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O-glycosylated and this modification is important for
We screened genomic clones encoding lebocin, an expression of antibacterial activity (7). Lebocin 1 and

antibacterial peptide from the silkworm, Bombyx mori. 2 have identical amino acid sequences but the length
Two positive clones were obtained and their nucleo- of the sugar chains on their threonine residues differs
tide sequences indicated that they contain no introns. (7). Incubation of lebocins with a liposome preparationThe deduced amino acid sequences revealed that one caused leakage of entrapped glucose under conditionsclone (Leb 3) encoded lebocin 3 and another (Leb 4) is

of low-ionic-strength, suggesting that a target for thesea new member of the lebocin gene family. Gene expres-
peptides is the bacterial membrane (7). The primarysion of both Leb 3 and Leb 4 was shown to be induced
structure and antibacterial character of lebocins re-by lipopolysaccharide and to occur tissue-specifically
semble those of abaecin, an antibacterial peptide of thein the fat body and hemocytes. Our results suggest that
honeybee, although abaecin is not O-glycosylated.lebocin as well as cecropin forms a multiple gene fam-

Recently, a cDNA encoding lebocin 1 and 2 (lebocinily in B. mori. q 1997 Academic Press

1/2) was isolated from a fat body cDNA library of B.
mori larvae immunized with Escherichia coli (8).
Northern blot analysis using this cDNA as a probe
showed that gene expression was inducible by injectionInsects and other invertebrate organisms do not pos-
of bacteria, occured tissue-specifically in the fat bodysess antibodies found in vertebrates, although proteins
and continued at least 48 h post-infection.having immunoglobulin-like domains have been re-

In order to elucidate the expression mechanisms of leb-ported (1-4). However, insects and other arthropods
ocin genes, we screened a genomic library of B. mori usinghave developed unique and efficient defense systems
the cDNA as a probe and obtained two positive clones.to protect themselves against invading pathogens and
Nucleotide sequencing of these clones revealed that oneparasites (5, 6). For example, quick induction of synthe-
clone encodes lebocin 3 and another one encodes a novelsis and secretion of self-defense molecules like antibac-
member of the lebocin family, designated lebocin 4. De-terial peptides is one of these defense mechanisms.
duced amino acid sequence (mature portion) of lebocin 4Many antibacterial peptides have been isolated from
indicated it to be 96.9% and 87.5% identical to those ofdifferent insect species (6) and can be classified into
lebocin 1/2, and lebocin 3, respectively. Genomic clonesfive major groups; cecropins, insect defencins, attacin-
of lebocin 3 (Leb 3) and lebocin 4 (Leb 4) appeared to belike proteins, proline-rich peptides and lysozymes (5).
intronless, contrary to other B. mori antibacterial proteinProline-rich Lebocins were isolated from immunized
genes such as cecropin B. Expression of both genes washemolymph of the silkworm, Bombyx mori and found
found to be inducible by lipopolysaccharide (LPS) andto consist of 32 amino acids (7). Unique threonine resi-
occured tissue-specifically as observed in the lebocin 1/2dues (see Fig. 4, panel A) in lebocin 1, 2 and 3 are
gene. Our results suggest that lebocin also forms a multi-
ple gene family as observed in cecropins.

1 The sequence data reported in this paper have been deposited
with the DDBJ, EMBL, and GenBank Data Libraries under acces-

MATERIALS AND METHODSsion numbers AB003035 and AB003036, for lebocin 3 and lebocin 4
genes, respectively.

2 Corresponding author. Fax: /81-298-38-6028. E-mail: yamakawa@ Insect. Silkworms, Bombyx mori (Tokai 1 Asahi) were reared on
an artificial diet (Nihonnosanko) at 25 7C.nises.affrc.go.jp.
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FIG. 1. Nucleotide sequences of two lebocin genomic clones. The nucleotide sequences of FS-1 (A) and FS-2 (B) clones along with the
deduced amino acid sequences are shown. The nucleotide numbers are indicated in the right margin of the panels. TATA box and CAAT
box are shown by single underline. Putative LPS responsive element and GATA motif are indicated by bold and thin boxes, respectively.
IL-6 responsive element is shown by double underline. Arrows reveal the direction of LPS responsive element and GATA motif. The
polyadenylation signal (AATAAA) is indicated by a bold wavy line. Stars denote the translation stop codon. Amino acid sequence deduced
from the nucleotide sequence is expressed by a single letter and mature (FS-1) and putative mature (FS-2) peptides are shown in bold
letters. A probable signal peptide and a putative prosegment are as described elsewhere (Refer to reference 8).

Screening of lebocin genes. We screened 1 1 105 plaques of B. positive clones were obtained in the first screening. Screening condi-
mori genomic library constructed with EMBL 3 (10) using a cDNA tions were as described previously (11). These clones were further
encoding lebocin 1/2 as a probe. To prepare a probe the lebocin cDNA screened with the same probe and two clones remained positive.
was amplified by polymerase chain reactions (PCR) using the

Southern blot analysis. Phage DNA was extracted from the twoprimers, 5*-ACAAGCTGGCCAGGAACCGCTATGG-3 * (5*-forward
positive clones, designated FS-1 and FS-2. DNA sample from FS-1 wasprimer) and 5*-ACTTAAGTAATTACGATTCAATG-3 * (3 *-reverse
separately digested with ApaI, Hind III, KpnI, SacI, SacII and XbaI.primer). The resultant 482 bp DNA fragment was labeled with [a-

32P] dCTP (ICN) using a ‘‘DNA labeling kit’’ (Nippon Gene). Five The resultant DNA fragments were electrophoretically separated on
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FIG. 1—Continued

0.8% agarose S gel (Nippon Gene) and transferred onto a Gene Screen the genomic clone) which were labeled with DIG-conjugated dUTP
(Boehringer Mannheim). Prehybridization and hybridization werePlus membrane (Dupont). The membrane was hybridized with the same
carried out overnight at 68 7C for 2 h and 68 7C, respectively. Otherprobe as described above, which was labeled with DIG-conjugated
conditions were as described previously (11).dUTP (Boehringer Mannheim). Among the positve DNA fragments, the

shortest 4.3 kbp XbaI fragment was subcloned into a pBluescript II RT-PCR. PCR based on cDNA (40 ng) synthesized with extracted
(SK/) vector (Stratagene). FS-2 DNA was similarly digested with ApaI, RNA samples was performed under the following conditions; 94 7C
KpnI, SacII and XbaI, and Southern blotting was performed under the for 1 min, 58 7C for 2 min and 72 7C for 3 min (30 cycles). The
same conditions as FS-1. The shortest positive SacI fragment (3.2 kbp) following primers were used; 5*-CCCGATAACACGTACAGT-3 * (5*-
was subcloned into the same vector as described above. forward primer) and 5*-CAACTGTATGATGTGAATG-3 * (3 *-reverse

primer) for FS-1, and 5*-CCCGATAATACGTACAGC-3 * (5*-forwardNucleotide sequencing. The 4.3 kbp XbaI fragment from FS-1 clone
primer) and 5*-CAACTGTATGATGGGAAGA-3 * (3 *-reverse primer)was further digested with XhoI and the resultant fragments (1 kbp and for FS-2. As an internal marker, the following primers based on the3 kbp) were subcloned into pBluescript II (SK/) vector. Similarly, the homologous region of actin genes from insects such as B. mori (12),

3.2 kbp SacI fragment from FS-2 clone was also digested with XhoI Drosophila melanogaster (accession no. K00667, K00668 and
and two DNA fragments (0.8 kbp and 2.4 kbp) were subcloned into the K00669) and Anopheles gambiae (13) were synthesized and used. 5*-
same vector described above. The nucleotide sequence of the 4 subcloned AGCAGGAGATGGCCACC-3 * (5*-forward primer) and 5*-TCCACA-
DNA fragments was determined by a dye terminator cycle sequencing TCTGCTGGAAGG-3 * (3 *-reverse primer).
method using a DNA sequencer (ABI 373A).

Phylogenetic analysis. Computer-aided phylogenetic analysis was
performed using Genetyx-Mac software (unweighted pair-group methodNorthern blot analysis. Total RNA was extracted from fat bodies,
using arithmetic averages, UPGMA) provided by Software Development.hemocytes, mid guts, the Malpighian tubules and silk glands from

the 5th instar larvae (4 days) non-immunized or immunized with
RESULTSLPS. Extracted RNA samples were electrophoresed on 1.2% agarose

containing 6.6% formaldehyde (8). The RNA was transferred onto a Cloning and Structure of Lebocin Genes
Gene Screen Plus membrane (Dupon) and hybridized with probes

In order to examine gene expression mechanisms of an-for FS-1 (838 bp fragment from nucleotide number 1124 to 1962 of
the genomic clone) and FS-2 (820 bp fragment from 596 to 1416 of tibacterial peptides in insects, we screened a B. mori geno-
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mic library using a lebocin cDNA as a probe and obtained
two distinct positive clones, designated FS-1 and FS-2.

Nucleotide sequencing of FS-1 and FS-2 revealed
that these genes do not contain introns (Fig. 1 A and
B). Such intron-less genes are also seen in antibacterial
peptides such as defensin (14) and diptericin (15) from
D. melanogaster. On the contrary, antibacterial peptide
genes like cecropin B(16) from B. mori, cecropin A, B
and D (17, 18) and attacins (19) from the giant silk- FIG. 3. Tissue specific expression of lebocin genes. The sites of

lebocin gene expression were analyzed by both Northern blotting (A)moth, Hyalophora cecropia, cecropin A1, A2 and B (20)
using PCR fragments of FS-1 and FS-2 as probes and RT-PCR (B)from D. melanogaster and Sarcotoxin I and II (21, 22)
using specific primers for two lebocin genes. In panel A and B, leftfrom the flesh fly, Sarcophaga peregrina, are known to and right planels indicate the results of FS-1 and FS-2, respectively.

contain 1-2 introns. Total RNA was extracted from fat body (lane 1), hemocytes (lane 2),
midgut (lane 3), the Malpighian tubule (lane 4) and silk gland (laneFS-1 and FS-2 had an open reading frame encoding
5). The tissues were excised from B. mori larvae immunized with179 amino acids containing a probable signal peptide
LPS. Five mg of RNA sample were used for Northern blot analysis.(16 amino acids), a putative prosegment (104 amino
As an internal marker for Northern blotting, 28S rRNA is shown in

acids) and a mature peptide (32 amino acids) followed lower panels (A). In addition, actin primers were synthesized and
by 27 additional amino acids at its carboxyl-terminus. used for PCR internal marker as shown in lower panels (B). Arrow-

heads indicate the position of positive signals for both Northern blot-A poly-adenylation signal, AATAAA, was present at
ting and PCR. Details of experimental conditions are described in182 and 180 nucleotides after translation stop codon
MATERIALS AND METHODS.(TAG) in FS-1 and FS-2, respectively.

Typical TATA, CAAT boxes and GATA motif (23) were
present in the 5*-upstream regulatory regions of both

by LPS from Gram-negative bacteria. In the upstreamgenes (Fig. 1A and B). There are putative lipopolysaccha-
region of the CAAT box, an identical interleukin 6 (IL-6)ride (LPS) responsive elements in FS-1 and FS-2 (Fig.
responsive element (TGTAGAAAT), which is present in1A and B), suggesting that the gene exression is inducible
acute phase immune related genes in the mammalian
immune system, was seen in FS-1 (Fig. 1A). However,
one nucleotide of this element was lacking (TGTAGAAT)
in FS-2 (Fig. 1B). Unlike B. mori cecropin B genes and
attacin gene, a highly repetitive element, Bm 1(24), was
not present in these lebocin genes.

Inducibility of Lebocin Gene Expression by LPS

Putative LPS responsive elements were present in
FS-1 and FS-2, therefore, we examined inducibility of
expression of these genes by a bacterial cell wall compo-
nent, LPS. For this purpose, silkworm larvae (5th in-
star, 4 days) were injected with LPS and Northern blot
analysis was performed on RNA samples extracted
from fat bodies. As shown in Fig. 2, clear signals were
found with FS-1 and FS-2 probes. Non-injected silk-
worm larvae were similarly investigated as a control
and no positive signals were detected using both FS-1
and FS-2 as probes. The results suggest that expression
of FS-1 and FS-2 is inducible by LPS.

Tissue Specificity of Lebocin Gene Expression

Gene expression in different tissues was investi-
gated by Northern blotting with RNA samples fromFIG. 2. Inducibility of lebocin gene expression by LPS. Total RNA
fat bodies, hemocytes, midguts, the Malpighian tu-was extracted from silkworm larvae non-injected (lanes 1 and 3)

or injected with LPS (lanes 2 and 4). The RNA sample (7 mg) was bules and silk glands. For this, silkworm larvae were
electrophoresed and blotted onto a membrane. Northern blot analysis injected with LPS. Results of Northern blot analysis
was performed on the membrane using PCR fragments of FS-1 (lanes revealed that a clear signal appeared in RNA samples1 and 2) and FS-2 (lanes 3 and 4) as probes. An arrowhead indicates

from fat bodies by FS-1 probe and a weaker signalthe position of positive signals. As an internal marker, 28S rRNA is
shown in lower panels. was observed with FS-2 probe (Fig. 3A). RT-PCR was
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FIG. 4. Sequence identity and phylogenetic relationships of three members of the lebocin family. Amino acid sequences of lebocins 1/
2, 3 and 4 were aligned and compared (A). Identical amino acid residues in one letter are shadowed. Bold letters indicate a mature portion
of lebocins. Numbers of amino acid residues are shown on the left margin of the panel. The phylogenetic relationship (B) was analyzed by
the unweighted pair-group method using arithmetic averages (Software Development).

similarly carried out with the same RNA samples to residue (7, 28, 30). To date, there is a report concerning
structural analysis of a gene encoding unique O-glyco-detect low levels of transcripts in different tissues by

highly sensitive methods. Results of RT-PCR indi- sylated antibacterial peptide, drosocin (32). Cloning
studies of the Drosophila gene indicated that it is acated that both genes were expressed in hemocytes

as well as fat bodies (Fig. 3B). single and intronless gene (32).
We cloned lebocin genes and determined their nucle-

otide sequences. Amino acid sequences deduced fromDISCUSSION
nucleotide sequences of FS-1 and FS-2 were compared
to those of lebocin 1/2 and lebocin 3 (Fig. 4A). ResultsAmong numerous insect antibacterial peptides, lebo-
revealed that FS-1 encodes lebocin 3 and a deducedcins are classified into a specific group that is character-
amino acid sequence from FS-2 indicated that it hasistic for a proline-rich sequence (25). This proline-rich
96.9% and 87.5% identity to sequences of the maturegroup contains abaecin (26) and apidaecin I and II (27)
portion of lebocin 1/2 and lebocin 3, respectively. Thisfrom the honey bee, Apis mellifera, drosocin (28) and
suggests that FS-2 is a novel member of the lebocinmetchnikowin (29) from D. melanogaster, pyrrhocoricin
gene family. Based on these results, we propose to des-(30) from the sap-sucking bug, Pyrrhocoris apterus,
ignate lebocin gene 3 (Leb 3) and 4 (Leb 4) from FS-1metalnikowin I, IIA, IIB and III (31) from a bug, Palo-
and FS-2 genomic clones, respectively. Overall identitymena prasina and lebocin 1, 2 and 3 (7) from the silk-
of the deduced amino acid sequence from Leb 4 showsworm, B. mori. Of these antibacterial peptides, dro-
91.1% and 89.6% to those of lebocin 1/2 and lebocin 3,socin, pyrrhocoricin and lebocin 1, 2 and 3 are known to

carry an O-glycosylated substitution on the threonine respectively, suggesting that these lebocin genes have
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