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Abstract

Aldehyde oxidases (AOXs) are a subfamily of cytosolic molybdo-flavoenzymes that play critical roles in the
detoxification and degradation of chemicals. Active AOXs, such as AOX1 and AOX2, have been identified and
functionally analyzed in insect antennae but are rarely reported in other tissues. This is the first study to isolate and
characterize the cDNA that encodes aldehyde oxidase 5 (BmAQOX5) in the pheromone gland (PG) of the silkworm,
Bombyx mori.The size of BmAOX5 cDNA is 3,741 nucleotides and includes an open reading frame, which encodes
a protein of 1,246 amino acid residues. The theoretical molecular weight and isoelectric point of BmAOX5 are
approximately 138 kDa and 5.58, respectively. BmAOX5 shares a similar primary structure with BmAOX1 and
BmAOX2, containing two [2Fe-2S] redox centers, a FAD-binding domain, and a molybdenum cofactor (MoCo)-
binding domain. RT-PCR revealed BmAOX5 to be particularly highly expressed in the PG (including ovipositor)
of the female silkworm moth, and the expression was further confirmed by in situ hybridization, AOX activity
staining, and anti-BmAOX5 western blotting. Further, BmAOX5 was shown to metabolize aromatic aldehydes,
such as benzaldehyde, salicylaldehyde, and vanillic aldehyde, and fatty aldehydes, such as heptaldehyde
and propionaldehyde. The maximum reaction rate (V) of benzaldehyde as substrate was 21 mU and K was
1.745 mmol/liter. These results suggested that BmAOXS5 in the PG could metabolize aldehydes in the cytoplasm for
detoxification or participate in the degradation of aldehyde pheromone substances and odorant compounds to
identify mating partners and locate suitable spawning sites.
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Aldehyde oxidases (AOXs) belong to the family of molybdoenzymes
(MEs) (Garattini et al. 2003), and MEs are structurally conserved
proteins containing two identical 40~150 kDa catalytic subunits,
depending on the enzyme (Garattini et al. 2008). The structure of
each AOX monomer includes a 20 kDa N-terminal two [2Fe-2S]
domains, a 40 kDa central domain containing a flavin adenine di-
nucleotide (FAD)-binding site, and an 85 kDa C-terminal substrate-
binding catalytic domain with a molybdenum cofactor (MoCo) site
(Garattini et al. 2003, Mahro et al. 2011). AOX domains are similar
to those of xanthine oxidoreductase (XOR), which plays a key role
in the catabolism of purines, metabolizing hypoxanthine into xan-
thine and xanthine into uric acid (Enroth et al. 2000). AOXs have
broad substrate specificity, hydroxylating N-heterocycles or oxi-
dizing aromatic and fatty aldehydes into their corresponding acids
(Majkic-Singh et al. 1983, Mira et al. 1995, Kundu et al. 2007).

The significance of AOX in drug metabolism has been increasingly
highlighted in the past few years (Pryde et al. 2010). In addition,
AOX catalyzes the reduction of a variety of functional groups,
including sulfoxides, N-oxides, azo dyes, and N-hydroxycarbamoyl
substituents in the presences of an appropriate donor. In addition,
N-heterocyclic drugs such as methotrexate, 6-mercaptopurine, cin-
chona alkaloids, and famciclovir are oxidized by AOX (Obach et al.
2004, Kitamura et al. 2006). Importantly, AOX oxidizes electro-
philic carbons of azaheterocycle scaffolds, such as pyridine, pyrimi-
dine, and pyridazine, which are often included in therapeutic drugs
to increase solubility (Garattini and Terao 2013, Hutzler et al. 2013).
However, the physiological function of these enzymes remains
largely undefined.

In insects, pheromones are metabolized by antennal AOX and
have been confirmed at the molecular level (Rybczynski et al. 1989,
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Choo et al. 2013). Antennae-specific AOX in Manduca sexta,
Antheraea polyphemus, and Bombyx mori can degrade alde-
hydic sex pheromones, such as bombykal (Rybczynski et al. 1989,
Rybczynski et al. 1990). Some researchers have reported that AOX
is related to insecticide resistance in Culex quinquefasciatus because
AOX is coamplified with insecticide resistance-associated esterases
(Hemingway et al. 2000). The first insect antennal AOX was cloned
from the cabbage armyworm Mamestra brassicae (Merlin et al.
2005). Recently, one antenna-specific AOX gene (AtraAOX2) was
also cloned from navel orangeworm Amiyelois transitella (Choo
et al. 2013). In the common fruit fly, Drosophila melanogaster, four
AOX genes with different expression patterns have been identified
and analyzed, of which three genes encode active AOX proteins and
metabolize different specific substrates (Marelja et al. 2014). Six
putative AOX genes (HarmAOX1-6) were identified in the cotton
bollworm, Helicoverpa armigera; HarmAOXT1 is highly expressed
in adult antennae, as well as tarsi and larval mouthparts, whereas
HarmAOX2 is highly and specifically expressed in adult antennae
(Xu and Liao 2017). So far, mainly AOX1 and AOX2 have been re-
ported to be involved in the degradation of pheromone components
in the antennae. However, activity identification and characteriza-
tion studies of other AOXs have been rarely conducted in insects.

The silkworm B. mori is a lepidoptera model insect. In add-
ition, silkworm genome sequences have been well characterized (Xia
et al. 2004), thus further improving research utilizing this species.
The past decade has witnessed the cloning and molecular charac-
terization of antenna-specific AOX genes BmAOX1 and BmAOX2
(Rybezynski et al. 1990). Recently, eight AOXs were found in the
silkworm genome by known AOXs BLAST search against the
Silkworm Genome Database (Pelletier et al. 2007, Yang et al. 2010).
We previously noted transcript expression of eight BmAOXs in dif-
ferent tissues of female silkworm pupa or moths, and we found high,
specific expression of BmAOXS in the pheromone gland (PG) of
female silkworm moths (Yang et al. 2010). In 2019, BmIAO1 was
identified in the silkworm silk gland of silkworms, which is involved
in indole-3-acetic acid synthesis (Takei et al. 2019). Although eight
BmAOXs are expressed in the silkworm, only active BnAOX1 and
BmAOX2 have been identified in the antennae, which are specu-
lated to be involved in the oxidization of bombykal (Pelletier et al.
2007). Active BmIAOT1 has been identified in the silk gland, but ac-
tive AOXs have not been identified in the PG. In a previous study,
BmAOXS was found to be specifically and highly expressed in the
PG at the silkworm moth stage; however, its ability to synthesize
active AOX is unclear. The expression localization and function of
BmAOXS in silkworm PG are still unknown.

This study focused on the cloning, expression, localization, and
enzyme activity analysis of BmAOXS in the silkworm PG. The results
of this study will help improve our understanding of the complex
function of AOXs and lay the foundation for lepidoptera insect de-
fense research and development of an insect medication model.

Materials and Methods

Insect and Sample Preparation

Bombyx mori dazao strain was maintained at the State Key
Laboratory of Silkworm Genome Biology in Southwest University
(Chongqing, China). Larvae were reared on fresh mulberry leaves
(Morus sp.) at 25 = 2°C; pupae and moth were maintained at
25°C. The head and antennae, thorax and wings, abdomen, fat
body, ovaries, and PG (including ovipositor) at late pupa and moth
stages were dissected from females and collected in different 1.5 ml

Eppendorf tubes. Tissues were rapidly frozen using liquid N, and
stored at -80°C until further use. All the powders were made by
grinding the samples in liquid N, immersion. Different sample
(200 mg) was collected in different 1.5 ml Eppendorf tube. The sam-
ples selected for protein analysis were supplemented with 1 ml of
lysis buffer (0.1 mol/liter Tris—=HCI, pH 8.0, 100 umol/liter EDTA,
1 mmol/liter DTT, and 2x protease inhibitor cocktail [Roche, Basel,
Switzerland]), and homogenization was performed for 30 min
at 4°C. The crude extract was centrifuged at 14,000 g for 30 min
at 4°C; the supernatant of each sample was then transferred to a
clean 1.5 ml Eppendorf tube for AOX activity and western blotting
analysis.

Total RNA Extraction and cDNA Synthesis

Total RNA from the different tissues of female silkworms were ex-
tracted using TRIzol reagent (Invitrogen, Carlsbad, CA) and treated
with DNase I (Promega, Madison, WI). For reverse-transcription
polymerase chain reaction (RT-PCR), single-stranded cDNA was
synthesized from total RNA (4 pg) using the M-MLV reverse tran-
scriptase reference protocol supplied with the Advantage RT for
PCR Kit (Clontech Laboratories Inc., Mountain View, CA). To ob-
tain the complete cDNA sequence of BmAOXS, PG ¢cDNA was
synthesized from female silkworm PG total RNA (2 pg) at 42°C for
1.5 h using the SMART RACE cDNA Amplification Kit (Clontech
Laboratories, Inc.) with Superscript II reverse transcriptase (Gibco
Waltham, MA), predicted 5”-or 3"-BmAOXS coding sequence (CDS)
primers, and SMART II oligonucleotide (Clontech Laboratories Inc.)
according to the manufacturer’s instructions.

Cloning and Sequence Analysis

The CDS of BmAOXS5 was downloaded from the Silkworm
Genome Database SilkDB v2.0 (http://silkworm.genomics.org.
cn) (Duan et al. 2010). We designed primers (BmAOXS-AF:
§5’-CGCTAAATGCGTACATCAGA-3’, BmAOXS-AR: 5-GCAATC
TTCAAGCGACACG-3; BmAOXS-BF:5-GAGGGCGTGGATTC
TTAT-3’, BmAOXS5-BR: 5-CAGAGGTGGTGAAGACAAA-3") for
segmented PCR amplification of BmAOXS in PG ¢cDNA of silk-
worm moths on day 1 after mating without egg laying. The fol-
lowing condition were used for PCR: predenaturation at 94°C for
5 min, 30 cycles of denaturation at 94°C for 50 s, annealing at 62°C
for 40 s, extension at 72°C for 1 min, and final extension at 72°C
for 10 min. The obtained fragments were cloned in pMD18-T vec-
tors (TaKaRa Bio, Kusatsu, Japan) and sequenced by the Beijing
Genomics Institute (BGI, Beijing, China). Sequences of BmAOXS
were aligned and spliced for complete BmAOXS cDNA using
BioEdit Sequence Alignment Editor (BioEdit Version 7.2.5) (Hall
1999). The protein sequences of BnAOXS were translated using the
Expasy-translate tool (https://web.expasy.org/translate/). The theor-
etical molecular weight and isoelectric point of the BnAOXS protein
were calculated using Compute pI/Mw software (https://web.expasy.
org/cgi-bin/ compute_pi/pi_tool), and the signal peptide of BnAOX
was analyzed using SignalP 4.0 (Petersen et al. 2011). Amino acid
sequences of BmnAOX1, BmAOX2, BmXDH1, and BmXDH2 were
obtained from NCBI (www.ncbi.nlm.nih.gov) and were aligned
using the BioEdit Sequence Alignment Editor (BioEdit Version 7.2.5)
(Hall 1999).

Expression and RT-PCR Detection of BmAOX5

Based on the complete cDNA of BmAOXS, we designed the pro-
karyotic expression primers for the complete BmAOXS CDS for
PCR amplification using the PG ¢cDNA of silkworm moths sampled
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on day 1 after mating but before egg laying: pET-BmAOXS-F:5’-
CGCGGATCCATGTCGCTAAATGCGTACATCAGA-3’, pET-
BmAOXS-R:5-CGAGCTCTTACTAGTCAGAGGTGGTGAAGA
CAAAC-3’ (the italics bases with represent BamH I and Sac I re-
striction sites, respectively). The PCR conditions were as follows:
predenaturation at 95°C for 4 min, 30 cycles of denaturation at
95°C for 30 s, annealing at 68°C for 30 s, extension at 72°C for
3 min, and final extension at 72°C for 10 min. The obtained frag-
ments were cloned in pET 28a vectors (TransGen Biotech, Beijing,
China) and sequenced by the Beijing Genomics Institute (BGI). The
fragment was then transformed into competent Escherichia coli.
BL21 (DE3) cells (TransGen Biotech, Beijing, China), and expres-
sion was induced using 0.2 mmol/liter IPTG (Takara Bio) at 16°C
according to the manufacturer’s instructions. Protein induced was
used as an antigen to verify the antibody of BmnAOXS.

Primers (BmAOXSF: 5-AAAGGCACGGATGTAA-3%
BmAOXSR: 5-TGTAGCGGTATTCAGG-3") designed for RT-
PCR were situated between 2019 bp and 2544 bp in BmAOXS
CDS. Actin-related protein 3 gene was used as a control for as-
sessing cDNA integrity (BmActin3-F: 5-AACACCCCGTCCTGCT
CACTG-3%; BmActin3-R: 5'-GGGCGAGACGTGTGATTTCCT-3").
PCR was performed using rTag DNA polymerase (Promega) and
1 ul of ¢cDNA, according to the manufacturer’s instructions. The
PCR conditions used were as follows: predenaturation at 94°C for
5 min, 25 cycles of denaturation at 94°C for 30 s, annealing at 58°C
(BmAOXS)/53°C (Actin3) for 30 s, extension at 72°C for 1 min, and
final extension at 72°C for 10 min. PCR products were loaded onto
1.5% agarose gel for detection by gel electrophoresis.

In Situ Hybridization of Silkworm Moth PG

The BmAOXS ¢DNA fragment was cloned in the pMD19 T vector
(TaKaRa Bio) and used as a template for synthesis of sense and
antisense riboprobes using T7 RNA polymerases in the DIG RNA
Labeling Kit (Roche). The primers were located between 247 bp and
684 bp, BmAOXS-antisense-F: 5-ACGGCCATAGCCCGATGTT-3,
BmAOXS-antisense-R:  5'-GTAATACGACTCACTATAGGGAGA
CGATTCCTTCGCAAGCACC-3" BmAOXS-sense-F:  5-GTAAT
ACGACTCACTATAGGGAGAACGGCCATAGCCCGATGTT-3%
BmAQOXS-sense-R: 5-CGATTCCTTCGCAAGCACC-3’ (the italics
bases represent T7 promoter sequences). Template DNA was de-
graded using DNase I (Promega). The PG of silkworm moths col-
lected on day 1 after mating without egg laying were fixed in 4%
(w/v) paraformaldehyde for 4 h at 4°C, embedded in paraffin, sec-
tioned to 5 pum thickness using a slicing machine (Leica Rm 2235,
Germany), and mounted onto chromalum-containing gelatin-coated
slides. The conditions for slide, pretreatment, hybridization, washing,
and detection by nuclear-track emulsion were described previously
(Kurosaki et al. 1996). At the end of the in situ hybridization,
tissue sections were stained using nitro blue tetrazolium/5-bromo-
4-chloro-3-indolyl phosphate solution (Roche) and photographed
under a BX53 microscope (Olympus America Inc.).

AOX Activity Staining Analysis

AOX activity in the PG, antenna, and ovary extracts of the fe-
male silkworm moths sampled on day 1 without mating were
measured as described by Rybezynski et al. (1989). Total proteins
(40 pg) in each lane were separated using 8% native-PAGE, and
the gels were subsequently stained for AOX activity using 5 mmol/
liter AOX substrate, such as benzaldehyde (Sigma), heptaldehyde
(Sigma), salicylaldehyde (J&K Chemical Ltd. Shanghai, China),
propionaldehyde (J&K), and vanillic aldehyde (J&K), with 0.4 mmol/

liter  3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazoliumbromide
(MTT) and 0.1 mmol/liter phenazine methosulfate (PMS) as the
electron acceptors. Upon AOX reaction, the reducing agent precipi-
tated with a purple color, making the blue band visible in the native
gel (Marelja et al. 2014).

BmAOXS5 Protein Detection

For western blotting analysis, the native-PAGE and SDS-PAGE gels
were prepared according to a previously described method (Laemmli
1970), and were then stained with Quick Coomassie brilliant blue
(CBB) (Wako, Osaka, Japan) or transferred into polyvinylidene
fluoride (PVDF) membranes (Roch) under 1.0 mA for 30 min. The
PVDF membrane was then blocked in 3% Tris-buffered saline and
Tween 20 (TBST) skim milk for 1 h at 4°C, followed by incuba-
tion with anti-BmAOXS primary antibody (1:2,000, synthesized
using an immunized rabbit treated with BmAOXS5-special polypep-
tides [amino acid positions 33-45, RAKRYPSGKTETF], Genscript
Nanjing Co. Ltd.) in 3% TBST skim milk for 1 h at room tempera-
ture (RT, about 25°C). The membrane was washed 5x with TBST
for 5§ min in a rotary shaker and incubated with the secondary anti-
body of horseradish peroxidase-conjugated goat anti-rabbit IgG
(1:10,000; Sigma—Aldrich, St. Louis, MO) in 3% TBST skim milk
for 1 h at RT. The membrane was washed 3x with TBST for 10 min
in a rotary shaker and then incubated with the chemiluminescent
substrate from the ECL Plus Western Detection Kit (GE Healthcare,
Chicago, IL) for § min and photographed using a Clinx ChemiScope
3400 Mini (Science Instrument, Beijing, China).

Activity Analysis of BmAQOX5 Enzyme

BmAOXS activity was measured by incubating the PG extracts of
frozen silkworm moths collected on day 1 without mating for 5§ min
initiating the reaction with a substrate solution (0.1 mol/liter potas-
sium phosphate buffer, pH 8; 0.1 mmol/liter PMS; 0.4 mmol/liter
MTT; and AOX substrate). The concentration of PG extracts was
20 pg/pl as measured using the BCA protein determination method.
PG extracts (30 pl equivalent to 600 g of total protein) was added
to the substrate solution, and BmAOXS activity was evaluated based
on the formation of insoluble purple formazan (Rothe 1974) at
560 nm (Alirezaei et al. 2008). One OD/min was representative of
1 unit of enzyme activity (1 U) in the catalytic reaction process. We
employed the following concentrations of benzaldehyde (Sigma) as
substrate: 1, 1.3, 1.6, 2, 2.5, 3.5, 5, 6, 8, and 10 mmol/liter. Each
concentration was analyzed in triplicate. Samples lacking PG protein
extracts were used as blank controls to adjust for nonenzymatic
background activity.

Results

Cloning and Structural Analysis of the BmAOX5

In our previous study, BmAOXS was found to be specifically and
highly expressed in the PG of silkworm moths. As there were
no reports concerning the complete CDS of BmAOXS or its
structure or studies targeting this gene, we first cloned the gene
c¢DNA of BmAOXS. Based on the predicted CDS of BmAOXS
from the silkworm genome database SilkDB v2.0, we cloned
and analyzed BmAOXS. The complete CDS of BmAOXS re-
vealed a length of 3,741 nucleotides (GenBank accession number
KY643683), encoding a BmAOXS protein (GenBank accession
number AQY62686) with 1,246 amino acid residues lacking
the signal peptide. The theoretical molecular weight and isoelec-
tric point of BmAOXS were approximately 138 kDa and 5.58,



Journal of Insect Science, 2020, Vol. 20, No. 6

respectively. Multiple sequence alignment showed that BmAOXS
had homology with BmAOX1 and BmAOX2, with 44% amino
acid identity; BmXDH1 and BmXDH2 had 43% and 41% amino
acid identity with BmAOXS, respectively. BmAOXS has some
conserved domains containing common features consistent with
antennae-specific BnAOX1 and BmAOX2 in the silkworm (Terao
et al. 2001). These conserved domains of the BmAOXS had two
[2Fe-2S] redox centers, a FAD-binding domain, and a MoCo-
binding domain, as shown in Fig. 1. Unlike XOR proteins, such as
BmXDH1 and BmXDH2, BmAOXS protein did not require NAD*
as a cofactor for their catalytic activity because it lacks some
amino acid residues (black box in Fig. 1), which are responsible
for binding NAD* (Terao et al. 2009) such as amino acid sequence
FFTGYRKTIVKPE in chicken XOR (Johnson et al. 1985). The
NAD*-binding sequence was well conserved in all XOR proteins
but was missing in AOXs. These results revealed that BmAOXS
belongs to a subfamily of cytosolic molybdo-flavoenzymes, AOXs.

Expression and Localization of BmAOXS5 in the PG

of Silkworm

Silkworm PG is located between the eighth and ninth abdominal
segments and functions in synthesizing sex pheromones. BLAST
search of BmAOXS in the SilkDB2.0 revealed that BmAOXS is
highly expressed in the moth stage (data unpublished). We detected
the expression of BmAOXS in different tissues of female silkworm
moths and found BmAOXS to be especially highly expressed in the
PG (Fig. 2A). RT-PCR further detected the expression patterns of
BmAOXS in silkworm PG at different developmental stages. These
results indicated that BmAOXS is most highly expressed in female
silkworm moths after mating without egg laying and is also highly
expressed after mating and laying eggs (Fig. 2B). BmAOXS was also
expressed in nonmating female silkworm moths and late-stage pupa
(Fig. 2B). We selected the PG of female silkworm moth day 1 after
mating without egg laying for in situ hybridization. The anatomy
of the female silkworm moth tail clearly showed a pair of colorless
eversible ventrolateral sacs, which were identified as PG (Fig. 2C,
shown by the red arrow) (Fonagy et al. 2001). In situ hybridiza-
tion revealed the presence of the probe signal of antisense BmAOXS
RNA in the capsule wall of the PG and the inner wall of the ovipos-
ition tube (Fig. 2D). These results suggest that BnAOXS5 may play a
role in aldehyde pheromone or odorant compound degradation and
concentration adjustment.

Activity Identification of BmAOXS5 in Silkworm PG

PG proteins of female silkworm pupae and moths in different stages
were analyzed using native-PAGE, and then AOX activity staining
was carried out using the common AOX substrates, benzaldehyde.
The blue band shown in Fig. 3A indicates the activity of AOX pro-
teins in each sample. The PGs of pupa from day 7 and moths from
day 3 without mating demonstrated low AOX activity, whereas those
from other stages exhibited activity bands, with the strongest activity
band in moths from day 1 without mating. We then analyzed PG
and antennae of female silkworm moths from day 1 without mating
using AOX activity staining. One activity band was observed in the
PG extracts, which differed from that in antenna extracts, indicating
the band does not correspond to BmAOX1 or BmAOX2 protein.
Further, AOX in the PG was unstable: AOX activity was almost lost
after the PG extracts were stored at 4°C for 24 h, whereas AOX
activity in the antenna extracts was stable (Fig. 3B). Therefore, the
fresh extracts of frozen tissues were selected as experimental samples
for the following experiments.

BmAOXS was expressed specifically in the PG of female silk-
worm pupae and moths, but it was unknown whether AOX activity
in the PG was produced by BmAOXS. To obtain further informa-
tion regarding novel proteins in the silkworm PG, we first devel-
oped BmAOXS-specific antibodies by immunizing rabbits with
selected BmAOXS specific polypeptides (amino acid sequence
RAKRYPSGKTETE, located at 33-45 aa). CBB staining results
showed that BmAOXS and another BmAOX were successfully
overexpressed in E. coli (Fig. 3C, black arrow). BmnAOXS antibodies
could detect an ~140 kDa protein band in extracts of E. coli with
overexpressed BmAOXS but could not detect BmAOXS in extracts of
E. coli transformed with the corresponding empty vector (pET28a)
and another BmAOX gene (Fig. 3D, black arrow). These results indi-
cated anti-BmAOXS5 could specifically recognize BmAOXS proteins.

To identify which AOX protein corresponded to the protein ac-
tivity observed in the PG, native-PAGE was performed using PG ex-
tracts of moths from day 1 without mating and ovary extracts as the
control. Part of the native-PAGE gel was analyzed using AOX activity
staining toward benzaldehyde (Fig. 3E, black arrow), whereas the
other part of the gel was analyzed by western blotting (Fig. 3F, black
arrow). The migration rate of one band in the activity staining gel was
consistent with the western blotting results of PG extracts (Fig. 3E
and F), which suggested that BnAOXS corresponded to the activity
band. The results revealed that BmAOXS could transcript and trans-
late into active AOX protein in the female silkworm moth PG.

Activity of BmAOX5 With Different Substrates

To characterize BmAOXS activity, we compared the enzyme ac-
tivity of BmAOXS using aromatic aldehydes such as benzaldehyde,
salicylaldehyde, and vanillic aldehyde, and fatty aldehydes such as
heptaldehyde and propionaldehyde as substrates. First, PG protein ex-
tracts of silkworm moths 1 d without mating were subjected to native-
PAGE followed by AOX activity staining (Fig. 4A). One activity band
was observed in protein extracts of frozen silkworm moth PG when
benzaldehyde was used as the substrate; however two strong activity
bands were observed in protein extracts of fresh silkworm moth PG.
This suggested that either BmnAOXS had two forms or another type of
BmAOX was present in silkworm moth PG. Two strong activity bands
were also observed in the gel using salicylaldehyde as a substrate for
protein extracts of fresh silkworm moth PG. Two activity bands with
very weak signals were observed using vanillic aldehyde as a substrate.
When heptaldehyde was used as the substrate, one strong activity
band and another weak activity band were observed. One strong and
one very weak activity bands were observed when propionaldehyde
was used as a substrate. These results indicate that BnAOXS can me-
tabolize aromatic and fatty aldehydes.

According to previous experimental results, we conducted kinetic
analysis of BmAOXS enzymatic reaction with the different concen-
trations benzaldehyde as substrate using fresh extracts of the frozen
silkworm moth PG. Based on the relationship between substrate
concentration and reaction rate, a substrate saturation curve for the
enzymatic reaction was prepared (Fig. 4B). We found that reaction
rate increased in association with increasing substrate concentration,
and reaction rate increased slightly when substrate concentration ex-
ceeded 8 mmol/liter. Double reciprocal plotting of reaction rate and
substrate concentration data showed that the plot met the require-
ments of the Michaelis equation (Fig. 4C). The maximum reaction
rate (V, ) was 21 mU, and the K was 1.745 mmol/liter. The results
showed BmAOXS has typical characteristics of enzyme activity. This
suggested BmAOXS is involved in the degradation of aldehydes in
the silkworm PG.
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Fig. 1. Sequence alignment analysis of BmAOX5. Overline, [2Fe-2S] redox centers. *, Cysteine residues. Short overline, FAD-binding domain. Dashed overline,
MoCo-binding domain. The NAD-binding site typical of XDHs is boxed. The background color of identical residues is black; the background color of positive
residues is light gray; the background color of no positive residues is white. BmAOX1, B. mori aldehyde oxidase 1 (NP_001103812); BmAOX2, B. mori aldehyde
oxidase 2 (NP_001103811); BmXDH1, B. mori xanthine dehydrogenase 1 (BAA21640); BmXDH2, B. mori xanthine dehydrogenase 2 (BAA24290); BmAOX5,
B. mori aldehyde oxidase 5 (AQY62686).

Discussion and sequenced, whose encoded protein shared a striking resem-
blance with other AOXs, containing two [2Fe-2S] domains, a FAD-
binding domain, and a MoCo-binding domain. Tissue distribution
of BmAOXS indicated that it was highly and specifically expressed

In this study, we report the identification and characterization of a
novel member of the molybdo-flavoprotein family, BmAOXS. For
the first time, cDNA of BmAOXS from the silkworm PG was cloned
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Fig. 2. Analysis of BmAOXS5 expression and localization in the PG of silkworm. (A) Transcription patterns of BmAOX5 detected in female silkworm moth tissues
by RT-PCR. M, DL2000; HE & AN, head and antennae; TH & WI, thorax and wings; AB, abdomen; FB, fat body; PG, pheromone gland with ovipositor; OV, ovaries
(B) Expression patterns of BmAOX5 detected in the PG during different stages by RT-PCR. M, DL2000; Mne, moth after egg laying without mating; Mme, moth
after egg laying with mating; Mm, moth after mating without egg laying; M3, moth day 3 without mating; M2, moth day 2 without mating; M1, moth day 1
without mating; P7, pupa day 7; P6, pupa day 6; P5, pupa day 5. Amplification of the BmActin3 gene was used as an endogenous control. (C) Anatomy of the
female silkworm moth. Red arrow indicates the PG. (D) Localization of BmAOX5 transcripts were detected in the PG by in situ hybridization. No RNA probes and
BmAOX5 sense RNA probes were used as controls for BmAOX5 ant-sense RNA probes. Scale bar = 300 pm. OT, oviposition tube.

in the PG of female silkworm moth, and located in the PG capsule
wall and the inner wall of the oviposition tube. BmAOXS from silk-
worm PG can metabolize aromatic aldehydes, such as benzaldehyde,
salicylaldehyde, and vanillic aldehyde, and fatty aldehydes, such as
heptaldehyde and propionaldehyde. And its Vmax of benzaldehyde
as substrate was 21 mU, and K_ was 1.745 mmol/liter.

Although BmAOXS was expressed using a bacterial expres-
sion system, it did not exhibit AOX activity (data unpublished).
BmAOXS may thus differ from other AOX proteins (Alfaro et al.
2009, Marelja et al. 2014). We also attempted to purify BmAOXS
from the silkworm PG by benzamidine agarose gel affinity chro-
matography, which was reportedly employed to purify mammalian
AOX (Terao et al. 2001, Terao et al. 2009); however, the results
demonstrated that BnAOXS is unstable. BnAOXS enzyme activity
was undetectable in the PG extracts stored at 4°C and -80°C for
24 h (data unpublished). Therefore, we employed fresh extracts of
frozen PG to confirm active AOX as BmAOXS through AOX activity
staining and anti-BmAOXS western blotting. Using these methods,
we were able to detect active AOX in insect PG for the first time.

Owing to difficulties with AOX purification and instability,
many researchers have measured mammalian AOX kinetics using
liver cytosol, which exhibits AOX activity (Johnson et al. 1985,
Strelevitz et al. 2012, Crouch et al. 2016). Human liver cytosol has

been used to investigate drug metabolism mediated by AOX in vitro
and to measure the influence of some inhibitors (Obach et al. 2004,
Dalvie et al. 2010). Therefore, we adopted similar methods to con-
duct BmAOXS kinetics experiments using silkworm PG cytosol.
According to previous studies (Pryde et al. 2010, Hutzler et al.
2013), we selected five aldehydes as specific substrates for AOX
catalysis and hypoxanthine as the specific substrate for xanthine
oxidase (XOR), as the control. Benzaldehyde, salicylaldehyde, and
vanillic aldehyde are aromatic aldehydes and excellent substrates
for AOX that exhibit lower affinities with XOR (Panoutsopoulos
and Beedham 2004, Marelja et al. 2014). Benzaldehyde and
vanillic aldehyde have often been used as substrates for AOX ac-
tivity detection in mammals. The fatty aldehydes heptaldehyde and
propionaldehyde were also used as substrates for AOX activity
analysis (Badwey et al. 1981, Walker-Simmons et al. 1989). In this
study, native-PAGE and AOX activity staining assays indicated that
BmAOXS can metabolize a variety of aldehydes, including aromatic
and fatty aldehydes. Two strong bands were visible in the native-
PAGE gel when the fresh extracts of fresh PG of silkworm moths
metabolized benzaldehyde and salicylaldehyde, suggesting either
two types of BmAOXS or another active form of BmAOX in the
PG of female silkworm moths; these results were similar to those
reported for D. melanogaster (Marelja et al. 2014). Only one strong
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Fig. 3. Activity determination of BmAOXS5 in silkworm PG. (A) Detection of AOX proteins in silkworm PG during different stages by native-PAGE and activity
staining. Mne, moth after egg laying without mating; Mme, moth after egg laying with mating; Mm, moth after mating without egg laying; M3, moth day 3
without mating; M2, moth day 2 without mating; M1, moth day 1 without mating; P7, pupa day 7; P6, pupa day 6; P5, pupa day 5. (B) Stability detection of BmAOX
in the PG by native-PAGE and activity staining. HA, antenna; PG, pheromone gland (including ovipositor). (C) Detection of BmAOX5 overexpressed in E. coli by
SDS-PAGE and CBB staining. (D) Identification of BmAOXS5 antibody by SDS-PAGE and western-blotting. M, standard protein marker; pET28a, extracts of E. coli
transformed with pET28a empty vector as control; 28a-gene, extracts of E. coli transformed with pET28a vector with overexpression of another BmAOX gene
as control; 28a-A0XS5, extracts of E. coli transformed with pET28a vector with overexpression of BmAOXS5 gene. (E) Activity identification of BmAOX5 in the PG
by native-PAGE and activity staining. (F) Protein identification of BmAOXS5 by native-PAGE and western-blotting. OV, ovaries as control. Samples for B, E, F were
tissues of female silkworm moth day 1 without mating and stored at —-80°C before extracting proteins.

band was observed in metabolized heptaldehyde on the native-
PAGE gel. These results revealed that the different AOXs are identi-
fied by different substrates.

Besides using native in-gel activity staining, we employed en-
zyme kinetics to measure BmAOX activity. As a substrate, ben-
zaldehyde exhibited an activity band that corresponded with
anti-BmAOXS detection in the fresh extracts of frozen PG of
silkworm moths. Thus, we selected fresh extracts of frozen PG of
silkworm moths from day 1 without mating to measure BmAOXS$
parameters using benzaldehyde as a substrate. The substrate satur-
ation curve and Michaelis—Menten equation curve of the BmAOXS$
catalytic reaction showed that BmAOXS has typical characteristics
of enzyme activity.

The PG, located between the eighth and ninth abdominal
segments of the female silkworm moth, is an important organ

for insect mating and oviposition (Tillman et al. 1999). It pro-
duces and releases sex pheromones, including bombykol (E-10,
Z-12-hexadecadien-1-0ol or BOL) and bombykal (E-10, Z-12-
hexadecadien-1-al or BAL) (Butenandt et al. 1959, Kaissling et al.
1978, Tillman et al. 1999). BAL is a polyunsaturated, long-chain
fatty aldehyde. We speculated BAL is metabolized also by BmAOXS
in the silkworm PG because BmAOXS could metabolize fatty al-
dehydes such as heptaldehyde and propionaldehyde. Besides fatty
aldehydes, BmAOXS could metabolize aromatic aldehydes such
as benzaldehyde, salicylaldehyde, and vanillic aldehyde. Recent
studies have shown that the expression of 11 odorant-degrading
enzyme genes is also found in the PG of Eogystia hippophaec by
the transcriptome (Hu et al. 2020). Therefore, BmAOXS5 may
also metabolize other aldehydes in the cytoplasm for detoxifica-
tion, or may participate in the degradation of aldehyde odorant
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Fig. 4. Activity detection and enzymatic reaction kinetic analysis of BmAQOXS5. (A) Activity detection of BmAOX5 with different substrates by native-PAGE and
AOX activity staining. BzH, benzaldehyde; SIH, salicylaldehyde; Van, vanillic aldehyde; HIH, heptaldehyde; AIH, propionaldehyde; FS, frozen PG. If FS is not
marked, it means the PG was fresh, not stored in low temperature. (B) Enzymatic reaction curve of BmAOX5 substrate saturation. (C) Michaelis—-Menten
equation graph of BmAOX5 catalytic reaction with benzaldehyde as substrate. The formation of insoluble MTT formazan was measured at 560 nm. One OD/min
representatives 1 unit of enzyme activity (1U), in the process of catalytic reaction. The concentration of benzaldehyde as a substrate follows: 1, 1.3, 1.6, 2, 2.5, 3.5,
5, 6, 8, and 10 mmol/liter. The OD value of each concentration is the average value of three independent experiments.

compounds to locate suitable and safe spawning sites (Choo et al.
2013, Marelja et al. 2014, Xu and Liao 2017).

Insects, similar to vertebrates (Qiao et al. 2020), have multiple
copies of AOX genes. These genes express and synthesize active
enzymes at different stages and in different tissues and metabolize
various specific substrates. The purple stem borer, Sesamia inferens,
has three AOX genes (Zhang et al. 2014). D. melanogaster has four
AOX genes, among which DmAOX1, DmAOX2, and DmAOX3 can
synthesize active enzymes and could metabolize multiple substrates
including benzaldehyde and salicylaldehyde (Marelja et al. 2014).
The silkworm has eight AOX genes (Pelletier et al. 2007, Yang et al.
2010), among which BmAOX1 and BmAOX2 are active in the an-
tennae and mainly metabolize BAL secreted out by PG (Rybczynski
et al. 1990, Pelletier et al. 2007); BmIAO1 is active in the silk gland,
which is involved in indole-3-acetic acid synthesis (Takei et al.
2019). After a BLAST search for the reported N-terminal sequence
STTKELTLKDGVKWEFTVTQI of BmIAO1 (Takei et al. 2019) in the
SilkDB2.0 and reported BmAOX sequences (Yang et al. 2010), we
found that this protein should correspond to BmAOX7. Although the
expression of BmAOX1 has been also found in the female silkworm
PG (Pelletier et al. 2007, Yang et al. 2010), we did not detect BnAOX1
or BmAOX2 activity bands in silkworm moth PG extracts following
in-gel of activity staining. This study demonstrated that BmAOXS has
activity in silkworm PG, and is able to metabolize multiple substrates
such as DmAOXs (Marelja et al. 2014) and human AOX1 including
vanillin, an edible flavor (Sahi et al. 2008), benzaldehyde, a sweetener

(Garattini et al. 2008), in food. However, the other functions of
these active AOXs have in insects is unknown. In particular, it is im-
portant to understand the structure-activity relationships of AOX
binding and metabolism (Beedham et al. 1987, Dalvie et al. 2012,
Coelho et al. 20135), species differences (Beedham et al. 1987, Terao
et al. 2006, Dalvie et al. 2013), AOX variability (Terao et al. 2006,
Adachi et al. 2007, Hutzler et al. 2014, Choughule et al. 2015), and
in vitro activity of AOX (Stell et al. 1989, Alfaro et al. 2009, Liu et al.
2009). Silkworm has many types of AOXs. A clear understanding of
their metabolic function could help in the preliminary detection and
screening of drugs that are not metabolized by AOXs. Identifying a
drug that can be metabolized by AOXs in the silkworm can provide
a reference for animal medicinal research. Studies have also shown
that silkworm can be used as an animal model for medical screening
and studying disease mechanisms (Tabunoki et al. 2013, Paudel et al.
2020). The results of the present study on silkworm will help provide
insight into the ecological control of pests and, at the same time, lay
a theoretical foundation for an insect model that could be used for
medical drug screening.
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