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Abstract

Molting hormone (ecdysteroid) is one of the most important hormones in insects. The
synthesis and inactivation of the ecdysteroid regulate the developmental process of insects. A
major pathway of ecdysone inactivation is that ecdysone is converted to 3-dehydroecdysone,
and then further to 3-epiecdysone in insects. Two enzymes (ecdysone oxidase: EO and
3DE-3a-reductase) participate in this pathway. In this study, based on the previously char-
acterized cDNAs in Spodoptera littoralis, we cloned and characterized EO and
3DE-3a-reductase genes in the silkworm, Bombyx mori. The heterologously expressed proteins
of the two genes in yeast showed the ecdysone oxidase and 3DE-3a-reductase activities,
respectively. Expression of BmEO was only detected in the midgut at transcriptional and
translational levels. We also localized EO within the midgut goblet cell cavities. For
Bm3DE-3a-reductase gene, RT-PCR and western blot showed that it was expressed in the
midgut and the Malpighian tubules. Moreover, we localized 3DE-30-reductase within the
midgut goblet cell cavities and the cytosol of principal cells of the Malpighian tubules. These
two genes have similar expression profiles during different developmental stages. Both genes
were highly expressed at the beginning of the 5" instar, and remained a relative low level
during the feeding stage, and then were highly expressed at the wandering stage. All these
results showed that the profiles of the two genes were well correlated with the ecdysteroid
titer. The functional characterization of the enzymes participating in ecdysone inactivation in
the silkworm provides hints for the artificial regulation of the silkworm development and
biological control of pests.
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INTRODUCTION

For most insects, molting and metamorphosis
are key stages in the developmental process. Many
studies have shown that molting hormone (ecdyster-
oid) plays an important role in this process [1]. In
immature stages of insects, the ecdysteroid titer dis-

plays the periodic and precise fluctuations which
regulate the development of insects [2]. Besides the
synthesis of the ecdysteroid, the degradation of the
ecdysteroid is also important for the titer regulation.
3-Epimerization of ecdysteroid is one of the major
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inactivation pathways of the hormone in insects [3-4].
As shown in Supplementary Material: Figure S1, ec-
dysone is firstly converted to 3-dehydroecdysone
(3DE), and then the 3-dehydroecdysone is converted
to 3-epiecdysone [3-7]. Both the 3DE and the
3-epiecdysone have less activity than ecdysone [8]. As
the intermediate of this pathway, 3DE has been de-
tected in many insect species, especially in the Lepi-
dopteran insects [5]. However, the proportion of 3DE
is variable in different species. For instance, the pro-
thoracic glands of Manduca sexta and Spodoptera litto-
ralis have a predominant proportion of 3DE whereas
Pieris rapae has a little 3DE [5]. In conclusion, previous
studies have proven the 3-epimerization pathway to
be important for ecdysone inactivation [8].

The conversion of active ecdysone to
3-epiecdysone, generally regarded as largely inactive,
requires two consecutive enzymes (EO and
3DE-3a-reductase). These two enzymes have been
found in the gut of M. sexta [9-10], and S. littoralis [11].
Then the genes which encode the two enzymes have
been cloned and characterized in several insects. For
example, the genes encoding EO and 3DE-3a-reductase
in S. littoralis have been cloned and characterized in
previous studies [12-13]. Moreover, EO was also
identified in Drosophila melanogaster by the same re-
searchers [14]. These previous studies showed that
both genes were mainly expressed in the midgut, and
the temporal expression profiles of them corre-
sponded to the fluctuation of the ecdysone titer. For
another related enzyme, 3DE-3p-reductase has also
been found in different insects [5, 7, 15]. This enzyme
can also catalyze reduction of 3DE using NAD(P)H,
but produce ecdysone in the hemolymph [3, 5, 7, 9,
11]. Thus, the 3DE-3p-reductase enzyme may be in-
volved in the biosynthetic pathway of ecdysteroids.

The silkworm, Bomyx mori, is the only thor-
oughly domesticated insect in the world to date. As
the release of the whole genome sequence and func-
tional genomics data [16-18], the silkworm functional
genomics has made a great progress. For example, the
gene underlying non-molting glossy (nm-g) which
plays a crucial role in ecdysone synthesis was identi-
fied in the silkworm [19]. Although the silkworm has
only a little amount of 3DE, the 3DE-3p-reductase
activity has been found in several studies (Supple-
mentary Material: Figure S1) [5, 20]. Recently, the
3DE-3p-reductase gene in the silkworm was cloned
[21]; one gene believed to encode ecdysone oxidase
was also cloned [22]. However, previous studies did
not show the enzyme activity of the ecdysone oxidase.
In addition, the putative silkworm ecdysone oxidase
gene was found to be mainly expressed in the hemo-
cytes [22], which was different from the other studies

(Midgut is the predominantly expressed tissue for the
EO gene from both S. littoralis and D. melanogaster)
[13-14]. Therefore, whether the gene is the homologue
of the ecdysone oxidase gene in the silkworm or not is
still unknown. In this study, we identified the candi-
date genes that encode ecdysone oxidase and
3DE-3a-reductase in the silkworm by bioinformatics
based largely on the characterized S. littoralis genes.
Then, we cloned and sequenced the genes. Both pro-
teins encoded by the two genes exhibit high sequence
identities with the respective orthologous proteins
from S. littoralis. The heterologous expressed proteins
of the two genes also showed ecdysone oxidase and
3DE-3a-reductase activities, respectively. The spatial
and temporal expression profiles were also deter-
mined and the temporal expression profiles were
correlated with the ecdysone titer. The functional
characterization of the enzymes participating in the
3-Epimerization of ecdysone in the silkworm provides
hints for the artificial regulation of silkworm devel-
opment and the biological control of pests.

MATERIALS AND METHODS

Silkworm strain

The DaZao strain of the silkworm was reared
under normal conditions at 25°C.

cDNA cloning and rapid amplification of cDNA
ends (RACE)

Three or four of Day 3 of the 5t instar silkworm
larvae were collected and grinded in liquid nitrogen
to powders and stored in Trizol reagent (Invitrogen,
USA). Total RNA was extracted and treated with
DNase I (Takara, Japan) to remove the genomic DNA
contamination. The RNA was quantified by the ultra-
violet spectrophotometer, and then 5 pg RNA was
reverse-transcribed to the first strand of cDNA by the
M-MLV Reverse Transcriptase Kit (Invitrogen, USA).
Based on the bioinformatics analysis, specific primers
were designed (Supplementary Material: Table S1)
and used to amplify the DNA sequences of the puta-
tive BmEO and Bm3DE-3a-reductase genes. In order to
obtain the full-length cDNA of the two genes, the
GeneRacer kit (Invitrogen, USA) was used according
to the manufacturer's instruction. The procedure was
shown in previous analysis [23]. All the amplified
products were purified with agrose gel purification
kit (OMEGA, USA), and then cloned into PMD-19
vector (Takara, Japan). Orientation and presence of
the inserted cDNA were confirmed by sequencing of
the recombinant plasmid with automated DNA se-
quencer (Applied Biosystems 3730, Shanghai, China).

http://www.biolsci.org




Int. J. Biol. Sci. 2012, 8

127

Phylogenetic analysis

In order to construct the phylogenetic tree for
EO genes, the protein sequence of the candidate gene
was used as the query sequence to search for the ho-
mologous sequences of other species in NCBI. Previ-
ous study showed that the EO protein belongs to the
glucose-methanol-choline (GMC) oxidoreductases
family [14]. Thus, several proteins which also belong
to the GMC oxidoreductases family were downloaded
from NCBI. The protein predicted as the ecdysone
oxidase in a recent study was also used (Supplemen-
tary Material: Table 52, BmGMC2) [22]. All the se-
quences were aligned by the MUSCLE algorithm [24]
and the alignment was corrected manually. The phy-
logenetic tree was constructed by the neighbor-joining
(NJ) method implemented in the MEGA4 program
[25]. The evolutionary distance was pois-
son-corrected. Gaps were pairwisely deleted. 1,000
iterations were used for calculating bootstrap values.
3DE-3a-reductase belongs to the short-chain dehy-
drogenases/reductases (SDR) superfamily [12]. Thus,
some proteins belonging to the SDR superfamily were
used for the phylogenetic analysis. In addition, sev-
eral enzymes from prokaryotic and mammal which
participate in the steroid metabolism were also in-
cluded (Supplementary Material: Table S2).

Expression profile analysis of putative BmEO
and Bm3DE-3a-reductase

The DaZao strain of the silkworm was used to
survey the expression profiles of the two genes. For
spatial expression analysis, 9 main tissues, head, in-
tegument, midgut, silk gland, hemocyte, fat body,
Malpighian tubule, testis and ovary, were dissected
from Day 3 of the fifth instar larvae, and also imme-
diately frozen in liquid nitrogen, respectively. Every
tissue sample was collected from three or four larvae.
cDNA was synthesized as described above. The PCR
was carried out as follows : 1 cycle of 94°C for 4 min
and 28 cycles of 94°C for 45 s, 58 °C for 40 s, 72°C for 2
min and 1 cycle of 72°C for 10 min.

For temporal expression analysis, three larvae or
pupae were collected at different developmental time
points and then frozen immediately in liquid nitro-
gen. cDNA was synthesized as described above. In
order to detect the relatively accurate pattern of tem-
poral expression, the quantitative RT-PCR was per-
formed using Real-Time PCR Detection System
(CEX96, Bio-Rad, USA) with a SYBR Premix EX Taq
kit (Takara, Japan). The PCR was carried out as fol-
lows: 30 s at 95°C, followed by 40 cycles of 5 s at 95°C,
1 min at 60°C. Eukaryotic translation initiation factor
4A (the silkworm microarray probe ID: sw22934),
which has similar expression patterns at different

developmental stages, was used as an internal control
[26].

The primer sequences used in this part were
shown in Supplementary Material: Table S1.

Expression of putative BmEO and Bm3DE-3a-
reductase in E. coli

The cDNA sequences of putative BmEO and
Bm3DE-3a-reductase were amplified by PCR. The for-
ward and reverse primers contain one restriction en-
zyme site, respectively (BamH I and Not I). Then, the
amplified fragments and the prokaryotic expression
vector (pET28a: six His-tagged vector) were digested
by the same restriction enzyme (BamH I and Not I),
followed by ligation for 3h at 16°C. The recombinant
plasmid DNAs (pET-BmEO and
pET-Bm3DE-3a-reductase) were transformed into the
E. coli BL21 (DE3) strain. The positive clone was cul-
tured in 100 ml Luria-Bertani mediums. After 2h
preincubation at 37°C, recombinant proteins with His
tag were induced by 1mM IPTG for 4h. The induced
cells were collected after centrifugation at 6,000xg for
10 min, and the pellets were washed and
re-suspended in 20 ml lysis buffer (1x phos-
phate-buffered saline PBS PH 7.8). Then the cells were
incubated on ice for 1h followed by sonication. The
lysates were then centrifuged at 10,000xg for 30 min.
The pellets were dissolved in 5 ml 1x PBS buffer (PH
7.8) with 8M urea and 10 mM imidazole at 4°C over-
night. The solution was centrifuged at 12,000xg for 30
min. In order to purify the recombinant proteins, the
supernatant was incubated with the Ni-NTA Super-
flow beads (Qiagen, Germany) according to the man-
ufacturer's instruction. Proteins were quantified using
the BCA protein assay and visualized after
SDS-polyacrylamide gel electrophoresis (PAGE) by
staining with Coomassie Blue.

Preparation of antiserum

Polyclonal antibodies against BmEO and
Bm3DE-3a-reductase were produced by immunizing
mice with purified recombinant proteins. Mice were
immunized four times over 40 days. Each mouse was
immunized by 100 ng recombinant proteins (in 1 ml of
phosphate buffered saline) in complete Freund’s ad-
juvant (1:1, v/v) on Day 0 and in incomplete Freund’s
adjuvant (1:1, v/v) on Day 10, 20, 30 with syringes.
Then the antiserum on Day 40 was collected. The mice
injected with PBS were used as negative control.

Expression of putative BmEO and Bm3DE-3a-
reductase in Yeast

Because the proteins produced in the prokaryotic
expression system showed no enzyme activities (data
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not shown), the eukaryotic expression system was
used to detect the function of the two candidate pro-
teins. The cDNA sequences of the putative BmEO and
Bm3DE-3a-reductase genes were amplified using PCR,
and the forward and reverse primers contain one re-
striction enzyme site, respectively: SnaB I and Not 1.
PCR products and yeast expression vector (pPICIK)
were double digested by SnaB I and Not I for 2h at
37°C, followed by ligation for 3h at 16 °C. The ligated
plasmids were confirmed by sequencing. The ligated
plasmids linearized by Sac I restriction enzyme, and
then transformed into Pichia pastoris (X-33) cells by
electroporation. The screening of positive clones
(BmEO-pPIC9K-X33 and  Bm3DE-3a-reductase-
pPIC9K-X33) was performed following protocols
recommended by Invitrogen. The obtained clone was
cultured in buffered glycerol-complex medium
(BMGY). Then 50 pl yeast cells were planted into 5 ml
BMGY medium and cultured at 28 °C until the ODs00
reached 2-6. The yeast cells were collected by centrif-
ugatrion at 12,000xg, re-suspended by BMGY to
ODes00 reaching 1 and cultured continuously at 28 °C
for 5 d. One per cent methanol was used to induce the
expression of the genes at every 24h. The yeast cells
containing empty pPICI9K vector were used as the
negative control.

Enzyme assay and HPLC

Assays of the recombinant protein activities
were performed by the method described in previous
studies [13-14]. After induction by 1% methanol for
five days, the yeast cells were removed by centrifuga-
tion at 12,000xg for 30 min at 4°C. The proteins in the
supernatant were precipitated by 80 per cent satu-
rated ammonium sulfate (SAS) overnight at 4°C, and
then centrifuged at 10,000xg for 30 min at 4°C. The
pellets were dissolved in 5 ml 200 mM Tris buffer (PH
7.5), followed by dialysis with 500 ml 75 mM Tris
buffer (PH 7.5) for 24h at 4°C. The buffer used for
dialysis was changed every 6h. In order to detect the
activity of putative BmEQO, 50 pl reaction, containing
20 pl crude recombinant enzyme solution, 50 pg ec-
dysone, and 30 pl sodium phosphate buffer (PH 7.5),
was incubated for 1h at 37°C. Then the reaction was
quenched with 50 pl methanol, and proteins were
removed by centrifugation. The supernatant was
stored at -20°C. Ecdysteroids in the supernatant were
analyzed by reversed-phase HPLC using a Cis No-
va-Pak cartridge (4.6 x 250 mm; Waters Associates) on
a Waters instrument (Waters Associates) 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 elu-
tion rate was set at 1 ml/min. The standard sample of

3-DE 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 en-
zyme assay. As the 3DE is the main product of the EO
assay, we separated the 3DE by the HPLC from the
product. The purified 3DE was used as substrate in
the Bm3DE 3a-reductase reaction. Fifty microlitre
reaction, containing 20 pl crude recombinant enzyme
solution, 10 pl the purified 3DE, 20 pl sodium phos-
phate buffer (PH 8.0), and 0.5 mM NAPDH, was in-
cubated for 3h at 37°C[12]. After incubation, the reac-
tion was quenched by 50 pl methanol, and proteins
were removed by centrifugation. Reversed-phase
HPLC was also used to identify the product of the
Bm3DE 3a-reductase reaction as shown above.

Mass spectrometry

Mass spectrometry was performed to identify
the product of the 3DE 3a-reductase enzyme assay.
Mass spectrometry was conducted by a Finnigan TSQ
Quantum Ultra AM spectrometer (Thermo Electron
Corp., San Jose, CA) equipped with an ESI source in
the positive ion mode. The spray voltage was fixed at
3.0 kV and the capillary temperature at 250°C. The
collision energy was fixed at 15 eV. Nitrogen was
used as the sheath (20 psi) and auxiliary (8 psi) gas.

SDS-PAGE and Immunobloting

The silkworm was reared until the Day 7 of the
5th instar. Midgut, hemocyte, Malpighian tubules, fat
body, head and integument were dissected and ho-
mogenized in insect physiological saline. The samples
were heated in boiling water for 5 min, followed by
centrifugation at 10,000 x g for 10 min. The superna-
tant was collected for further analysis. BCA protein
assay was used to quantify the proteins. Twenty mi-
crogram proteins were separated in 10% SDS-PAGE
and transferred to PVDF membrane. Then, the mem-
branes were blocked by 5% skim milk in TBST
(Tris-butffered saline, PH 8.0, 0.1% Tween-20) for 1h
at 37°C. To detect the target proteins, the membranes
were incubated with the primary antibody at the rel-
evant dilution (anti-BmEO antiserum, 1:5,000; an-
ti-Bm3DE-3a-reductase, 1:7000) for 1h at 37°C, and
then secondarily probed with horseradish peroxi-
dase-labeled Rabbit Anti-Mouse Ig at a dilution of
1:15,000 (Sigma, USA). Bands were detected by ECL
Plus Western Blotting Detection Reagents (GE
Healthcare). The tubulin protein was used as the pos-
itive control in this analysis. The tubulin antibody was
purchased from Sigma.

Immunohistochemistry

Sections of the Malpighian tubules and middle
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part of the midgut were dissected from the Day 7 of
the 5th instar silkworm. The sections were fixed in 4%
paraformaldehyde at room temperature for 3-4 h.
They were then embedded in paraffin, and were cut to
5-6 pm thick sections. The sections were blocked by
goat serum for 1h at 37°C. The primary antibodies
were a dilution of 1:100 for both proteins, and the
FITC-labeled Rabbit Anti-Mouse IgG(H+L) was used
as a secondary antibody (Sigma, USA) at a dilution of
1:200. FITC displays green fluorescence under a blue
light. The  nuclei  were  labeled  with
4',6-diamidino-2-phenylindole (DAPI). DAPI displays
blue fluorescence under UV light. The sections were
examined under an Olympus fluorescence micro-
scope (BX51).

RESULTS

Sequence analysis

The protein sequence of EO (AY035784) in S. lit-
toralis (SIEO) was downloaded from NCBI. The Blast
program was used to search the silkworm genome
database  (SilkDB:  http://silkworm.swu.edu.cn/
silkdb/) [27]. One gene showed significant homology
to S. littoralis ecdysone oxidase (putative BmEO). The
putative BmEO was also found in the expressed se-
quence tags (ESTs) database (http://silkbase.
ab.a.u-tokyo.acjp) (EST ID: fdpeP27_F_N19,
fdpeP26_F_F03, fdpeP24 F_H08, fdpeP06_F_KO03,
bmov9m11) [16]. The BmEO candidate gene was lo-
cated on the 17t chromosome. Based on the nucleo-
tide sequence of the putative BmEO gene, the specific
primers were designed. By PCR, cloning and se-
quencing, the putative BmEO sequence was obtained
and confirmed. The putative BmEO cDNA contained
an open reading frame of 2, 007 bp. The 5° RACE
produced a 171 bp upstream-untranslated region and
the 3 RACE produced a 175 bp down-
stream-untranslated region. Taken together, the com-
plete length of putative BmEO gene was 2, 353 bp and
the gene was interrupted by 4 introns (black triangles,
Figure 1A). The putative BmEO cDNA encoded a
protein of 668 amino acids with a predicted molecular
mass of 72, 591.47 Da, and the value of isoelectric
point (pI) was 4.97. The deduced amino acid sequence
of the putative BmEO showed typical features of the
glucose-methanol-choline (GMC) oxidoreductases
family. The amino acid identity between putative
BmEO and SIEO was 56%. Previous study showed
that SIEO had 5 conserved ecdysone-binding residues
(Leu®, Met3#, Ala*, Leu®®* and Trp%%7) [14]. The pu-
tative BmEO sequence had 4 of 5 conserved residues
(boldfaces: Leu%, Met34, Ala*46, Thr533 and Trp53).

However, the silkworm ecdysone oxidase (BmGMC?2)
defined by previous analysis had only 1 of 5 con-
served residues (boldfaces: Leu”, Ala3%, Leu#10, I1e500
and Phe®3) (Supplementary Material: Figure S2A). It
should be pointed out that the activity of BmGMC2
using recombinant enzyme has not been proven in
their study [22]. Thus, it may not have EO activity. We
performed phylogenetic analysis to determine the
relationship between the putative BmEO and EOs
from other insects (Supplementary Material: Table
S1). All the proteins used in phylogenetic analysis
belong to the GMC oxidoreductases family. The phy-
logenetic tree showed that the putative BmEO protein
was firstly grouped with SIEO, and then clustered
with other silkworm GMC proteins
(BGIBMGAO005703, BGIBMGAO005608,
BGIBMGAO005609 and BGIBMGA014539). In conclu-
sion, based on the conserved ecdysone-binding sites
and the phylogenetic relationships, the putative
BmEO in this study is the most likely candidate. In-
terestingly, the Drosophila EO was in another cluster
with some GMC proteins from other insects (Sup-
plementary Material: Figure S3A).

For the candidate gene of the silkworm
3DE-3a-reductase, the protein sequence of
3DE-3a-reductase  (AF255341) in S. littoralis
(SI3DE-3a-reductase) was used as the query sequence
to blast against the silkworm ESTs database
(http:/ /silkbase.ab.a.u-tokyo.ac.jp). Three best con-
tigs were found (EST ID: rbmmt20d13, rbmov9019,
fmgV19n20f). By assembling these EST contigs, we
obtained a relative complete gene with the start and
stop codon (putative Bm3DE-3a-reductase). Then one
fragment was amplified with specific primers by
cloning and sequencing. The length of the putative
Bm3DE-3a-reductase cDNA was 753 bp. A fragment of
24 bp upstream the 5" cDNA end was identified by
5RACE, and a 74 bp downstream-untranslated frag-
ment was obtained by 3’'RACE. Thus, the complete
length of putative Bm3DE-3a-reductase gene was 851
bp (Figure 1B). This gene had no intron. The resulting
cDNA sequence encoded a protein of 250 amino acids
with a predicted molecular mass of 26, 304.45 Da. The
pl of the deduced protein was predicted to be 6.91. By
searching the Pfam database, the putative
Bm3DE-3a-reductase enzyme belongs to the
short-chain dehydrogenases/reductases (SDR) su-
perfamily. Multiple-alignment showed that the puta-
tive Bm3DE-3a-reductase had a high level of sequence
identity with SI3DE-3a-reductase (also 56%) (Sup-
plementary Material: Figure S2B).
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1 GGTAGTTCATAATTTGACGTCCACAATACCAGACCTGCATTCCCAGTCACAAACGCCGGCCGCACACTTTGATTT
76 AATCACAATTATTCGGTTAAAGAAAAATAAAACTTAAAGTAATTGTTACAATTATTCAAAGGTGCTATTTGTAAA
v ORF-F
151 CGTATAAAAGGAATCCATGAAATGGTTTGCGGGTTGACTTCGTGTCTTGGGAGTGGCGCGGCCGGCGGCCTATTC
C G L T s C L G S G L F

1 M V G A A G
226 TCATCCGCCGTTCAGTTCTTCGCGGCGACGCAGTGCCTGGTCGGGGAAACTTGGCCAAAAGATTCTGTGCTGCAA

19 8 s A V Q F F A A T Q C L V G E T W P K D_ S V_L Q
BmEO-Specific primer 2

301 XhTGGCTCTAGATACGACTTCATCATCGTGGGTGCCGGTACCGCTGGCTaTGCGCTCGCCGCCAGACTCTCCGAG
44 N G S R Y D F I I V G A G T A G S A L A A R L s E

BmEO-Specific primer 1 v
376 GTTGCCAACTTCAGCGTACTCCTACTGGAGGCGGGCGGAGATCCACCGATAGAGGCTATTATACCAGCGTTCAGA
69 V A N F sSs V L L L E A G G D P P I E A I I P A F R
451 GAAACTCTAAAAGCAAGTTCGGTCGATTGGAATTTTACCAGCGTGGAAAACAATATTACAAGCCAAGCCTTAAAA
94 E T L K A S S V D W N F T s V E N N I T s Q A L K
526 AGAGGAATAGAGCAACAACCTCGAGGGAAGATGCTGGGTGGAAGCGGCTCCTTGAATCACATGGTCTATGCCAGG
119 R G I E Gg g P R G K M L G G S G s L N H M V Y A R
601 GGTTTTCCTTCAGACTACCACGAATGGGCCTCAATCGCCGGAGAAACTTGGAACTGGACCAACGTGCTCAAATAT
144 6. F P S8 D Y H E W A 8 I R 6 E T W N W T N Vv L K ¥
676 TTCATGAAAACCGAGCACATGACGGATACGAACATTGTTAACAATCCAGAATTGATGGTGTACCACGGTCGAGGA
169 F M K T E H M T D T N I V N N P E L M V Y H G R G
751 GGTGCTATAGAAGTTTCTGGAACGAATGAAGTTATGTTCTCCATTAAGAAATTTCTACAGGCGTTCGAGGAACTT
194 6 A I E VvV s G T N E VvV M F s I K K F L O A F E E L
826 GGTTTCAAGACAGTTCCTGATATGACTTACCCAAACTCGATCGGTGCAGGATGTTTTTCGCACACCATCAGAAAT
219 6 F K T v P D M T Y P N 8 I G A G C F s H T I R N
901 GGCGAACGCGACAGCTCTCTGAGGGCTCTCCTTAACAACGCAAATAGTACAAGCCTACACATATTGAAGGATACC
sqé G . Ry 8. 8 E R A & L N N A N S T & L H T L K. P IE
TTTGTAACGAAGATTATTATCGAGAACGGAACTGCAATCGGTATTGAGGCGGTAAAAGACGACAAAACGTTTTTA
269 F VvV T K I I I E N G T A I G I E A V KD D K T F L
1051 TTTTACGCTGATCGTGAAGTCATTTTATCAGCCGGAACATTTAATACCCCGAAGTTGCTGATGCTCTCTGGCGTT
294 F Y A D R E V. I L S A G T F N T P K L L M L S G V
1126 GGTCGCTCAGAGCACTTGAGATCGTTAGGAATCGATGTAGTTGCAGATTTGCCGGTTGGGAGCAATCTCCACGAC
319 6 R S E H L R S L G I DV V A DL P V G S N L H D
1201 CACGCTATGGTATTGGCGTTTCTTGTCGCCGATAACGGGACATGCGTGTCGGATGAGGCAGAGAATTCAATGGAA
344 H A M V L A F L VA DNGTCV s D EAUEN S M E

v
1276 GCAATAAAATATCTTTACGACAGAACTGGTTTTCTTGCCAAGGCCGACAACATGGCCGCGTATTTGCCACTCTCT
A I K Y L Y D R T G F L A K A D N M A A Y L P L S
1351 AGCTCTGAGCCCACCGTACCTGAGTTTGCTCTGTACCCGACTTGTATACCACAGTTCTCGCCGTTTCGCAGCGGG
igé s 8. 8B P T V. .p _EKE F A L ¥ P ¥ & I D g B s p FE R .5 G
1 TGTCTGACTTTGGGCCTGAATGAAGATTTATGCACGGAATTACACAATCT. TCAGGAATATGAACTGGTTACA
é%g cC L T L 6 L N E D L C T E L H N L N 8 = ¥ B __IJ. V__T
1501 ATTGCTGCTGTCCTGCTGAAACCCAAATCCAGGGGTAAAGTGGAATTGAATTCCATAAATCCATTCGACGATCCT
I A A V L L K P K S R G K V E L N S I N P F D D P
1576 CTAATATATGCCGGTACTTTTTCAGAAGAACAAGATCTAGATCATTTTCCTCGGTTGATCAAAATGGCTTGGTCT
469 L I Y A G T F S E E D L D H F P R L I K M A W S
1651 ATTGCTGATACGAATTACTTTAGAA TGCACGAGTGATAAAACCTTGGGTTGAAGCTTGCAGTAATTTA
I A D TN Y F R S K N A RV I K P WV E A C S N L
BmEO-Specific primer 3
1726 ACAGAGAGTGCATGGATTAAATGTATGTCAAGGGCGATGGTGACATCCGCTTGGCATTCCGTGGGTACTGCCG&E
T E S A W I K C M s R A M VvV T S A W H S V G T A A
1801 ATGGGCACTGTAGTAGATGGTGACCTGAAGGTGTTAGGTATTAATGGCTTACGAGTTGTGGACGCGAGTGTAATG
544 M G T V V D G D L K BYEOH; Gf 2 3 N.4G L R V. vV D A s V M
117 — eciiic primer

1876 CCAAAAATAATTAGAGGGAACACAAATGCACCGGTTGTGATGATCGCGGAAATAGCAGCCGACCTCATTAAAGAA
569 P K I I R G N T N A P V V M I A E I A A D L I K E
1951 CATTATTCTGTTAGTCGAACAGGGACAAATTTAAATAATATGACAATCGGTAATTTAACTGCCAGTAGCATGCCA

H Y S vV s R T G T N N N M T I G N L T A S S M P
2026 AATATAAGTCAACCAAATATTAATTTAGCAGATGTTATTGAAAACAATGATATGATAAATTCTAGCCTGATAGAA
619 N I S Q P N I N L A D V I E N N D M I N S S %FIE E
2101 GTTGAGATAACAAATGTAGAAATTATCACTACTACTGATAGGCAGTCAGACATAGATGATACTGTCAATGTCGCA
vV E I T NV E I I T T T D R Q s D I D D T V N V A

644
2176 TgAGGTGATGTAACAGACGTAGATTTGAACGAAGACAAGAAAATAACTATATTGAATTTAAGTGATGGTTATATC
2251 TATATTGTGACTGAAGTAATGGAGAAGTTGTAAACAATTGAAAAAAATGCTGGAGACATTGAAAATTTGACACGT
2326 TTTTGACAAGACCACTTTTGAAAAAAAA

ov)

ORF-F
GGGACGTTATATGGAGTAGACGTTATGAGTTTCACAAATAAAGTGGTTCTCGTCACCGGGGGCAGCTCGGGTATC
M S F T N K vV VvV L VvV T G G S s G X

GGTGCCTCTGCCGCCGTACACTTCGCTAAGGAAGGTGCGGACGTGGCCATAGTAGGTCGAAACGTTACGAAACTG
G A s A A v H F A K E G A D v A b o v G R N v T K L
Bm-3DE-3a-reductase-Specific primer 2
GACAAC GCAAAAAGCCGGTCATCATTAAAGCTGACATTTCAAAAGACGAA
D N vV A R E C A Q VvV 66 K K P V I > K A D I S K D E

B

Bm-3DE-3a-reductase-Specific primer 1

GAAGCGAAGACCATCGTTCAACAAACCATTGAA TTAACAACGCTGGAATG
E A K T I V Q T . Z E A F G K L D V L I N N A G M
AACAAATCCGGGTCCCTGCTCGCTGGCAACCTCCTTGAATCGTACGACGCAGTCACAGCGACTAATCTGAGAGCG
N K &8 6 & 5L L & G W L L B 8 XX ‘D K. .V T K 'T W & R &
GTCATTTTGATAACGAGCCTCGCTGCTCCGCACCTCATCGAGACGAAGGGAAACATCATAAACGTATCCAGTATC
VvV I L I T s L A A P H L I E T K G N I I N VvV s s b o
GGCGGAACCATGGTACCAATGCCAGGGTTTCTGGCATACTGCATGGGGAAAGCTAGTTTGAATCATTTTACGCGT
G 6 T M VvV P M P G F L A Y C M G K A 8 L N H F T R
GGTATTGCCTTGGAATTAGCACCTCATGGTGTCAGAGCAAACATCATCAGTCCAGGTOTTGTTTTAACTGATATC
G I A L E L A P H G V R A N I I s PG L ¥V &L T D X

Bm-3DE-3a-reductase-S; 1fic mer 4
ATTGAGAACTCTGATAATCAGATTAGCTGGGACATTTTTAGGGCTGCCACGGCGTTGARGAAATTAGGAGAACCG
x E N S D N > S W D I F R A A T A L K K L G E P
TCAGAAATTGCCGAGTTGATGTTGTTCCTGGCAAGTGACAAAGCTAGAAGCATAACTGGCTCGAACTACGTCTCC
S E I A E L M L F L A 8 D K A R s b T @ 8 N YT V 8
G%CA%TGgAAgGCEGCEGCECAgAT?AAGACATGTAATAATTTTATAATAATGTATGCATGCATGTAATAAATGC

AATGTATTC

NBU1 HNOVO N BRUIENVOON BT BN
OWHE OOWHE 06 WHOANWHOON WH 0 K-

ONY NOFEO FOl EFREFW W N

Figure |. Nucleotide and deduced amino acid sequences of EO and 3DE-3a-reductase. (A) EO; (B) 3DE-3a-reductase. The
cDNA sequence is indicated on the top line, and the deduced amino acid sequence is on the second line. For EO, black
triangles represent the intron positions. The positions and directions of primers are indicated as arrows above the nucle-
otide sequences.
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Figure 2. Heterologous expression of the BmEO and Bm3DE-3a-reductase gene in Yeast and Bacteria. (A) The SDS-PAGE
analysis of the heterologous expression for the BmEO. (B) The SDS-PAGE analysis of the heterologous expression for the
Bm3DE-3a-reductase. (C) The western blotting analysis of the heterologous expression for the BmEO. (D) The western
blotting analysis of the heterologous expression for the Bm3DE-3a-reductase. Arrow represents the targeted protein. Lane
I: The supernatant of the pPIC9K-X33 induced by |% methanol for 5 days. Lane 2: The supernatant of the yeast containing
recombinant pPIC9K plasmid without 1% methanol. Lane 3: The supernatant of the yeast containing recombinant pPIC9K
plasmid induced by 1% methanol for 5 days. Lane 4: Purified fusion proteins from E. coli with His-tag.

In order to perform the phylogenetic analysis,
several proteins belonging to the SDR superfamily
were downloaded from SilkDB and NCBI. One ecdy-
sone synthesis related gene (Nm-g/Sro) which be-
longs to the SDR superfamily was also included in
this  analysis. In the phylogenetic tree,
3DE-3a-reductases from four insect species together
with four silkworm copies formed one clade. This
result showed that 3DE-3a-reductase is much con-
served in insects. Interestingly, in this clade, the puta-
tive Bm3DE-3a-reductase was firstly grouped with
another 3 silkworm proteins (BGIBMGA(013271,
BGIBMGA(013270 and BGIBMGAO013160) and then
clustered with SI3DE-3a-reductase (Supplementary
Material: Figure S3B). Then the 3DE-3a-reductases
clade was grouped with three 3a-hydroxysteroid de-
hydrogenases from prokaryotic.c. One Nm-g/Sro
orthologous clade was conserved in four insect spe-
cies (Nm-g/Sro clade), indicating its important func-
tion in insects. In addition, 3a-hydroxysteroid dehy-
drogenases (3a-HSDs) from mammals were also used
in this analysis, and all these enzymes were clustered
together.

The DNA sequences of two genes obtained in
this study were deposited in GenBank (Genbank ID,
BmEQ: JF433972; Bm3DE-3a-reductase: JF433973).

Heterologous expression and enzyme assay

The putative BmEO and Bm3DE-3a-reductase
genes were firstly expressed in the E. coli. Both re-
combinant proteins with His-tag were purified by the
Ni-NTA Superflow beads (Qiagen) (Figure 2A, B, the
4th Jane). Then the purified fusion proteins were in-
jected into the mice to generate the specific antibodies,
respectively. The purified proteins were used in
western blotting analyses to determine the specificity
of the antibodies. Both the analyses resulted in one
specific band corresponding to molecular weights of
72 kDa (putative BmEO) and 26 kDa (putative
Bm3DE-3a-reductase), respectively (Figure 2C, D, the
4th Jane). Therefore, the antibodies were suitable to do
further research.

Yeast cells containing recombinant pPICIK
plasmid and pPICIK plasmid were induced by 1%
methanol, respectively. After 5 days, the proteins in
the supernatant were collected. From the SDS-PAGE,
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compared with the products of pPIC9K-X33 (Figure
2A, B, the 1¢t lane), there is no significant additional
band corresponding to the molecular masses of 72
kDa and 26 kDa in the induced yeast containing re-
combinant pPICIK (Figure 2A, B 3t lane). But one
specific band was detected for the products of
BmEO-pPIC9K-X33 and  Bm3DE-3a-reductase-
pPIC9K-X33 in the western blotting analysis, respec-
tively (Figure 2C, D 3rd lane). This result indicated that
both the putative BmEO and Bm3DE-3a-reductase
genes were expressed in the yeast.

Because the low expression level of the putative
BmEO and Bm3DE-3a-reductase genes in yeast, it is
very difficult to purify the recombinant proteins.
Thus, the crude recombinant proteins in yeast were
used to identify their activities. As shown in the re-
versed-phase HPLC UV chromatograms, there was
appreciable  conversion of ecdysone @ into
3-dehydroecdysone from the product of the putative
BmEO -pPIC9K-X33 (Figure 3B, C), with no detectable
transformation in the case of the products of the con-
trol yeast pPIC9K-X33 (Figure 4A, C). Thus, our re-
sults clearly showed that the product of the putative
BmEO-pPIC9K-X33 was functional in oxidizing ec-
dysone to 3-dehydroecdysone. The putative silkworm
BmEO identified in this study is EO.

For the putative Bm3DE-3a-reductase, we firstly
extracted the 3DE from the product of the
BmEO-pPIC9K-X33 assay. Then we used the purified
3DE as the substrate to analyze the activity of the
Bm3DE-3a-reductase produced in yeast. The results
were shown in Figure 4D. Indeed, we can detect two
apparent peaks. The second peak 1is the
3-dehydroecdysone according to elution time of the
standard sample (Figure 3C, D). The first additional
peak (FAP) is 3-epiecdysone according to several
previous studies [12-14]. As shown in Supplementary
Material: Figure S1, the molecular formula and the
elemental composition of the ecdysone (E) and the
3-epiecdysone is the same, except the epimerization of
one hydroxyl group on the C3 position. A previous
study showed that the ecdysone and the
3-epiecdysone have similar mass spectra [28]. Thus,
we used the mass spectrometry to further identify the
product of the putative Bm3DE-3a-reductase enzyme
assay, FAP (Figure 4D and Supplementary Material:
Figure S3). Firstly, we extracted the first additional
peak (FAP in Figure 4D) from the product of the
3DE-3a-reductase enzyme assay. Ecdysone and FAP
were eluted at different time points (Supplementary
Material: Figure S4A). Then we used mass spectrom-
etry to analyze these two eluted products (E and
FAP), respectively. The results showed that they have
two main ion peaks at m/z 371 and m/z 445 (Sup-

plementary Material: Figure S4B, C). As the similar
mass spectra of ecdysone and 3-epiecdysone, the FAP
should be the 3-epiecdysone. Thus, the putative silk-
worm Bm3DE-3a-reductase has the 3DE-3a-reductase
activity.

The expression level of BmEO and Bm3DE-3a-
reductase in different tissues and develop-
mental stages

The expression profiles of the two genes at the
transcriptional and translational levels were exam-
ined (Figure 4). Nine main tissues from the Day 3 of
the 5t instar silkworm larvae were used to examine
the  expression profiles of BmEO  and
Bm3DE-3a-reductase genes. BmEO gene was only ex-
pressed in the midgut of the tissues examined (Figure
4A). The expression signal of BmEO gene was not
detected in other tissues such as head, integument,
silk gland, hemocyte, fat body, Malpighian tubule and
gonad (Figure 4A). This result was also confirmed by
the western blotting analysis (Figure 4B).
Bm3DE-3a-reductase was mainly expressed in the
midgut and the head, and weak signals were also de-
tected in the hemocyte, the fat body, the Malpighian
tubule and the gonad (Figure 4A). However, the
translational expression profile had a little difference
from the transcriptional analysis. The
Bm3DE-3a-reductase protein was mainly detected in
the midgut and the Malpighian tubules, and the weak
signal was also detected in the head, which is con-
sistent with the mRNA analysis. But in other tissues,
such as the hemocyte and the fat body which had
mRNA signals, Bm3DE-3a-reductase protein was not
expressed (Figure 4B).

Then, the temporal expression profiles of the two
genes were further examined from the 4t instar to the
pupal stage by the quantitative RT-PCR (Figure 5).
BmEO gene was detected in the late 4t instar, and
disappeared during the 4t molting stage. Then BmEO
was highly expressed at the early 5t instar (5L-Oh),
and then the transcriptional level of the gene de-
creased from the 12 h after the 5t instar to the begin-
ning of the wandering stage (5L 12h-W 12h), with a
sharp increase at the late wandering stage (W 24h-W
48h) (Figure 5). Overall, the expression level of BmEO
correlates with changes in the hemolymph ecdyster-
oid titer during silkworm development [29-30]. For
the Bm3DE-3a-reductase gene, the temporal expression
pattern was similar to that of BmEO. A significant
characteristic of this gene is that the expression level
of the Bm3DE-3a-reductase gene increased following
the BmEO gene in different developmental stages
(Figure 5).
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Figure 3. Enzymic activity of recombinant EO and 3DE-3a-reductase proteins. (A) the enzyme assay of the supernatant of
the pPIC9K-X33 with the ecdysone. (B) the enzyme assay of the supernatant of the BmEO-pPIC9K-X33 with the ecdysone.
(C) the standard sample of the 3DE. (D) the enzyme assay of the supernatant of the Bm3DE-3a-reductase-pPICIK-X33 with
the 3DE. 3DE means the 3-dehydroecdysone. FAP means the first additional peak.
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Figure 4. Tissue distribution of BnEO and Bm3DE-3a-reductase. (A) The spatial expression profile at the transcriptional
level. Total RNA of different tissues from the 3rd Day of the fifth instar larvae were used in the RT-PCR analysis. Silkworm
Actin 3 gene was used as the control. (B) The spatial expression profile at the translational level. Western blotting analysis
were performed to detect the expression of the protein. Total protein of different tissues from the 3rd Day of the fifth instar
larvae were used in this analysis. Tubulin was used as the positive control. In: Integumen; Mg: Midgut; Sg: Silk gland; He:
Hemocyte; Fb: Fat body; Mt: Malpighian tubule; Te: Testis; Ov: Ovary.
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Figure 5. The temporal expression profiles of BnEO and Bm3DE-3a-reductase. The total RNA of silkworm from 4™ instar
larvae to the pupal stage were used in the quantitative RT-PCR analysis. 4L or 5L represents the 4™ or 5 instar larvae. W
represents the wandering stage. The data indicate means and S. E. M. of three samples after independent treatments. The dot
line represents the developmental changes in hemolymph ecdysteroid titer based on the data as previously described [30].
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Localization of BmEO and Bm3DE-3a-
reductase

Immunohistochemical analysis was performed
to investigate the location of BmEO and
Bm3DE-3a-reductase. According to the results of
western blots, BmEO was expressed in the midgut,
and Bm3DE-3a-reductase was mainly detected in the
midgut and the Malpighian tubules, thus only these
two tissues were used to show the distribution of the
two proteins in immunohistochemical analysis. In the
midgut, strong signals for both proteins were detected
(Figure 6A, B), and no signal was detected in the neg-
ative control (Supplementary Material: Figure S5).
One previous study localized two kinds of proteins:
soluble alkaline phosphatase (sALP) and mem-
brane-bound alkaline phosphatase (mALP), and
showed that the signals of sALP were mainly in the

A

Hemolymph

goblet cell cavities whereas the signals of mALP were
in the apical microvilli of the midgut cells [31]. Com-
pared with these results, we found that the locations
of BmEO and Bm3DE-3a-reductase were very similar
to that of sALP. In other words, both proteins were
localized in the goblet cell cavities (white arrows).
Consistent with the western blotting analysis, strong
signals of Bm3DE-3a-reductase were also detected in
the Malpighian tubules (Figure 6C). According to the
cell type and cellular structure in the Malpighian tu-
bules [32], we speculated that Bm3DE-3a-reductase
was expressed in the cytosol of principal cells of the
main segment (Figure 6C). However, whether this
protein was expressed in the other sections of Mal-
pighian tubules, such as stellate cells, apical, and ba-
solateral membrane of tubule, cannot be identified in
our results.

Hemolymph

Figure 6. Localization of BmEO and Bm3DE-3a-reductase proteins. (A) Immunohistochemical analysis of the BmEO
protein in midgut. (B) Immunohistochemical analysis of the Bm3DE-3a-reductase protein in midgut. (C) Immunohisto-
chemical analysis of the Bm3DE-3a-reductase protein in Malpighian tubules. Arrows represents the localization of the
protein; bar, 200 uym. PM represents the peritrophic membrane. Hemolymph represents the hemolymph side of the section.
Blue fluorescence represents the nuclei. Green fluorescence represents the positive protein.
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DISCUSSION

Ecdysone is one of the key hormones in insects.
Periodic and precise fluctuations in the titer of ecdy-
sone regulate development and metamorphosis of
insects. 3-Epimerization of ecdysone is one of major
inactivation pathways of the hormone [3-4]. As shown
in Supplementary Material: Figure S1, ecdysone oxi-
dase converts ecdysone into 3-dehydroecdysone, and
then the 3-dehydroecdysone is converted into
3-epiecdysone by 3DE-3a-reductase.

In this study, we identified and cloned the com-
plete cDNA of the putative BmEO and
Bm3DE-3a-reductase gene. The BmEO candidate en-
codes an approximate 72 kDa protein that has 56%
identity with SIEO. The protein had almost all 5 con-
served ecdysone-binding residues as SIEO (boldfaces:
Leu%, Met346, Ala*6, Thr53 and Trp%3¢). Moreover, the
similarity between the Bm3DE-3a-reductase candi-
date and SI-3DE-3a-reductase was also 56%. Both
genes were heterologously expressed in the yeast ex-
pression system. The enzyme assay indicated that the
supernatant from recombinant plasmid-transformed
yeasts had ecdysone oxidase and 3DE-3a-reductase
enzymatic activities, respectively (Figure 3). Thus, all
these results indicated that both candidate genes were
the silkworm EO and 3DE-3a-reductase genes, respec-
tively. A recent study cloned another ecdysone oxi-
dase gene (BmGMC2 in this study) [22]. The amino
acid sequence of protein encoded by BmGMC2 only
had 34% identity with SIEO, and only had 1 conserved
ecdysone-binding residue as SIEO (boldfaces: Leu’,
Ala33, Leu*!0, 11e50 and Phe®3) (Supplementary Mate-
rial: Figure S2A). In addition, BmGMC2 gene was
mainly expressed in the hemocyte and lowly ex-
pressed in the midgut. The expression pattern of this
gene is much different from previous researches
[13-14]. Thus, whether this gene is also the homologue
of the SIEO needs further research.

BmEO protein belongs to the GMC oxireductase
family. One study showed that there are 15-23 GMC
genes in four insect genomes (Drosophila melanogaster,
Anopheles gambiae, Apis mellifera, and Tribolium casta-
neum), and there is a highly conserved cluster of 10 to
12 GMC genes located within the second intron of a
non-GMC gene [33]. Recently, we annotated 43 GMC
genes in the silkworm genome (unpublished data).
The number of silkworm GMC genes was the largest
in all insect genomes sequenced to date. Similar to a
previous study, there was also a conserved GMC
cluster which is located on the 16t chromosome in the
silkworm [33]. As the Drosophila melanogaster EO
(DmEQO) was located in the GMC cluster, it was spec-
ulated that the genes in the cluster may correspond to

the developmental process [33]. Interestingly, BmEO
is outside of the GMC conserved cluster in the silk-
worm. The phylogenetic analysis also showed that the
DmEO did not cluster with BmEO and SIEO (Sup-
plementary Material: Figure S3A). In addition,
Bm3DE-3a-reductase and another three silkworm
proteins clustered in a group, and then clustered with
SI3DE-3a-reductase. The sequence identities between
these three proteins and Bm3DE-3a-reductase are
very high (~93%), and these three genes are tandem
located in the same scaffold. These results indicated
that the 3DE-3a-reductase gene might have experi-
enced a recent duplication that generated three copies
after the split of B. mori and S. littoralis. As shown
above, Bm3DE-3a-reductase can convert the
3-dehydroecdysone into the 3-epiecdysone, and it can
participate in the ecdysteriod metabolism in the
silkworm. Howbeit, the function of another three
proteins is still unknown. Whether they may also
participate in ecdysteriod metabolism as does
Bm3DE-3a-reductase remains to be further studied.
The phylogentic tree of 3DE-3a-reductase also
showed that insect 3DE-3a-reductases have a close
relationship with prokaryotic 3a-hydroxysteroid de-
hydrogenases (3a-HSDs) which also belong to the
SDR superfamily. However, insect 3DE-3p-reductases
and mammalian 3a-HSDs belong to the aldo-keto
reductase (AKR) superfamily, and all the enzymes
clustered in another clade (Supplementary Material:
Figure S3B). This suggested that 3DE-3a-reductase
and 3DE-3p-reductase may have different origina-
tions although both can act on the same substrate
(3DE).

In some previous studies, EO activity was pre-
dominantly detected in the midgut of some species
during the late stage of the last larval instar, such as
M. sexta [10], S. littoralis [13] and D. melanogaster [14].
Both the RT-PCR and the western blotting results also
showed that the protein and mRNA of BmEO were
highly expressed in the midgut, while almost not ex-
pressed in other tissues (Figure 4A, B). But in a recent
study [22], the expression signal of the putative EO
gene they identified was strongly detected in the he-
mocyte and almost not in the midgut. The
Bm3DE-3a-reductase was also highly expressed in the
midgut and Malpighian tubules, which is consistent
with the observation in S. littoralis. Furthermore, the
larval midgut was the only organ showing the
3DE-3a-reductase activity in another Lepidoptera, M.
sexta [9-10, 34]. The reason for the various tissue dis-
tributions of the enzyme in different species is still
unknown. The midgut, fat body and Malpighian tu-
bule are the tissues that are most active in metaboliz-
ing ecdysteroids [34]. Thus, the 3-epimerization of
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ecdysone may play an important role in the reduction
of the ecdysone in the midgut and Malpighian tubule.

For the temporal expression, high transcription
of BmEO was detected at the beginning of the 5t in-
star (Figure 5). Bm3DE-3a-reductase also showed a
similar expression pattern, while the titer of the ec-
dysteriod decreased during these periods [29-30]. In
addition, expression levels of both genes remain a
relative low plateau during the feeding stage (5L
12h-5L 124h) (Figure 5). These results suggested that
BmEO and Bm3DE-3a-reductase may function in
keeping low ecdysteriod level during the feeding
stage. At the beginning of wandering stage, the ec-
dysteriod titer began to sharply increase until the titer
reached its peak on the 48 h of the prepupal stage.
During this period, expression levels of BmEO and
Bm3DE-3a-reductase were also increasing, especially
for the BmEO gene. The highest expression level of the
BmEO gene also occurred at the 48h of the prepupal
stage (Figure 5). In M. sexta, EO activity increased at a
similar developmental stage as shown in the silk-
worm and reached the peak at the stage with the
highest ecdysteroid titer [10]. These results indicate an
increased capacity for molting hormone metabolism
in the midgut at the time of the molting hormone titer
peak (W-48h). Because declining of ecdysteroid titer is
as necessary as its rise to insect metamorphosis
[35-36], the high expression level of EO gene at W-48h
would assure a rapid decline of the high ecdysteroid
titer.

The rise in expression level of EO gene is corre-
lated with the ecdysteriod titer, indicating that the EO
gene is ecdysteriod responsive. Some previous studies
have shown that the transcription level of EO gene
may be induced by the ecdysone agonist, RH5849 or
RHO0345. Several binding motifs for ecdysone induced
transcript factor (FTZ-F1 and Broad-complex) in the 5
flanking region of the gene may regulate the tran-
scription of EO gene. In the silkworm, there are also
some ecdysone related binding motifs, e.g. POU,
Broad-complex and E74A in the 5" flanking region of
the silkworm EO gene (Data not shown). Because of
the important role in decreasing ecdysone titer, it is
necessary to identify the cis-regulatroy elements that
direct the EO expression in the future.

Immunohistochemical analyses were performed
to localize the proteins (Figure 6 A, B, C). The expres-
sion signals of both BmEO and Bm3DE-3a-reductase
were detected in the midgut goblet cell cavities. Alt-
hough primary role of the midgut goblet cell is active
transport of potassium from the hemolymph into the
gut lumen, several digestive enzymes were also lo-
calized within it, such as trehalase that can hydrolyze
insect blood sugar, trehalose, into glucose [37]. In ad-

dition, 3-epiecdysone is mainly present in the feces
when ecdysone is injected into the silkworm [38].
Thus, we speculated that the ecdysone in the hemo-
lymph is firstly transported into the goblet cells, and
then metabolized by EO and 3DE-3a-reductase. Fi-
nally, the inactive 3-epiecdysone is excreted with the
feces from the silkworm body.

Domestic silkworm is a very important economic
insect for some developing countries. The silkworm
rearing and the silk producing technologies are cor-
related with the developmental characters of the
silkworm. For example, after the pupa turns into a
moth, the moth will emerges from the cocoon by re-
leasing proteolytic enzymes to make a hole in the co-
coon, and this process may break down the silk fibers
[39-40]. Thus, the cocoon is always baked to kill the
pupa in the silk industry. However, baking the cocoon
is a disadvantage to the quality of the silk. As shown
in a previous study, an ecdysteriod peak occurs before
pupal differentiation [29]. Therefore, degrading the
ecdysone titer at this stage may artificially kill the
pupa or delay its maturation. In this study, we cloned
and identified the two genes encoding ecdysone oxidase
and 3DE-3a-reductase that participate in ecdysone in-
activation in the silkworm. In future, it may be possi-
ble to overexpress these two genes in the pupal stage
to regulate the development of the silkworm by the
transgenic technique. In addition, most of the Lepi-
dopteran insects are a pest for humans. Artificial reg-
ulation of the ecdysone titer using the two genes may
also be of benefit to the biological control of pests.

Supplementary Material

Figures S1-S5 and Tables 51-52.
http:/ /www.biolsci.org/v08p0125s1.pdf
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