of
a fifth instar larva.

Neck- and thorax-ligated 4 day old fifth instar larvae, as
expected, had a significantly lower level of ecdysteroid in
their haemolymph 24 h after ligation (5 day old) than nor-
mal 5 day old larvae. Careful examination revealed that the
level of ecdysteroid in ligated larvae (1 ng/ml) was almost
at the same as that recorded in normal larvae for day 4 at 6 h.
This indicates that in ligated larvae as the source of PTTH
was removed, further ecdysteroidogenesis in the PTG was
prevented, possibly because of the absence of a second re-
lease of PTTH, which might normally occur between 6—12
h on day 4, that is, after ligation, as revealed by the normal
developmental profile (Fig. 3). The injection of insulin into
neck- and thorax-ligated larvae (after attaining the critical

weight), however, resulted in a significant increase in the
level of ecdysteroid in both cases, although the increase
was greater in neck-ligated than thorax-ligated larvae. The
data thus strongly indicates that although insulin acted on
prothoracic gland and increased ecdysteroid synthesis, at
the same time, it might also have interacted with other tis-
sues in the abdomen, which also resulted in an increase in
ecdysteroid synthesis, as evident from the increased level
of ecdysteroid following the injection of thorax-ligated lar-
vae with insulin. Petryk et al. (2003) show that the Hallow-
een enzyme Shade is required for converting ecdysone into
20-hydroxyecdysone (active ecdysteroid) in the peripheral
tissues but not in the prothoracic gland.

The increase in the level of ecdysteroid in haemolymph
after 20E treatment varied depending on the experimental
conditions. The level of ecdysteroid increased, but almost
to the same level in both 20E-treated fed and food deprived
larvae. However, 20E-neck-ligated larvae showed a greater
increase than the corresponding 20E-treated fed and food
deprived larvae. Likewise, a greater increase was recorded
in thorax-ligated larvae, although less than that recorded
in neck-ligated larvae. At present, it is difficult to account
for these results, but it likely that both the brain and PTG
are involved in regulating the catabolism of exogenous
ecdysteroid. A feedback mechanism operating through the
NSCs in the brain or through the PTG regulating the level
of ecdysteroid, however, also cannot be ruled out.

In conclusion, the present study clearly indicates that
during the feeding phase of the fifth larval instar of the
silkworm, B. mori, the level of haemolymph ecdysteroid
is highly dependent on the nutritional status and phase of
development (critical weight) of the larvae.
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