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Mulberry latex contains extremely high concentrations of alka-
loidal sugar mimic glycosidase inhibitors, such as 1,4-dideoxy-1,4-
imino-p-arabinitol (p-AB1) and 1-deoxynojirimycin (DN]).
Although these compounds do not harm the silkworm, Bombyx
mori, a mulberry specialist, they are highly toxic to insects that do
not normally feed on mulberry leaves. p-AB1 and DNJ are strong
inhibitors of a-glucosidases (EC 3.2.1.20); however, they do not affect
the activity of B-fructofuranosidases (EC 3.2.1.26). Although a-gluco-
sidase genes are found in a wide range of organisms, 3-fructofurano-
sidase genes have not been identified in any animals so far. In this
study, we report the identification and characterization of B-fructo-
furanosidase genes (BmSucl and BmSuc2) from B. mori. The BmSucl
gene was highly expressed in the midgut and silk gland, whereas the
expression of BmSuc2 gene was not detected. BmSucl encodes a func-
tional B-fructofuranosidase, whose enzymatic activity was not inhib-
ited by DNJ or p-AB1. We also showed that BmSUCI1 protein localized
within the midgut goblet cell cavities. Collectively, our data clearly
demonstrated that BmSucl serves as a sugar-digesting enzyme in the
silkworm physiology. This anomalous presence of the B-fructo-
furanosidase gene in the B. mori genome may partly explain why
the silkworm can circumvent the mulberry’s defense system.

Certain plants have evolved defense mechanisms against
insect predation through the production of defense compounds
(1-3). This is reflected by the limited number of insects capable
of feeding on such plants. In particular, plant latex often con-
tains a wide variety of toxic compounds, such as alkaloids and
proteases, which play an important role in a plant’s defense
mechanism against insect herbivory (2, 4-6).

Mulberry latex contains extremely high concentrations of
alkaloidal sugar mimic glycosidase inhibitors, such as 1,4-
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dideoxy-1,4-imino-p-arabinitol (p-AB1),”> 1-deoxynojirimycin
(DNYJ), and 1,4-dideoxy-1,4-imino-p-ribitol (2, 7). These sugar
mimic alkaloids are not toxic to larvae of the silkworm Bombyx
mori (family Bombycidae), which feed only on mulberry leaves
and have been reared on them for thousands of years (2). How-
ever, these compounds are highly toxic to other caterpillars,
such as the eri-silkworm Samia cynthia ricini (family Saturni-
idae) and cabbage moth Mamestra brassicae (family Noctu-
idae), for which mulberry trees are not the host plant in natural
conditions (2). This indicates that the silkworm has evolved an
unknown mechanism to circumvent the toxic effects of such
sugar mimic alkaloids, thus enabling it to feed and grow well on
mulberry leaves (2, 8).

Sucrases are digestive enzymes that hydrolyze a-glucosyl
(a-glucosidase, EC 3.2.1.20) or B-fructosyl residue (B-fructo-
furanosidase, EC 3.2.1.26) of the substrate. p-AB1 and DNJ are
strong inhibitors of a-glucosidases; however, they do not exhibit
inhibitory activity against B-fructofuranosidases (7). Although
a-glucosidases are found in many types of organisms, including
bacteria, fungi, plants, and animals, it has been generally assumed
that B-fructofuranosidases do not exist in animals (9). However,
several reports have suggested that B-fructofuranosidases are
present anomalously in certain species of insects (10 -13), includ-
ing the silkworm. In the silkworm, sucrases in larval midgut tissue
showed a kinetic property that is characteristic of B-fructofurano-
sidase (11, 12), and more importantly, silkworm sucrases were
shown to be less affected by sugar mimic alkaloids than those of
other organisms (7, 8).

Although there has been no direct experimental evidence
that the B-fructofuranosidase gene is encoded in the genome of
animals, these observations lead us to hypothesize that the
B-fructofuranosidase gene is encoded in the silkworm genome
and could play an important role in the silkworm’s ability to feed
on mulberry leaves. By using S-fructofuranosidases as digestive
enzymes, the silkworm could possibly avoid the toxic effects of
D-AB1 and DNJ that are present in extremely high concentrations
in the mulberry latex. As the first step toward understanding the
mechanism by which the silkworm circumvents the mulberry’s
defense system, we have cloned and functionally characterized the
B-fructofuranosidase genes from the silkworm, B. mori.

2The abbreviations used are: p-AB1, 1,4-dideoxy-1,4-imino-p-arabinitol; DNJ,
1-deoxynojirimycin; DAPI, 4'6-diamidino-2-phenylindole dihydrochloride;
MSG, middle silk gland; sALP, soluble alkaline phosphatase; mALP, mem-
brane-bound alkaline phosphatase; CBP, carotenoid-binding protein; DIG,
digoxigenin; EST, expressed sequence tag; RT, reverse transcription.
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TABLE 1
List of primers
Primer Sequence (5’ to 3') Purpose
BmSuclS-F AATCCAGTCCTCTCCTACGTGC Probe synthesis for BmSucl
BmSuclS-R TCCGGTCTGATACGTGTTCTTG
BmSuc2S-F ACGTGCAACTGTGACTCTCCTG Probe synthesis for BmSuc2
BmSuc2S-R CTGATGCCTCCTGTTAGGGAAG
pBacSUC1-F CCTAGGCCTAGTTATGTTCGCCTGGAGCACACCGGTG Construction of His-tagged BmSUC1
pBacSUC1-R CCTAGGCCTTCAATGGTGATGGTGATGATGACCAGCGGGTACACTTCTTCTCAATCG
BmSuclRT-F GGGCTGGAATTCTTTACGACC RT-PCR of BmSucl
BmSuclRT-R GCTGGATGAATGACCCTAACG
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FIGURE 1. Amino acid sequences of BmSUC1 and BmSUC2. Amino acid sequences were compared with the sequence of B-fructofuranosidase from the
bacterium B. licheniformis ATCC 14580 (GenBank™ accession number AAU25612). Sequences were aligned with the ClustalX program (19). Using the Boxshade
program, identical and similar residues, in more than two sequences, have been highlighted in black and gray, respectively. Putative signal peptides are boxed,

and the active sites of the yeast invertase (23) are underlined.

We successfully isolated two B-fructofuranosidase genes
from the silkworm. This is the first report of isolation of
B-fructofuranosidase genes from an animal species. One of
them (BmSucl) appears to encode a functional enzyme,
whereas the expression of the other (BmSuc2) was not detected.
We then expressed the recombinant BmSUC1 protein and
investigated its enzymatic properties. We further examined the
expression and localization of BmSUC1 protein. Our data
clearly indicated that the functional B-fructofuranosidase gene
is actually encoded in the silkworm genome, and the product
serves as a digestive enzyme in the silkworm.

EXPERIMENTAL PROCEDURES

Insects and Cell Line—The B. mori strains p50T and N4
were reared on an artificial diet in a conditioned insect rear-
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ingroom (25 °C, 12-h light/12-h dark photoperiod) (14). The
Spodoptera frugiperda cell line (Sf9) was maintained in
TC-100 medium containing 10% fetal bovine serum as
described previously (15).

Cloning of B-Fructofuranosidase Genes—Expressed se-
quence tags (ESTs) (16) and genome sequences (17, 18)
showing homology to B-fructofuranosidase genes were
investigated using the BLAST program. By sequencing and
assembling them, we obtained two nonredundant genes
(BmSucl and BmSuc?2) that putatively encode for full-length
B-fructofuranosidases.

Genomic DNA Blot and RNA Blot Analysis—Genomic DNA
blot and RNA blot experiments were performed as described
previously (14). Briefly, 5 ug of genomic DNA fully digested
with restriction enzymes or total RNA was electrophoresed and
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100 Phaseolus vulgaris (024509) — sodium phosphate buffer (pH 7.4)
Schizosaccharomyces pombe (042878) ] and stored at 4 °C or —80 °C until
Schizosaccharomyces pombe (059852) use.
s I aEaﬁchammyces cerevisiae (P10594) gl Enzyme Assay—Enzyme activity
87 Kluyveromyces lactis (Q9Y746) - was assayed by two methods using
99 H; la anomala (P40912) Q, glucose as a standard substrate. Glu-
_gg‘_‘:bammi’ces hansenii (QEBJWVE) cose released in the reaction was
= o7 Debaryamyces occidentalis (P24133)  — detected by the glucose oxidase-

FIGURE 2. Phylogenetic analysis of B-fructofuranosidases. Amino acid sequences of B-fructofuranosidases
were aligned by the ClustalX program, and the phylogenetic tree was constructed by the neighbor-joining
method using the MEGA3 program package (20). Bootstrap values after 1,000 replications are shown. Gen-
Bank™ or SwissProt accession numbers of sequences are shown in parentheses.

transferred onto a nylon membrane. Labeling, hybridization,
and signal detection were performed using the digoxigenin
(DIG) labeling and detection system (Roche Applied Science)
following the supplier’s instructions. DNA probes were ampli-
fied by PCR using the EST clone mg-0575 (for BmSucl) (16) or
genomic DNA (for BmSuc2) as templates. Primers used for
PCR are listed in Table 1.

Phylogenetic Analysis—Sequence homologies were analyzed
by the BLAST program for public DNA/protein data bases. The
amino acid sequences were aligned with the ClustalX program
(19), and phylogenetic trees were constructed by neighbor-
joining methods using the MEGAS3 program (20) as previously
described (15).

Expression and Purification of BmSUCI—The recombinant
Autographa californica nucleopolyhedrovirus (AcMNPV) was
constructed using a Bac-to-Bac system (Invitrogen). The cod-
ing region of BmSucl with a His tag sequence at the C terminus
was PCR-amplified with primers pBacSUC1-F and pBacSUC1-R
(Table 1), using the EST clone mg-0757 as a template. The PCR
product was cloned into the cloning site (Stul) of the
pFastBacl vector (Invitrogen). Virus propagation and infection
were performed as described previously (15). Monolayers of Sf9
cells cultured in a 150-mm dish were infected with the virus at
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peroxidase method, and the reduc-
ing sugars were determined by the
Somogyi-Nelson method. A 100-ul
reaction containing 1 ug of purified
protein, 100 mMm substrate, and 10
mM sodium phosphate buffer (pH 7.0), was incubated for 1-20
min at 30 °C. After incubation, the reaction was stopped by
boiling for 5 min. To measure the glucose liberated, a glucose
test kit (Wako) was used as indicated by the supplier’s protocol.
The reducing sugars that were liberated during the reaction
were estimated by the Somogyi-Nelson method. To establish
the effect of pH on the sucrose hydrolytic activity, a 100-ul
reaction containing 1 pg of purified protein, 100 mMm sucrose,
and 20 mm Britton-Robinson’s wide range buffer (pH 4.0 -11.0)
was incubated for 1-20 min at 30 °C. The glucose liberated was
measured using a glucose test kit (Wako). To see the effect of
DNJ, an inhibitor of a-glucosidase, the sucrose hydrolytic activ-
ity was determined by a procedure identical to that described
above except for the addition of DNJ (Sigma) to the reaction.
For comparison, a-glucosidase from a bacterium Bacillus
stearothermophilus (Sigma) was also assayed.

RT-PCR Analysis—Total RNA from the tissues was extracted
using TRIZOL reagent (Invitrogen). cDNAs were obtained
using the Superscript II reverse transcriptase (Invitrogen), fol-
lowing the manufacturer’s instructions. PCR conditions were
as follows: 94 °C for 2 min followed by 30 cycles of 94 °C for 30's;
55 °C for 30 s; and 72 °C for 1 min. Primers used for PCR are
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listed in Table 1. PCR products were analyzed on a 1.0% agarose
gel.

SDS-PAGE and Immunoblot Analysis—SDS-PAGE and
immunoblot were performed as described previously (15). An
antiserum against recombinant BmSUC1 was raised in rabbits
(Operon Biotechnology). Protein samples were extracted from
B. moritissues as follows. Frozen tissues were homogenized in a
10 mm phosphate buffer (pH 7.0) containing the Complete pro-
tein inhibitor mixture (Roche Applied Science) using liquid
nitrogen and centrifuged at 20,000 X g for 10 min at 4 °C, and
the supernatants were collected. The primary antibody was the
penta-His antibody (Qiagen) at a dilution of 1:2,000 or the anti-
BmSUCI antiserum at a dilution of 1:4,000. Signals were
detected with the Immobilon Western Kit (Millipore) using the
LAS1000 Plus imaging system (Fuji Film).

Immunohistochemistry—Immunohistochemistry was car-
ried out as described previously (15). Sections of the middle
part of the midgut were obtained from 3-day-old fifth instar of
strain p50T. Sections of silk glands were obtained from the
same developmental stage of strain N4, since this strain
expresses carotenoid-binding protein (CBP) (21), which was
used for control experiments. The primary antibody was anti-
BmSUCI1 at a dilution of 1:200, and the secondary antibody was
an AlexaFluor488- or AlexaFluor546-labeled goat anti-rabbit
IgG F(ab), fragment (Invitrogen) at a dilution of 1:200. The
slides were counterstained with a 4',6-diamidino-2-phenylin-
dole dihydrochloride solution (DAPI; Wako) or Alex-
aFluor594-conjugated phalloidin (Molecular Probes, Inc.,
Eugene, OR). The fluorescence was observed under a fluores-
cence microscope (Olympus BX51) and photographed. For
control experiments, antisera against soluble and membrane-
bound alkaline phosphatase of B. mori (sALP and mALP) (22),
and CBP (21) were also used at a dilution of 1:200, following the
procedure described above.

RESULTS

Cloning of B-Fructofuranosidase Genes from B. mori—We
performed homology searches against the whole genome data
of B. mori and found two genes that show significant homology
to bacterial B-fructofuranosidase (BmSucl and BmSuc2) (Fig.
1). BmSucl was found also in the silkworm EST data base (e.g.
clone mg-0575) (16), whereas BmSuc2 was not.

The BmSucl gene contained an open reading frame of 1464
bp encoding 488 amino acid residues with a predicted molecu-
lar mass of 55.9 kDa. The BmSuc2 gene contained an open
reading frame of 1518 bp encoding 506 amino acid residues
with a predicted molecular mass of 58.0 kDa. There was no
intron in the coding region of either of the genes.

These genes were predicted to encode proteins that exhib-
ited high homology to bacterial B-fructofuranosidases (Fig. 1).
BmSUCI and BmSUC2 showed 45 and 39% identity (in amino
acids) to Bacillus licheniformis B-fructofuranosidase (Gen-
Bank™ accession number AAU25612), respectively. The
active site of invertase (Asp-23 in yeast invertase) (23) was con-
served in BmSUC1 (Asp-63) but not in BmSUC2 (His-54) (Fig.
1), suggesting that BmSUC2 might not possess B-fructofurano-
sidase activity. The N-terminal sequence of both predicted
polypeptides consisted of a putative signal peptide that con-
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FIGURE 3. Expression and purification of the His-tagged BmSUC1 protein.
Recombinant BmSUC1 protein with the His tag at the C terminus was
expressed using a baculovirus expression system. BmSUC1 was purified
from the medium of virus-infected cells by nickel chromatography. Pro-
tein samples were analyzed by SDS-PAGE and stained with CBB (a), and
the same samples were analyzed by immunoblot with the anti-His anti-
body (b). The molecular masses of the protein standards are shown on the
left, and the estimated molecular mass of BmSUC1 is shown on the right. The
following are the protein samples used. Mock, the medium from mock-in-
fected cells; WT, the medium from parental AcMNPV-infected cells; BmSUC1-
His, the medium from cells infected with the recombinant AcMNPV that
expressed BmSUC1 protein; purified, the purified BmSUC1 protein.

tained hydrophobic residues. Signal P prediction (24) posi-
tioned the putative cleavage site between residues 21 and 22 for
BmSUC1 and between residues 18 and 19 for BmSUC?2 (Fig. 1).

Genomic DNA Blot and Phylogenetic Analysis—To eliminate
the possibility that B-fructofuranosidase genes were obtained
because of the contamination of the microbial DNA or RNA,
genomic DNA blot analysis was performed (data not shown).
Genomic DNA of the B. mori p50T strain was digested with
selected restriction enzymes, blotted onto a nylon membrane,
and then probed with DIG-labeled PCR products of either
BmSucl or BmSuc2. A single band was detected in each case,
and the molecular size of the signal was different between them,
suggesting that both BmSucl and BmSuc2 are single copy genes
located on the silkworm genome (data not shown).

To investigate the evolutionary relationship between the
BmSucl, BmSuc2, and other B-fructofuranosidase genes, phy-
logenetic analysis was performed (Fig. 2). We searched proteins
that show homology to BmSUC1 and BmSUC2 from public
data bases with the BLAST program. The BLAST search
retrieved many bacterial, fungal, and plant sucrases with high
sequence homology. Their amino acid sequences were aligned
with the ClustalX program (19), and a phylogenetic tree was
constructed with the neighbor-joining method (Fig. 2).
BmSUC1 and BmSUC2 were shown to form a monophyletic
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FIGURE 4. Enzymatic properties of recombinant BmSUC1 protein. BmSUC1 protein was incubated with
selected substrates (sucrose, isomaltose, maltose, raffinose, or stachose), and the substrate specificity of
BmSUC1 was measured. g, the liberated glucose was measured by the glucose oxidase method; b, the reducing
sugars released were estimated by the Somogyi-Nelson method. Bars, mean = S.D. (n = 3). ¢, pH-activity
relationship of the recombinant BmSUCT, determined using sucrose as a substrate. The points indicate the
mean * S.D. (n = 3).d, inhibitory assay of DNJ on the recombinant BmSUC1 (filled circle) and the a-glucosidase
(open triangle) from a bacterium (Sigma), using sucrose as a substrate. The same unit (nmol of glucose pro-
duced/min) of the BmSUC1 and bacterial a-glucosidase was used for the analysis. The points indicate the
mean = S.D. (n = 3).

ancestral insect, although the phy-
logeny showed a deep division
between bacterial and silkworm
B-fructofuranosidases.

Expression and Purification of
Recombinant BmSUCI Protein—To
characterize the enzymatic prop-
erty, recombinant His-tagged
BmSUC1 protein was expressed
using a baculovirus expression sys-
tem (Fig. 3). Since the expression of
BmSuc2 was not detected in our
RT-PCR analysis, only BmSucl was
analyzed further.

The BmSUC1 protein of ~56
kDa, which was consistent with the
predicted molecular mass, was puri-
fied by nickel-chelating chromatog-
raphy from the culture medium of
virus-infected cells (Fig. 3a). The
presence of the His tag sequence at
the C terminus was confirmed by
immunoblot analysis (Fig. 3b). The
purified protein was used for further
examination of the enzymatic
properties.

Enzyme Assay of BmSUCI—The
substrate specificity of BmSUCI1
was assayed using several sugar sub-
strates (sucrose, isomaltose, malt-
ose, raffinose, or stachyose) (Fig. 4).
BmSUCI was active on sucrose, raf-
finose, and stachyose, which possess
the nonreducing B-p-fructofurano-
side residues (Fig. 4b). However,
BmSUC1 was not active on isomal-
tose or maltose, which lacks the
B-fructofuranoside residue (Fig.
4a). This result clearly indicates that
the BmSucl gene encodes a
B-fructofuranosidase (EC 3.2.1.26)
that hydrolyzed the B-fructosyl res-
idue of the substrate. The pH profile
of BmSUC1 was determined using
sucrose as the substrate (Fig. 4c).
The assay was performed in a pH
range 0of4.0-11.0, and the condition
of pH 7.0 was shown to be optimal.

Next, we analyzed the inhibitory
activities of DNJ on BmSUCI1 activ-
ity (Fig. 4d). For comparison, c-glu-
cosidase from bacterium Bacillus
stearothermophilus was also used in
the assay. As expected, DNJ strongly

clade, suggesting that they may have been derived from a gene inhibited the a-glucosidase with an IC, value of 10 um. In
duplication event in an ancestral insect. Interestingly, these contrast, BmSUCI activity was not inhibited by DNJ (Fig. 4d),
two genes were shown to belong to bacterial lineages. This even at a final concentration of 1200 um (IC,, > 1200 uMm; data

may suggest a horizontal gene transfer from bacteria to an not shown).
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FIGURE 5. Expression profiles of BmSuc1 mRNA. g, RT-PCR analysis of
BmSucT expression. Total RNA from the 3rd day of the fifth instar larvae were
used in the RT-PCR analysis. The B. mori actin 3 (BmA3) gene was used as the
control. Template cDNAs used for RT-PCR experiments were synthesized with
(+) or without (—) reverse transcriptase. Tissues used for analysis were as
follows. Lane 1, foregut; lane 2, anterior part of the midgut; lane 3, middle part
of the midgut; lane 4, posterior part of the midgut; lane 5, anterior part of the
intestine; lane 6, posterior part of the intestine; lane 7, rectum; lane 8, testis;
lane 9, anterior silk gland; lane 10, anterior part of the MSG; lane 11, middle
part of the MSG; lane 12, posterior part of the MSG; lane 13, posterior silk
gland; lane 14, malphigian tubules; lane 15, fat bodies; lane 16, trachea; lane
17, epidermis. b, RNA blot analysis of BmSuc1. Total RNA (5 ng) of the midgut,
silk gland, fat bodies, epidermis, and trachea from day 0-5 of fifth instar larvae
(V0-V5, respectively) and from larvae at wandering stage (W; day 6) were
analyzed. rRNA stained with ethidium bromide was used as a loading control.

Expression Profiles of BmSucl and BmSuc2 Genes—The
expression profile of BmSucl mRNA was examined by RT-PCR
(Fig. 5a). On the 3rd day of the fifth instar larvae, BmSucl
mRNA was expressed in midgut and, interestingly, also in the
silk gland. Signals were detected throughout the midgut (i.e.
anterior, middle, and posterior parts of the midgut) but were
not detected in the foregut and hindgut of B. mori. In the silk
glands, signals were detected in the anterior silk gland and ante-
rior and middle part of the middle silk gland (MSG) but were
not detected in the posterior part of MSG and in the posterior
silk gland. Signals were not detected in other tissues, such as
testis, fat bodies, epidermis, trachea, or malphigian tubules.

We then performed RNA blot analysis to further examine the
temporal expression of BmSucl during the fifth instar (Fig. 5b).
Consistent with the result of RT-PCR analysis, signals were
detected specifically in the midgut and silk gland but not in fat
bodies, epidermis, or trachea. In the midgut and silk gland, sig-
nals were detected during the feeding stage (Fig. 5, VO-V5) but
disappeared by the wandering stage (W), just prior to the com-
mencement of spinning. These results indicate that the expres-
sion of BmSucl is temporally and spatially controlled in the
silkworm, presumably to utilize the gene product as a digestive
enzyme. Investigation of the expression of BmSuc2 mRNA
revealed that it was not expressed in any of the tissues examined
in this study (data not shown).
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FIGURE 6. Immunoblot analysis of BmSUC1 protein. Inmunoblot analysis
using anti-BmSUC1 antiserum was performed. Protein samples were isolated
from the epidermis (E), midgut (MG), soluble fraction (supernatant of the
homogenate) of peritrophic membrane (PM), fat bodies (FB), silk gland (SG),
trachea (T), and hemolymph (H) from the 3-day-old fifth instar larvae. 2 ug of
protein was loaded in each lane. As a positive control, the medium from cells
infected with ACMNPV that expressed BmSUCT protein was also loaded (P).
The size and position of the protein standards are indicated on the left.
BmSUC1 protein signals are shown by an arrow. An arrowhead shows the
signal from putative BmSUC1 protein from the peritrophic membrane, which
did not enter the running gel.

Expression and Localization of BmSUCI Protein—We fur-
ther investigated the expression and localization of the
BmSUCI protein on the 3rd day of the fifth instar larvae (Figs.
6—8). Our immunoblot analysis revealed that BmSUCI is
highly expressed in the midgut and silk gland but not in the
epidermis, fat bodies, trachea, or hemolymph (Fig. 6). We
found that the signal was also detected from the supernatant
of homogenized peritrophic membrane, but its molecular
mass (>250 kDa) was much higher than expected (56 kDa).
This may suggest that the BmSUC1 protein might exist as a
complex with other enzymes or components in the peritro-
phic membrane, which is composed of a network of chitin
and proteins and therefore difficult to solubilize using the
conventional method.

Next, we performed immunohistochemical studies to inves-
tigate the localization of the BmSUCI protein in the midgut
(Fig. 7) and silk gland (Fig. 8). In the midgut from the 3rd day of
the fifth instar, strong signals of BmSUC1 were observed in the
goblet cell cavities (Fig. 7D), and weak signals were detected in
the peritrophic membrane. The signals were not observed
when the slides were incubated with preimmune serum (Fig.
7C). To compare this localization with other midgut proteins
whose localization has been already demonstrated, we also
examined the localization of SALP and mALP (22). As reported
previously (22), sALP localized predominantly in the goblet cell
cavities (Fig. 7E), and mALP localized in the apical microvilli of
the midgut cells (Fig. 7F), demonstrating that the localization of
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FIGURE 7. Immunohistochemical analysis of BmSUC1 protein in the midgut. A, midgut cells stained with
DAPI (blue) and AlexaFluor594-conjugated phalloidin (red). B, schematic representation of midgut cells of B.
mori. C, columnar cell; G, goblet cell; GC, goblet cell cavity; N, nucleus; B, basal lamina; M, microvilli. C, control
experiments using preimmune serum. D, immunofluorescence visualization of BmSUCT. Sections were incu-
bated with anti-BmSUC1 antibody followed by the secondary antibody labeled with AlexaFluor488 (green) and
counterstained with DAPI. Strong signals were detected in the goblet cell cavities. Eand F, control experiments
using antisera against sALP (green) and mALP (green), respectively. Note that localization of BmSUC1 is closely
similar to that of sALP, which was shown to localize within goblet cell cavities. Arrows, localization of the

protein; bar, 200 wm.

BmSUCI is closely similar to that of sSALP but is quite different
from that of mALP.

In the silk gland, signals of BmSUC1 were observed in the
anterior and middle silk gland but not in the posterior silk gland
(Fig. 8), consistent with the result of RT-PCR analysis (Fig. 5a).
In the middle silk gland, BmSUC1 was shown to localize pre-
dominantly in the microvilli of the silk gland cells and distal
surface of the sericin layer. In the anterior silk gland, strong
signals of BmSUC1 were observed in the microvilli of the cells
and in the sericin layer. This localization was distinct from that
of CBP, which is expressed only in the middle silk gland and
localizes within these cells (Fig. 8) (21). These results suggest
that, in the silk gland, the BmSUCI1 protein is secreted from
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and is incorporated into the sericin
layer.
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DISCUSSION

In this report, we have identified
two B-fructofuranosidase genes
from the silkworm, B. mori. It was
earlier presumed that B-fructo-
furanosidase genes exist only in
plants, bacteria, and fungi, not hav-
ing ever been found in any animals
(9). Although several reports have
suggested the possible existence of
B-fructofuranosidases in some
insect species (10-13), no direct
evidence of its existence in animals
(i.e. cloning of the gene) could be
obtained. The present study clearly
demonstrates that B-fructofurano-
sidase genes are encoded in an ani-
mal genome.

We have identified two B-fructo-
furanosidase genes (BmSucl and
BmSuc?2) from the silkworm (Fig. 1).
Sequence analysis suggests that the
product of BmSuc2 might not pos-
sess B-fructofuranosidase activity,
and its transcript was not detected
by RT-PCRin our experiments, sug-
gesting that BmSuc2 may not be
functional.

Interestingly, these two genes
exhibit high sequence homology to
the bacterial B-fructofuranosidases.
Phylogenetic analysis suggests a
horizontal gene transfer from bacte-
ria to an ancestral insect (Fig. 2). To
establish this, however, we need to
procure additional evidence by
investigating the B-fructofuranosi-
dase gene distribution across broad
taxa of insects.

To measure the enzymatic activ-
ity of BmSUCI, we produced the
recombinant protein using the baculovirus expression system
(Figs. 3 and 4). Our enzymological studies clearly indicated that
the BmSucl gene encoded the functional B-fructofuranosidase
(EC 3.2.1.26).

We further investigated the expression profile of the BmSucl
mRNA (Fig. 5). RT-PCR and RNA blot analysis showed that the
BmSucl gene was expressed specifically in the midgut and silk
gland. Although the biological significance of the expression of
BmSucl in the silk gland is unclear at this point, our data clearly
suggest that BmSUCI plays a role as a digestive enzyme in the
silkworm.

Immunohistochemical studies of BmSUC1 were conducted
to determine the localization of the BmSUC1 protein (Figs. 7

v
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A ASG

CBP BmSUC1

Control

FIGURE 8. Immunohistochemical analysis of BmSUC1 protein in the silk
gland. A, schematic representation of the silk gland of the silkworm. Sections
were obtained from the middle part of the anterior silk gland (ASG), MSG, and
posterior silk gland (PSG), as indicated by red lines. B, immunofluorescence
visualization of BmSUC1 and CBP. Slides were incubated with anti-BmSUC1 or
anti-CBP antiserum followed by the secondary antibody labeled with Alex-
aFluor546 (red) and counterstained with DAPI (blue). Control experiments
were also preformed using preimmune serum. Arrows, localization of the pro-
tein; bar, 200 wm. Schematic representations of sections are also shown (top).
N, nucleus; C, cuticle layer; S, sericin layer; F, fibroin layer.

and 8). In the larval midgut, the BmSUCI signal was detected
predominantly in the goblet cell cavities. This result is surpris-
ing, since it has long been presumed that the primary role of the
midgut goblet cells is the active transport of potassium from the
hemolymph into the gut lumen. Similarly, another sugar-diges-
tive enzyme, trehalase-1 of the silkworm, which hydrolyzes the
insect blood sugar trehalose into glucose, was also found to
localize within the midgut goblet cell cavities (25). Considering
these findings, we speculate that the midgut goblet cells have
been overlooked for their physiological roles in the food diges-
tion, although it is not clear whether both enzymes hydrolyze
their substrates within the goblet cell cavities or they are
released from the cavity. Further studies are required to eluci-
date how the digestive enzymes within midgut goblet cell cavi-
ties function in the process of digestion and/or absorption of
nutrients.

The silkworm has a pair of salivary glands arising from the
mandibular segment, in addition to the labial silk glands (26).
The silk glands of B. mori have been considered as evolutionary
homologues of the Drosophila salivary glands because they
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share many similarities, such as the segment identity (labial)
(26, 27). It has been widely accepted that, in Lepidoptera, the
labial silk glands became specialized for silk synthesis, and the
mandibular salivary glands function in the digestion process
(26, 27). Therefore, It was intriguing to find that the BmSucl
gene is highly expressed in the silk gland of the silkworm. We
also showed that the BmSUC1 protein predominantly localized
in the apical microvilli of silk gland cells and in the distal surface
of the sericin layer (Fig. 8). This suggests that the protein is
secreted into the lumen of the silk gland and is incorporated
into the sericin, which is the outer layer of silk fiber. Consistent
with this, previous reports have also described the existence of
sucrose-digesting enzymes in the liquid silk and cocoon of the
silkworm (28, 29). Furthermore, we also found that a 3-gluco-
sidase gene of B. mori (EST clone FImgP23A02f) (16) was
expressed in the anterior silk gland.® Their physiological roles
should be clarified in future studies.

It has been demonstrated that mulberry latex contains a large
amount of sugar mimic alkaloids, such as DNJ and p-ABI.
These compounds are not toxic to B. mori, a mulberry special-
ist, although they are highly toxic to caterpillars, such as S. cyn-
thia ricini, a generalist herbivore (2). This suggests that the
silkworm has evolved some adaptive mechanisms to circum-
vent the toxic effects of such sugar mimic alkaloids to be able to
feed on mulberry leaves. Recently, Hirayama et al. (8) suggested
that the sucrase and trehalase are the main targets of sugar
mimic alkaloids in the mulberry latex. They also showed that
sucrase and trehalase of B. mori are highly insensitive to sugar
mimic alkaloids, whereas those of S. cynthia are highly sensitive
(8). These results strongly indicate that B. mori larvae evolved
enzymatic adaptations against the mulberry’s defense system
and further suggest that sucrase and/or trehalase of B. mori are
the key enzymes responsible for its resistance to sugar mimic
alkaloids. In the present study, we identified B-fructofuranosi-
dase genes from the silkworm and demonstrated that the
enzyme was highly insensitive to DNJ and served as a sugar-
digesting enzyme in the silkworm physiology. Our data suggest
that the BmSUCI1 plays a critical role in the silkworm’s ability to
avoid the toxic effects of sugar mimic alkaloids present in the
mulberry latex.

Toward understanding the adaptive mechanism of B. mori to
sugar mimic alkaloids, further studies are required to investi-
gate whether B-fructofuranosidase genes are encoded in other
insects. If the B-fructofuranosidase genes exist only in the B.
mori genome, the tolerance to sugar mimic alkaloids contained
in mulberry latex could be simply explained by the presence of
the B-fructofuranosidase gene. If the genes are present in other
insects that do not feed on mulberry leaves, such as S. cynthia,
comparative studies on their enzymatic properties, expres-
sions, and localizations would provide further clues into the
silkworm’s ability to circumvent the mulberry’s defense system.
Since previous reports have described several insect sucrases
that exhibited a kinetic property characteristic of a B-fructo-
furanosidase (10, 13), it is probable that B-fructofuranosidase
genes exist in other insects too. We are currently conducting

3T. Shimada, T. Daimon, T. Taguchi, and K. Mita, unpublished data.
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further experiments to identify and characterize the B-fructo-
furanosidase genes from other insects.

As well as B-fructofuranosidase genes in this study, some
animals are known to encode “anomalous” genes that have been
believed to be absent in animal kingdom. For example, termites
encode their own cellulase genes, which are assumed to facili-
tate the digestion of wood cellulose (30), and ascidians encode
cellulose synthase genes (31, 32), which explains why tunicates
are the only animals that can perform cellulose biosynthesis. As
new animal genomes are sequenced and as the nucleotide/pro-
tein data bases expand, the list of such genes will increase. Iso-
lation and characterization of these genes are particularly
important in comparative genomics, since these genes may
reflect unique physiology, ecology, and evolutionary history of
organisms that encode them. The B-fructofuranosidase gene of
the silkworm would be an intriguing example of such “anoma-
lous” genes, since this gene may be a central player in the evo-
lutionary arms race between mulberry trees and the silkworm, a
mulberry specialist.
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