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A cDNA encoding a putative alcohol dehydrogenase
(ADH) class III was cloned from the silkworm, Bom-
byx mori. The full length ¢cDNA is 1,385 nucleotides
long and contains an open reading frame of 1,128 bp
encoding 376 amino acid residues. The B. mori ADH
III protein sequence was aligned with ADH III known
from various organisms. Interestingly, the protein
sequence of B. mori ADH III showed 87% and 85%
identity to ADH III from marine fish Sparus aurata
and Branchiostoma floridae, respectively, whereas
rather low sequence identity (83%) to Drosophila mel-
anogaster ADH 111 was observed. Northern blot analy-
sis revealed that B. mori ADH III mRNA is expressed
in all tissues from larva examined: fat body, midgut,
epidermis, silk gland and ovary, with the highest level
found in the fat body.

Key words: Insect, Silkworm, Bombyx mori, Alcohol
dehydrogenase, ADH, cDNA sequences, mRNA expres-
sion

Introduction

Alcohol dehydrogenase (ADH) is the primary enzyme
responsible for metabolism of ethanol to acetaldehyde and
constitutes a large family of related enzymes and
isozymes. Of these ADHs, classes I and III are those best
defined. The class I ADH (ADH I, EC 1.1.1.1) is the clas-
sic ethanol-active form, evolves rapidly and exhibits a
considerable variability between different species (Danie-
Isson et al., 1994). The class III (ADH III, EC 1.2.1.1) is
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a glutathione-dependent formaldehyde dehydrogenase
that can oxidize ethanol at high concentrations (Koivusalo
et al., 1989). The ADH III is present in prokaryotes and in
all eukaryotes thus far investigated (Danielsson and Jorn-
vall, 1992; Hjelmgvist et al., 1995; Funkenstein and
Jakowlew, 1996; Shafqat et al., 1996; Duester et al., 1999;
Canestro et al., 2000; Dasmahapatra et al., 2001).

In insect, ADH I is responsible for the catalysis of the
reversible conversion of various alcohols generated by
microbial fermentation in larval or adult feeding sites to
their corresponding aldehydes and ketones (Atrian et al.,
1998). Until now ADH gene is mainly investigated in dip-
tean insect species. The ADH genes have been cloned and
sequenced from various Drosophila species (Batterham et
al., 1984; Begun, 1997; Danielsson ef al., 1994; Nurmin-
sky et al., 1996). In addition, fundamental molecular dif-
ferences between the class I and III ADH enzymes are well
established in Drosophila species (Danielsson et al, 1994).

Beside Droshophila, genetic information on insect
ADH is very limited to a few other species such as the
medfly (Ceratitis capitata), the olive fruit fly (Bactrocera
oleae), flesh fly (Sarcophaga peregrine) (Benos et al.,
2000; Goulielmos et al., 2001; Horio et al., 1996), and
mole cricket, Gryllotalpa orientalis (Kim et al., 2003a).
Thus, all available sources of ADH genes including
Drosophila are confined to Diptera, except for G. orien-
talis. Biochemical characterization has shown that two
ADH proteins exist in the C. capitata (Gasperi et al.,
1992), encoded by two highly linked genes on the second
chromosome, probably generated by gene duplication
event (Gasperi et al., 1994; Malacrida et al., 1992). In B.
oleae, the ADH is a dimmer with molecular weight of
48,000 Da, consisting of two subunits (Mazi et al., 1998)
and the two ADH genes, named ADH I and ADH 11, con-
sisting of three exons and two introns for a total of 1,981
and 988 nucleotides, respectively, have been reported
(Goulielmos et al., 2001). Our research group cloned and
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sequenced a cDNA encoding an ADH enzyme, which is
composed of 798 bp with 266 amino acid residues from G.
orientalis (Kim et al., 2003a). However, genetic informa-
tion of the ADH in lepidopteran insects is still unknown.

In this study, we firstly report the cDNA sequence of ADH
from lepidopteran insect. We cloned and sequenced a cDNA
encoding a putative class IIl ADH from the Silkworm, Bom-
byx mori. The cDNA sequence and mRNA expression of a
putative ADH III from B. mori are discussed.

Materials and Methods

c¢DNA library screening, nucleotide sequencing and
data analysis
A cDNA library was constructed using poly (A) + mRNA

Table 1. Alcohol dehydrogenase from various species

isolated from the whole bodies of the silkworm, Bombyx
mori, larvae (Kim et al., 2003b). The cDNA library was
screened to generate the expressed sequence tags (ESTs).
Sequencing of randomly selected clones harboring cDNA
inserts was performed. For DNA sequencing, plasmid
DNA was extracted by Wizard mini-preparation kit
(Promega, Madison, WI). Sequence of each cDNA clone
was determined using an automatic sequencer (model 310
Genetic Analyzer; Perkin-Elmer Applied Biosystems,
Foster City, CA). The sequences were compared using the
DNASIS and BLAST programs provided by the NCBL
GenBank, EMBL, and SwissProt databases were searched
for sequence homology using a BLAST algorithm pro-
gram.

MacVector (ver. 6.5, Oxford Molecular Ltd.) was used
to align the amino acid sequence of ADHs. The aligned

. Sequence Amino GenBank
Common name Species S . References
name acid size  accession number
Insect
Silkworm Bombyx mori BmADHIII 376 This study
Olive fruit fly Bactrocera oleae BoADHI1 257 AJ277835 Goulielmos et al. (2001)
Olive fruit fly Bactrocera oleae BoADH2 258 AJ277834 Goulielmos et al. (2001)
Mediterranean fruit fly Ceratitis capitata CcADHI1 257 230194 Benos et al. (2000)
Mediterranean fruit fly Ceratitis capitata CcADH2 258 730195 Benos et al. (2000)
Flesh fly Sarcophaga peregrina SpADH 257 D63669 Horio et al. (1996)
Fruit fly Drosophila hydei DhADHI1 254 X58694 Menotti-Raymond ez al. (1991)
Fruit fly Drosophila hydei DhADH2 254 X58694 Menotti-Raymond et al. (1991)
Fruit fly Drosophila buzzatii DbADHI1 254 U65746 Unpublished
Fruit fly Drosophila buzzatii DbADH2 254 U65746 Unpublished
Fruit fly Drosophila mojavensis ~ DmojADH1 254 X12536 Bayer et al. (1992)
Fruit fly Drosophila mojavensis ~ DmojADH?2 254 X12536 Bayer et al. (1992)
Fruit fly Drosophila montana DmonADHI1 254 U26842 Nurminsky ez al. (1996)
Fruit fly Drosophila montana DmonADH?2 254 U26845 Nurminsky et al. (1996)
Fruit fly Drosophila virilis DvADHI 254 U26846 Nurminsky et al. (1996)
Fruit fly Drosophila virilis DvADH2 254 U26846 Nurminsky et al. (1996)
Fruit fly Drosophila melanogaster DmelADH 256 AF175220 Begun er al. (1999)
Fruit fly Drosophila melanogaster DmelFDH 380 AY089518 Unpublished
Fruit fly Drosophila melanogaster Dmel ADH 380 U07641 Danielsson et al. (1994)
Fish
Sea squirts Ciona intestinalis CiADH3 378 AF344172 Canestro et al. (2002)
Florida lancelet Branchiostoma floridae BfADH3 378 AF154331 Canestro et al. (2002)
Gilthead seabream Sparus aurata SaADHIII 377 U84791 Funkenstein et al. (1996)
Animal
Human Homo sapiens HsADHS 375 M30471 Sharma et al. (1989)
Human Homo sapiens HsFDH 375 XM_208352  Unpublished
House mouse Mus musculus MmADH 2 375 M84147 Hur et al. (1992)
Rabbit Orytolagus cuniculus OcADH3 375 Y 15406 Svensson et al. (1998)
Plant
Thale cress Arabidopsis thaliana AtADHIII 370 AY087250 Haas et al. (2002)
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amino acid sequences of the GenBank-registered ADH
amino acid sequences and putative B. mori ADH
sequence were subjected to phylogenetic analysis by
using PAUP* (Phylogenetic Analysis using Parsimony
and Other Method*) ver. 4 (Swofford, 2000). The infor-
mation and accession numbers of the known insect ADH
sequences in the GenBank are described in Table 1.

RNA isolation and Northern blot analysis

B. mori larvae were dissected under the Sterero-micro-
scope (Zeiss, Jena, Germany), individual samples such as
fat body, midgut, epidermis, silk gland, and ovary were
harvested, and washed twice with PBS buffer. Total RNA
was isolated from fat body, midgut, epidermis, silk gland,
and ovary of the B. mori larvae using the Total RNA

Extraction Kit (Promega). Total RNA (10 tig/lane) from
the B. mori larva was separated on glyoxalation gel
(McMaster and Carmichael, 1977), transferred onto a
nylon blotting membrane (Schleicher & Schuell, Dassel,
Germany) and hybridized at 42°C with a probe in a buffer
containing 2 X PIPES, 50% formamide, 1% sodium dode-
cyl sulphate (SDS) and blocking agent (Boehringer Man-
nheim, Mannheim, Germany). The probe used to detect
the ADH transcripts was 1,385 bp for B. mori ADH
c¢DNA cloned in this study and labeled with [0-*2P] ACTP
(Amersham, Arlington Heights, IL) using the Prime-It 11
Random Primer Labeling Kit (Stratagene, La Jolla, CA).
After hybridization, the membrane filter was washed three
times for 30 min each in 0.1% SDS and 0.2 x SSC at 65°C,
and finally exposed to autoradiography film.

-105 tgcttetggettatcagaaattcaatacgactcectatagggaat
tactgttcactgtacggectactactggattttgtgagattggecagttgtecagtgagte
1 [ETGICAACAGTCGGTAAAGTGATTAAGTGCTTCGCCCCAGTCGCGTGGGAAGCAGGCARG
M $§ T V 6 K VvV I K CL AAUV A WUEA G K
61 CCGCTGTCCATCGAGGAGATTGAAGTGGACCCGCCAAAAGCCGGTGAAGTGCGCGTTAAG
P L $ I E E I E V D P P KA G E V R V K
121 ATCACGGCCACCGGAGTCTGCCATACTGACGCCTATACACTCTCCGGAAAAGATCCTGAG
I T A T G V C H T DAJUYTUL S G KD P E
181 GGAGTIGTTTAATGTAGTACTGGGACATGAAGGCGGCGGAATCGTGGAGAGTGTCGGTGAG
G VvV F PV VL GHTETGU G GTIVE S V G E

241 GGAGTCACCTCAGTCAAGCCCGGGGACCACGTAGTACCTCTGTACGTCCCACAGTGCAAC
G v T 8 V K P G D HV V P L V V P @ C N

301 ACATGTAAATTCTGCAAGAATCCGAAAACTAATTTGTGCCAGAAGGTTCGTTCTACTCAA
T ¢ K F C KNUPKTNILTUCGQK KV R S T Q
361 GGTCAAGGTGTGATGCCAGATGGCACTAGGCGATTCCGCTGTAAAGGACAGGAACTCTAC
G Q G VM PD G TR RU RV FURICIKGQE UL Y
421 CATTTCATGGGTTGTTCAACATTCAGTCAGTACACAGTTGTTCTAGAAATTTCTCTCTGT
H FM G C S T F S Q Y T V VL ETI S L C
481 AAAGTTGCAGAGGCGGCTCCATTAGATAAAGTTTGTTTGCTGCGGATGCGGTGTACCTACA
K vV A E A A P L D KV CL L G OCG YV P 7T
541 GGTTATGGAGCCGCCTTGAATACTGCCAAAGTTGAACCAGGATCAAATTGCGCTATTTTT
G ¥ 6 AALNTUAI KUVEUPG S NCATITF
601 GGTCTTGGTGCTCTTGGTTTAGCTGTTGCTCTTCCATGCARAGCGGCAGCTGCCAATCGC
¢ L ¢ AV G L A V A LG CU K AAG A NR
661 ATTATTGGIGTTGACATCAACCCTGACAAGTTTGAGGTAGCTAAGAAATTTGGAGTCAAT
I I 6 vpD I N PDI KU FEV A KI KU F G VN
721 GAATTTGTCAACCCTAAGGATTATGATAAACCAATTCAACAAGTATTGGTGGATTTGACT
E F VN P KD Y DK UPTI Q Q VL VETLT
781 GATGGTGGTCTAGAATACACTTTTGAATGTATTGGAAATGTAGGCACCATGAGAGCTGCA
D 6 G L E Y T F E CTIGNUV G TMU® R A A
841 CTAGAAGCTTGCCATAAGGGATGGGGTGTGTCAGTGATCATTGGTGTAGCTGCTGCTGGA
L E A CHIKGWGGV SV I I GV A A A G
901 GAAGAGATCAGCACTCGTCCATTCCAACTTGTTACAGGTCGCACCTGGAAGGGAACAGCT
E E I 8 T R P F Q L V T G R T W K G T A
961 TTTGGAGGTTACAAAAGTAGAGAAAGTGTACCAAAGCTTGTAGATGAGTACTTGGAGAAG
F G G ¥ K S R E S V P KULUVDE VYL E K
1021 AAGCTGCCTTTAGATGAATTTGTCACTCACAATGTGCCGCTGAAGGAGATCAATGAGGCA
K L P L D E F V T HNUV P L KUEINTE A

1081 TTCCATTTGATGCATGCTGGAAAATCTATCCGTGCAGTAGTTGACATGIAAtttctaagg
F H L M H A G K 8 I R AV V A M «x

1141 aaaaatatttatactatttttgtacacttgttaaaccttttttettcageatttactaca

1201 agtataattaagatacacaacatgeattttgtttacacaataaaaaaataacagaactga

1261 aaaataaaaaaaaaaaaaaa

Fig. 1. The nucleotide and deduced amino acid sequences of B. mori ADH III cDNA. The start codon ATG is boxed and the termi-
nation codon is shown by asterisk. The putative polyadenylation signal in the 3' UTR is underlined.
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Results and Discussion

A cDNA library constructed using whole bodies of B.
mori larvae was screened to generate ESTs. Of these
ESTs, one clone had an insert of 1,385 bp, which con-
tained the complete 3 and 5 ends. Sequences of the clone
exhibited similarity to previously reported ADHs. The
complete nucleotide and deduced amino acid sequences
of B. mori ADH are presented in Fig. 1. An open reading
frame of 1,128 bp was found, predicting a polypeptide of
376 amino acid residues with a calculated molecular mass
of approximately 40 kDa.

The deduced amino acid sequence of B. mori ADH
cDNA was aligned with other known ADHs. A multiple
sequence alignment of the deduced protein sequence of B.

B, moriADHIIL 1 M v

D. melanogesterADHIII 1 M S E

B, floridae ADHIIE 1 M A D A

H. sapiensADHIIL 1 M A

A. thaliana ADHII 1 M Q

B. moriADHIIL 40

D, melarogester ADHIIL 41

B. floridae ADHIIL 41

H. sapiens ADHIII 38

A. thalira \DHIII 40

B. moriADHIT 80

D. melanogrster ADHIIL 81

B. floridae ADHIIT 81

H, sapiens ADHITT 78

A. thaliana ADHII 80

B, moriADHITT 120

D. melanogesterADHIII 121 |

B. floridae ADHII 121

H. sapiensAIDHIIL 118 ¢

A. thaligna ADHIII 120

B. moriADHII 159 E
D. melanogrester ADHIII 160 B
B. floridae ADHHIT 160 E:
H. sapiens ADHHL 157 3
A. thaliana ADHII 160 P
B. moriADHIIE 199

D. melanogester ADHIIL 200

B. floridae ADHITL 200

H. sapiens ADHII 197

A, thaligna ADHII 200

B. moriADHIII 239
D. melanogester ADHII 240
B. floridae ADHIIL 240

H. sapiens ADHHI 237
A. thalianaADHII 240
B, moriADHIIT 277
D. melarogester ADHIII 280
B. floridue ADHII 278
H. sapiens ADHII 275
A. thaligna ADHIIL 278

B. moriADHII 37 1K
D. melanogester ADHIII 320
B. floridae ADHIIL 318
H. sapiens ADHII 315
A. thaliana ADHIII 318

B. moriADHII 357 A
D. melanogester ADHIII 360 K
B, floridae ADHIIT 358 D
H. sapiens ADHIL 355 8

E

A, thaligna ADHIT 358

mori ADH cDNA with other ADH sequences is shown in
Fig. 2. Alignment of the B. mori ADH sequences with
those of class IIl ADHs from several other species indi-
cates the extent of the identity that exists. In addition, the
B. mori ADH showed high protein sequence identity
(87% — 83%) to the calss III ADHs known from mammal,
plant, fish, and insect, etc. (Table 2). Interestingly, the B.
mori ADH showed higher homology to ADH III from fish
[Sparus aurata (87% protein identity) and Branchiostoma
floridae (85% protein identity)] rather than insect ADH III
from D. melanogaster (83% protein identity). The
deduced amino acid sequence of B. mori ADH is homol-
ogous with that of other class IIl ADH forms, reflecting
its intermediary position from a branch between the mam-
mal and lower vertebrate or invertebrate forms known. As

He— e &
w
3
3

Fig. 2. Multiple sequence alignment of deduced protein sequences of the B. mori ADH I1I gene with other class IIT ADHs. The solid
boxes are the residues that are identical to those of B. mori. Gaps have been introduced to obtain maximum alignment. Solid circles

denote residues in substrate and coenzyme binding interactions.
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A)
(B)

|-+ BmADH

12345

Fig. 3. Northern blot analysis of the B. mori ADH III mes-
sages. Total RNA was isolated from the fat body (lane 1), mid-
gut (lane 2), epidermis (lane 3), silk gland (lane 4), ovary (lane
5). The RNA was separated by 1.0% formaldehyde agarose gel
electrophoresis (Al), transferred onto a nylon membrane, and
hybridized with the appropriate radiolabeled probe (B). B. mori
ADH III messages are indicated by arrow on the right side of
the panel.

shown in Fig. 2, amino acid residues in substrate and
coenzyme binding interactions were well conserved in the
class Il ADHs from mammalian, plant, fish and insect
including B. mori (Hjelmqvist et al., 1995). Therefore,
these results suggested that B. mori ADH cloned in this
study is class III ADH enzyme.Class IlI ADH, glu-
tathione-dependent formaldehyde dehydrogenase, has
been purified and characterized from various species such
as mammalian, plant, fish and insect (Canestro et al.,
2000; Danielsson and Jornvall, 1992; Dasmahapatra et al.,
2001; Duester et al., 1999; Hjelmqvist et al., 1995;
Funkenstein and Jakowlew, 1996; Shafqat et al., 1996).
Except for Drosophila ADH 1lI, B. mori ADH IIl now
determined is the first report in insect ADHs. Until now,
furthermore, the genetic information of ADH has not been
reported in any lepidopteran insects.

The ADH IIT mRNA expression in B. mori was deter-
mined by Northern blot analysis (Fig. 3). Total RNA was
prepared from fat body, midgut, epidermis, silk gland, and
ovary of B. mori larvae. Hybridization signals were
detected from all tissues examined and the expression
level of B. mori ADH Il mRNA was the highest in the fat
body.

Drosophila ADH 1II mRNA is present at all develop-
mental stages of the fly (Danielsson et al., 1994). The
expression of ADH III in mammals is ubiquitous, with
transcripts found in all tissues analyzed (Estonius ef al.,
1996). ADH III mRNA in the marine teleost, S. aurata,
was expressed in the eggs and embryos (Funkenstein and
Jakowlew, 1996). This transcript distribution pattern
would be consistent with its proposed housekeeping role
in cytoprotection by metabolism of formaldehyde (Uotila
and Koivusalo, 1989). In this study, B. mori ADH Il was

expressed in all tissues examined, such as fat body, mid-
gut, epidermis, silk gland, and ovary of B. mori larvae.
From these data, the present result suggests that B. mori
ADH III distribution is ubiquitous and ADH Il in B. mori
larvae may play an important role in cellular metabolism.
In conclusion, we firstly report the cDNA sequence and
mRNA expression of ADH III in the silkworm, B. mori.
The present result is the first case of elucidation of ADH
gene in lepidopteran insect and will expand the under-
standing of insect ADH genes.
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