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Abstract

Maternal ecdysteroids regulate a variety of cellular processes during early embryonic development
of insects, yet little is known about the genes involved in the biosynthesis of these hormones. In this
study, we found that ecdysone oxidase (EO) gene, which encodes an enzyme to catalyze ecdysone
(or 20-hydroxyecdysone, 20E) to 3-dehydroecdysone (3DE), was highly expressed in the mature
ovaries of the domestic silkworm, Bombyx mori. B. mori EO (BmEO) was localized in the cytoplasm
around the yolk granules of oocyte. Furthermore, the down-regulated expression of the BmEO gene
using RNA interference could not affect normal development of the female silkworm, but lower the
20E titer and hatching rate of its offspring. Rescue experiments by injecting the product (3DE) of
BmEO can significantly elevate the 20E level and hatching rate of the BmEO RNAI offspring.
Meanwhile, during embryonic stage, the down-regulating expression of 3DE-3B-reductase, which
can reduce 3DE into ecdysone, also lowered the 20E titer. Taken together, our results prove that
3DE can be synthesized from ecdysone in maternal ovary yolk granules, and then the maternal 3DE
is converted into active ecdysone during the early embryonic development of offspring. Thus, our
findings reveal a new pathway to explain the origin of high 20E level before the formation the
prothoracic gland in the silkworm.
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Introduction

Ecdysteroids are a class of the most important
hormones in insects. They can regulate insects’
molting process and metamorphosis. In general,
ecdysteroids are thought to be biosynthesized in the
prothoracic glands (PGs) during the larval stages [1].
However, more and more studies have shown that
various forms of ecdysteroids (for example: ecdysone,
20E, 2-deoxy-ecdysone and 20E 22-phosphate) are
present in eggs of different insects, such as Bombyx
mori, Locusta migratoria and Drosophila melanogaster
[2-8]. Furthermore, these ecdysteroids play important
roles in the insect embryonic development. For
example, the embryonic cuticulogenesis of locust
needs high ecdysteroid titer [9]. Ecdysteroids were
also required for germ band elongation of the

Drosophila embryo [10]. Moreover, ecdysteroids could
control embryonic diapause in different insects
[11-13]. Thus, it is very important to understand the
molecular mechanism of ecdysteroids synthesis at
embryonic stages.

As shown above, ecdysteroids are mainly
synthesized and secreted from PGs. However,
previous studies have found that the early embryonic
development of insects was independently regulated
by the PGs [14, 15]. In addition, the embryonic active
ecdysteroids is present before PGs formation. Most
importantly, a previous study has suggested that high
titers of 20E in B. mori eggs are synthesized before the
formation of the embryonic prothoracic glands [7].
During the embryonic development, the main
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resources in eggs including nutrient are provided by
maternal ovary. Ovarian follicle of many insects can
also synthesize ecdysteroids [4, 16-18]. These
hormones could take part in the development of
oocytes. Besides, hormones are also converted to
inactive form and stored in the oocytes of insects [19,
20]. Thus, the embryonic ecdysteroids may be
maternal origination. This hypothesis was firstly
proposed in 1974 by Hanaoka and Ohnishi [21]. The
genes involved in this process were characterized and
cloned in B. mori. Yamada and Sonobe (2003)
identified an ecdysteroid-phosphate phosphatase
which can covert 20-hydroxyecdysone 22-phosphate
(20E22P) and ecdysone 22-phosphate (E22P) into free
ecdysteroids in the domestic silkworm embryo [22].
Later, they further cloned the ecdysone 22-kinase
(EcK) involved in the phosphorylation at the C-22
position of ecdysteroids in the ovaries of the silkworm
[23].

The ecdysone titer is crucial for normal
development of the insect embryo. Thus, there should
be redundancy of ecdysone synthesis in insects. In
other words, insects may have several pathways to
produce free ecdysteroids for their development.
3-Epimerization of ecdysteroid is one of the major
metabolism pathways of the hormone in insects,
especially in the Lepidopteran species [24, 25].
Ecdysone (or 20E) is firstly converted to
3-dehydroecdysone (3DE or 3D20E) by ecdysone
oxidase (EO), and then 3DE-3a-reductase catalyzed
3DE to 3-epiecdysone. Similar to phosphorylation of
ecdysteroids shown above, the intermediate product,
3DE (or 3D20E) can also be reversibly reduced to
active ecdysone by 3DE-3p-reductase [26]. Previous
studies have shown that most lepidopteran insects
can store a large amount of 3DE in their prothoracic
glands at immature stages [27, 28]. When the insects
need, 3DE is released and rapidly reduced to
ecdysone. In other words, 3DE could serve as a
substrate to synthesize ecdysone. Thus, the reversible
pathway between ecdysone and 3DE implies that it
may take part in the synthesis of embryonic active
ecdysteroids. In this study, we have characterized the
function of the silkworm (B. mori) EO (BmEO) and
3DE-3p-reductase genes and demonstrated how the
silkworm utilizes this pathway to regulate the
ecdysone titer of the embryo.

Materials and Methods

Silkworm strain

The polyvoltine strain N4 of the silkworm (B.
mori, a non-diapause strain) was fed with fresh
mulberry leaves and reared at 25°C under a 12/12-h
light/dark photoperiod. For the N4 strain silkworm,

newly laid egg needs 9 days to hatch, and the pupa
needs 9-10 days for eclosion.

Sample preparation

For pupa, different tissues including head, fat
body, hemocytes and testis/ovary were dissected
from Day 7 of the male and female bodies,
respectively. To determine the number of choriogenic
follicles, the ovarioles were dissected from Day 7 of
the female pupae and transferred to 90% glycerol and
incubated at room temperature. The first choriogenic
follicle on the ovariole string was identified as
previously described [29]. In addition, ovaries were
also dissected from female pupae at different pupal
development time points. All the tissues shown above
were dissected from 3-5 individuals and immediately
frozen in liquid nitrogen, respectively.

For embryonic stage, the eggs from N4 strain
were collected from Day 1 to Day 8 after egg-laying.
For each stage, 30 eggs were collected.

RNA interference

Based on the cDNA sequences of the silkworm
(B. mori) EO (BmEO, GenBank accession number:
JF433972) and 3DE-3f-reductase genes (GenBank
accession number: KU233524), we designed specific
primers containing the T7 promoter sequence. The
primers were listed in Table S1. The PCR products
were sequenced to confirm the specificity of the
primers. The amplified fragments were then used as
templates to generate double-strand RNAs (dsRNAs).
The dsRNAs were synthesized in vitro by Ribo-MAX
Large Scale RNA Production systems-T7 (Promega)
using a manual method. Concentrations of the
dsRNAs were quantified by UV spectrum absorbance.
According to our and other previous studies, 10 pl
aqueous solution containing 30 pg BmEO dsRNAs
were injected into the Day 5 pupa [30, 31]. After the
first injection, the same amount of dsRNAs were
injected every two days until adult to ensure the
effective RNAi. Then, the RNAI treated female moths
were mated with untreated male moths, and their
offspring were collected. In addition, about 5 nl 3DE
at a concentration of 1 pg/pl was injected into eggs
laid by BmEO RNAIi female adult. Twenty percent of
ethanol solution was used as the control. For the
3DE-3p-reductase gene, the newly laid eggs were used
to perform the RNAi experiment. Firstly, the eggs
were transferred to glass slides in the same direction.
About 5 nl dsRNA at a concentration of 500 ng/pl was
injected into one embryo using a microinjection
system (Eppendorf, Hamburg, Germany). Meanwhile,
5 nl Bm3DE-3f-reductase dsSRNA at a concentration of
300 ng/pl and 20E at a concentration of 300 ng/pl
were co-injected into newly laid eggs to perform
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rescue experiments. The injected embryos were
incubated in a moist plastic box at 27°C until hatching.

In order to examine the fluctuation of 3DE in
eggs after RNAi, 3000 eggs were dissected from RNAi
treated virgin female moths, and grinded in liquid
nitrogen to powders. The powders were
homogenized with 50 milliliter (ml) methanol to
extract polar and apolar ecdysteroids. The
homogenates were sonicated and centrifuged. The
pellets were re-extracted twice after centrifugation.
Supernatants were collected and dried at 50 °C. Dried
samples were re-dissolved in 2 ml of methanol. The
extraction contained free and conjugated ecdysteroid.
In our lab, we only have standard sample of some free
ecdysteroid (3DE, E and 20E). Thus, we further
hydrolyzed the conjugated ecdysteroids to produce
their free forms using Helix hydrolases (a crude
enzyme preparation from Helix pomatia, Solarbio,
China). Helix crude enzymes were widely used to
remove conjugates (such as phosphate and ester) of
ecdysteroid, but cannot directly reduce or oxidize
molting hormone [32]. After an overnight incubation
at 37 °C, the samples were centrifuged, and the
supernatants were used to perform high performance
liquid chromatography (HPLC) analysis. HPLC
analysis using a C18 No-va-Pak cartridge (4.6 x 250
mm; Waters Associates) was performed on a Hitachi
Primaide HPLC system (Hitachi, Japan) linked to a
Dual A Absorbance UV detector set at 254 nm. The
mobile phase consisted of acetonitrile/0.1% (v/v)
trifluoroacetic acid in water (22:78, v/v), and the
elution rate was set at 1 ml/min. The standard sample
of 3DE which was kindly provided as a gift by Dr. R.
Lafont (Universite Pierre et Marie Curie, Paris,
France) was used to identify the product of the
enzyme assay. E and 20E were purchased from Sigma.

Real-time PCR

For each sample shown above, the stored tissues
were grinded in liquid nitrogen to powders. Total
RNA was extracted by the Ultrapure RNA kit (Beijing
CoWin Biotech, Beijing, China) and treated with
DNase I (Takara Bio, Shiga, Japan) to remove the
genomic DNA contamination. The RNA was
quantified by the UV spectrophotometer, and then 1
pg RNA was reversely transcribed to the first strand
of cDNA by the EasyScript one-step gDNA removal
and cDNA synthesis SuperMix kit (TransGen
Biotech). The specific primers were designed and
used in the quantitative real-time PCR analysis (Table
S1). The quantitative real-time PCR was performed
using a real-time PCR detection system (CFX96,
Bio-Rad, Hercules, CA) with a SsoAdvanced SYBR
Green supermix kit (Bio-Rad). The PCR was carried
out as follows: 30 s at 95°C, followed by 40 cycles of 5

s at 95°C and 40 s at 58°C. The B. mori ribosomal
protein L3 gene was used as the reference gene.

Ecdysteroid measurements

For ecdysteroid measurements, ecdysteroids
were extracted from embryos after treatment. Briefly,
100 eggs were homogenized in 1 ml cold methanol.
After centrifugation, an aliquot of supernatant was
dried at 70°C, and then the dried extract was
dissolved with 150 pl enzyme immunoassay (EIA)
buffer (0.4 M NaCl, 1 mM EDTA, and 0.1% BSA in 0.1
M phosphate buffer, pH: 7.0) (Sangon Biotech, China).
Ecdysteroid levels were quantified via competitive
enzyme-linked immunoassay kit with anti-20E rabbit
antiserum (EAB25, Kerafast, Boston, MA). It should
be noted that EAB25 anti-20E antibody is specific for
20E [33]. The method was based on the
manufacturer's instruction.

Results

The expression patterns of the genes involved
in ecdysone 3-epimerization pathway during
the pupal and embryonic stages of the
silkworm

Previous studies showed that ecdysone
3-epimerization pathway is mainly involved in the
degradation of ecdysone during the metamorphosis
stage in lepidopteran insects [26, 34, 35], although
ecydsone titer also displays fluctuation during the
pupal stage. Thus, in order to survey the roles of the
ecdysone 3-epimerization pathway at pupal stage, we
firstly examined the temporal expression patterns of
the genes involved in the pathway. At the 1st Day of
the pupal stage, the expression of BmEO gene was
detected. The transcription level of the gene gradually
increased along with the development, and reached
the peak at 8t Day after the initiation of pupal stage
when the ecdysone concentration was almost
undetectable (Figure 1A) [36]. This indicates that
BmEO could play its role in converting ecdysone to
3DE during this stage. However, for the
3DE-3a-reductase gene involved in the second step of
the 3-epimerization pathway, the expression level of
the gene was rather low through the whole pupal
stage (Figure 1A). Thus, we focused on the function of
BmEO gene during the pupal development.

We investigated the spatial expression profiles of
BmEO gene in different male or female silkworm
tissues of the pupa at the 7 Day. The transcription
signals of the gene were detected in fat body,
hemocyte, goand and weak signals in pupal head
(Figure 1B). Furthermore, there is no sex bias for the
expression of BmEO gene in fat body, hemocyte and
head (Figure 1B). However, BmEO gene was
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predominantly expressed in the female ovary, and the
expression level of the gene in ovary was almost 10
times higher than that in testis (p < 0.001). The
expression divergence of BmEO gene between sexes
indicates that the gene might take part in female
biological process. Furthermore, we examined the
expression pattern of BmEO gene during the
maturation of eggs (Figure 1C). BmEO gene was
expressed in low level during the vitellogenic stages.

At the onset of choriogenesis (+1/+2), the expression
level of BmEO gene sharply increased, and reached
the peak at stage +3/+4. Meanwhile, we also found
that the expression pattern of the silkworm ecdysone
22-kinase (EcK) gene is highly consistent with that of
the transcription pattern of BmEO gene (Figure 1C).
EcK is a known enzyme could convert ecdysone and
20E into their phosphate conjugated forms which can
be accumulated in the ovary [37].
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Figure 1. Expression pattern of BmEO and 3DE-3a-reductase genes during the silkworm pupal stage. (A) Temporal expression patterns of BmnEO and
3DE-3a-reductase genes during the silkworm pupal stage; (B) Spatial expression pattern of BnEO gene in different male or female silkworm pupal tissues;
(C) Expression pattern of BmEO and BmEcK genes in follicles at the different developmental stages. In (A), the line represents the 20E titer, modified from Kiguchi
and Agui (1981). In (C), numbers indicate stages of oogenesis with respect to the start of choriogenesis (+1; more advanced stages of choriogenesis are numbered with increasing
positive numbers, while vitellogenic stages are numbered, from the most mature one to more immature ones, with increasing negative numbers.
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treatments.

At the embryonic stages, we surveyed the
expression profiles of the genes involved in ecdysone
3-epimerization pathway. Overall, the 3DE-3f-
reductase gene had much higher expression level than
other two genes (EO and 3DE-3a-reductase), and it was
expressed from 15t Day after oviposition and reached
a peak at 34 Day after ovipoision (Figure 2). Then, the
expression level decreased gradually to the basal level
as the embryonic development continued.
Interestingly, the gene is just expressed ahead of the
increase of ecdysone titer [38].

The function of BmEO gene during the pupal
stage of the silkworm

As shown above, BmEO gene was prominently
expressed in the pupal ovary. In order to investigate
the function of the gene at this stage, we performed
RNAi experiments by injecting specific dsRNA for
several times. After successfully knocking-down
mRNAs levels of BmEO gene (Day 7 of pupa), we
examined the phenotypic variation between control
and RNAi pupa (Figure 3A). We found that the
BmEO-dsRNA injected silkworms grew and
developed normally like EGFP-dsRNA injected
silkworms. Furthermore, the eggs from control and
RNAi pupa ovary were dissected, respectively.
Similarly, down-regulated BmEO gene expression
could not affect the development of the silkworm
ovary (Figure 3B). EO can convert ecdysone into 3DE.
Therefore, we also examined the fluctuation of 3DE in
the ovary of the female silkworm after RNAi
experiment. The polar and apolar ecdysteroid were
extracted from mature eggs, and hydrolyzed by Helix
hydrolases. The treated ecdysteroid was further
analyzed by RP-HPLC. Compared with the ovary
from EGFP-dsRNA injected silkworms, the

concentration of the 3DE extracted from RNAi
silkworm was significantly reduced (70.56 + 8.35 vs.
49.30 £ 6.64 ng/pl, P = 0.026, t test), indicating EO
could take part in the accumulation of 3DE in the
silkworm eggs (Figure 3C, inner figure C1). However,
it can be found from Figure 3C that the titer of E did
not change between EGEP-dsRNA and BmEO-
dsRNA injected pupae. One possible reason is that
3DE converted from E by EO may be just one of
pathways to produce accumulated ecdysteroids.
After moth emergence, the control and RNAi
female moths were used to mate with wild male
moths, respectively. No significant difference was
found in the number of eggs between control and
RNAi female moths (340 + 27 vs. 345 + 50, P = 0.41)
(Figure 3D). In addition, we also examined the shell of
the eggs using scanning electron microscope (Figure
3E). Both two kinds of eggs (oviposited by control and
RNAi female adult moths) showed similar shell
patterns (Figure 3E). However, the offspring of the
RNAi adults showed the significantly decreased
hatching rate (88.37 + 6.44% vs. 70.58 £ 4.17%, P =
0.002) (Figure 4A, B). Furthermore, we measured the
20E concentration of the eggs at 2°d Day and 4t Day
after oviposition. Compared with the eggs laid by the
control female adults, the offspring of the RNAIi
adults had significantly lower 20E level (2nd Day: 0.18
£ 0.029 vs. 0.11 £ 0.017 pg/g eggs, P = 0.027; 4th Day:
0.63 = 0.041 vs. 0.51 £ 0.036 pg/g eggs, P = 0.024)
(Figure 4C). In addition, we found that the
development of eggs laid by EO RNAi moths was
arrested at organogenesis stage (Figure 4D).
Additionally, the product of EO is 3DE which
also can be synthesized into ecdysone. Thus, we
injected 3DE to rescue the BmEO RNAIi eggs. The
newly laid eggs of the BmEO-RNAi adults were
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collected, and then 3DE was injected into the eggs.  0.015) (Figure 4E). Meanwhile, injection with 3DE
The result showed that injection with 3DE  could increase the 20E level at the 2nd Day after
significantly elevated the hatching rate compared treatment (2"d Day: 0.15 £ 0.038 vs. 0.24 + 0.039 pg/g
with the control (52.50 + 8.48% vs. 40.17 £ 6.02%, P =  eggs P = 0.047) (Figure 4F).

A B
% 0.45 1 ; * %
& 041
[
S 035
E
5 037
g 02
702 1
£
S 015 1
[
5] 0.1 1
Pz
= 005 4
‘ocTé " EGFP-dsRNA BmEO-dsRNA
EGFP-dsRNA BmEO-dsRNA
C
. |
3 (‘ ——— EGFP-dsRNA
— | BmEO-dsRNA
] |
E il cl
] ‘ul 80 - —
_:‘ | 70 4
] |
= | ~ 601
> = S 50 4
H EX
~ 1 ~
;ﬁ E E 40 A
v =
§ _: g 30 4q
s 1 20 4
_; 10
: |
— [ [UE.
| |\ EGFP-dsRNA  BmEO-dsRNA
4 [
. |
3 |
E I}| 20E
- /3 UN E
E | & 3D20E 9 I 3DE
E—r’/l‘ i M /’_@\_:\‘_
T T T T T T T [T T T T T T e e
0 2 4 6 8 10 12 14 16 18 20
Retention time (min)
D E
450 1
400 4
w350 EGFP-dsRNA
&
2300 A
S 250 -
2
£ 200 1
=
Z 150 4
100 - BmEO-dsRNA
50
0

EGFP-dsRNA BmEO-dsRNA

Figure 3. The function of BmEO gene during the female pupal stage. (A) Expression of BmEO gene after RNAI; (B) Phenotype of ovary after RNAi; (C)
HPLC analysis of ecdysteroids extracted from eggs of RNAI treated virgin female moth; (D) The number of eggs laid by RNAi female adults; (E) Shell of
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http://www.ijbs.com



Int. J. Biol. Sci. 2018, Vol. 14

1478

A

1.05 4 %

0.9 1

Ratio of hatching
s & o 5
"5 wn [=)} w

£
h
L

(=]
3

EGFP-dsRNA BmEQ-dsRNA

0.7 4 =
0.6 1 |
0.5 4

0.4 4

03 4 *

0.2 4 |
N -
0 4

20E concentration (ug/g eggs)

1 mm

EGFP-dsRNA  BmEO-dsRNA  EGFP-dsRNA  BmEO-dsRNA

2 days after oviposition

5

0.5 1

0.4 4

0.3 A

0.2 1

Ratio of hatching

0.1 1

BmEO-dsRNA+C BmEO-dsRNA+3DE

4 days after oviposition

F

0.3 1

0.25 4

0.2 1

0.15 1

0.1 1

20E concentration (pg/g eggs)

BmEO-dsRNA+C BmEO-dsRNA+3DE

Figure 4. The maternal BmEO-RNA.: affects the 20E concentration and hatching rate of offspring. (A) Hatching rate of the eggs laid by RNAi adults; (B)
The phenotype of the eggs laid by RNAi adults; (C) 20E concentration of the eggs laid by RNAi adults; (D) Phenotype of embryos laid by RNAi adults; (E)
Hatching rate of BmEO-RNA.: adult laid eggs after injection with 3DE; (F) 20E concentration of BmEO-RNA.: adults laid eggs after injection with 3DE. For
(B), white arrows indicate the hatched eggs, and the black arrows indicate the unhatched eggs; In (D), the embryos at 8-9 days after oviposition were dissected out.

Taken together, our results indicated that
maternal BmEO is important for the biosynthesis of
20E during the embryonic development.

The function of 3DE-3f-reductase gene during
the embryonic development

In lepidopteran insects, 3DE can be directly
converted into ecdysone by 3DE-3p-reductase. To
ascertain the function of the silkworm 3DE-3f-
reductase gene in the egg, we performed RNAi
experiment by injecting the corresponding dsRNAs
into the newly laid eggs. Two days after injection, the

transcription level of the gene significantly decreased
(Figure 5A). Interestingly, similar to the maternal
BmEO RNAIi experiments, we found that the hatching
rate of the eggs injected with 3DE-3f-reductase dsSRNA
was also significantly lower than that of the control
(38.69 + 4.66% vs. 57.35 + 6.87%, P = 0.018) (Figure 5B,
C). In addition, the 20E concentration was also
examined after injection. The down-regulated
expression of the 3DE-3f-reductase gene resulted in the
significantly declined 20E level compared with the
control at embryonic stages (24 Day: 0.35 + 0.037 vs.
0.21 £ 0.034 pg/g eggs, P = 0.019; 4t Day: 0.53 £ 0.033
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vs. 0.40 + 0.020 pg/g eggs, P = 0.012) (Figure 5D).
Furthermore, the decreased 20E titer significantly
affect the normal development of embryos.
Development of about 75% embryos after RNAi
treatment was arrested at the stage 20 (segmentation

of head and thorax) or stage 21 (early blastokinesis)
(Figure 5E-F). The stages were determined based on a
previous study [39]. Furthermore, 20E treatment
could rescue the abnormal development (Figure
5E-F).
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3DE-3B-reductase-dsRNA; (D) 20E concentration of the eggs after injection of the 3DE-3B-reductase-dsRNA; (E) Ratio of normal and abnormal
development of the embryos after 3DE-33-reductase RNAi and rescue experiments; (F) Phenotype of the embryos after RNAi and rescue experiments.
For (C), white arrows indicate the hatched eggs, and the black arrows indicate the unhatched eggs and yellow arrows mean the unfertilized eggs. Bar: 1 CM. For (F), the embryos
at 8-9 days after oviposition were dissected out. 3DE-3B-reductase-dsRNA+20E means the rescue experiment by co-injected with 3DE-3B-reductase-dsRNA and enzyme

product (20E).
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Discussion

In insects, ecdysone is an important hormone for
the molting and metamorphosis. Increasing evidence
shows that ecdysone is essential for the embryonic
development [9, 10]. However, high concentration of
active ecdysone 1is already present before the
formation of PGs during the embryonic development
[7]. Thus, ecdysone in the eggs of insects may be
maternal origination [21]. Indeed, previous studies
revealed that ecdysone-22 phosphate pathway is
involved in the synthesis of ecdysone during
embryonic development of insects [38, 40].

Similar to the situation in ecdysone-22
phosphate pathway, there is a reversible reaction
between ecdysone and 3-dehydroecdysone in
ecdysone 3-epimerization pathway, which is
catalyzed by EO and 3DE-3p-reductase, respectively.
We found that BmEO gene was predominantly
expressed in the mature ovaries at pupal stage of the
silkworm. Previous studies have demonstrated that
ecdysone is required for the maturation of ovary in
the silkworm [41-43]. High level of 20E titer induces
the vitellogenesis but inhibits the choriogenesis [41].
BmEOQO gene involved in the inactivation of ecdysone
was highly expressed in the choriogenic eggs. This
indicates that BmEO may play roles in maintaining
the low ecdysone titer during choriogenic stage.
However, the down-regulated expression of BmmEO
gene using RNAI at that stage could not influence the
phenotype of the female silkworm, such as ovary
development and number of laid eggs. EO could
convert ecdysone and 20E into 3DE and 3D20E,
respectively. Indeed, we also found that the
concentration of 3DE, the intermediate of ecdysone
3-epimerization pathway, decreased after the
treatment. 3DE and 3D20E were thought to be the
inactive form of ecdysteroids, though several
researches showed that 3D20E could induce the
expression of ecdysone responsive genes [44, 45].
However, Hiruma et al., (1997) suggested that “the
effects of 3D20E can be converted to 20E by the
epidermis, its effects are likely mediated by 20E” [46].
In addition, Baker et al., (2000) found that 3D20E is a
relatively poor activator of EcR/USP [47]. Therefore,
we thought that female pupa could accumulate
inactive 3DE and 3D20E in the eggs.

As shown above, 3DE and 3D20E can also be
reversely reduced to ecdysone and 20E by
3DE-3p-reductase. Indeed, the down-regulated
expression of BmEQO in maternal pupal ovary lowered
the 20E concentration of its offspring. In addition,
rescue experiment by injecting 3DE into the offspring
of BmEO RNAIi adults could elevate the 20E level and
increased the hatching rates. Meanwhile, in the
embryo, the down-regulated expression of the

3DE-3p-reductase gene also lowered 20E titer During
the silkworm embryonic development, the
concentration of 20E increases at late gastrula stage,
and peaks at Dblastokinesis stage [39]. Previous
researches have shown that high titer of ecdysone is
essential for germ band retraction, head involution
and cuticle deposition [10]. In the domestic silkworm,
Kadono-Okuda et al., (1994) also showed that the high
titer of accumulated maternal ecdysteroids is essential
for embryogenesis and hatching [48]. In this study, the
development of embryos with lower 20E
concentration after RNAi treatment arrested at the
stage 20 (segmentation of head and thorax) or stage 21
(early Dblastokinesis) of silkworm embryonic
development. Taken together, our results revealed
that ecdysone 3-epimerization pathway might have
been involved in the synthesis of molting hormone
during embryonic development of the silkworm.

Our results showed that ecdysone was converted
into 3DE by BmEO and stored in the mature ovary.
However, it is still unknown which form of 3DE is
accumulated in yolk. In insects, ecdysone also can be
inactivated by conjugating with glucose, sulphate and
phosphate. For example, phosphorylation at the C-22
of ecdysteroids including 20-hydroxyecdysone
22-phosphate (20E22P) and 3-epi-20-hydroxyec-
dysone 22-phosphate (20E’22P) has been identified in
the silkworm [12]. Thus, more studies are needed to
confirm whether 3DE has conjugation form in the
future.
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