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Bacillus thuringiensis has been used as a bioinsecticide to control agricultural insects. Bacillus cereus group
genomes were found to have a Bacillus enhancin-like (bel) gene, encoding a peptide with 20 to 30% identity to
viral enhancin protein, which can enhance viral infection by degradation of the peritrophic matrix (PM) of the
insect midgut. In this study, the bel gene was found to have an activity similar to that of the viral enhancin gene.
A bel knockout mutant was constructed by using a plasmid-free B. thuringiensis derivative, BMB171. The 50%
lethal concentrations of this mutant plus the crylAc insecticidal protein gene were about 5.8-fold higher than
those of the BMB171 strain. When purified Bel was mixed with the CrylAc protein and fed to Helicoverpa
armigera larvae, 3 pg/ml CrylAc alone induced 34.2% mortality. Meanwhile, the mortality rate rose to 74.4%
when the same amount of CrylAc was mixed with 0.8 pg/ml of Bel. Microscopic observation showed a
significant disruption detected on the midgut PM of H. armigera larvae after they were fed Bel. In vitro
degradation assays showed that Bel digested the intestinal mucin (IIM) of Trichoplusia ni and H. armigera
larvae to various degrading products, similar to findings for viral enhancin. These results imply Bel toxicity
enhancement depends on the destruction of midgut PM and IIM, similar to the case with viral enhancin. This
discovery showed that Bel has the potential to enhance insecticidal activity of B. thuringiensis-based biopesti-

cides and transgenic crops.

Bacillus thuringiensis is a ubiquitous gram-positive, spore-
forming soil bacterium and produces insecticidal crystal pro-
teins during the sporulation phase of its growth cycle. Because
these insecticidal crystal proteins have activity against certain
insect species, B. thuringiensis has been extensively used as a
biopesticide to control crop pests in commercial agriculture
and forest management. It is also a key source of genes for
transgenic expression and provides pest resistance in plants (2,
20, 30).

The viral enhancin protein was originally described for
granuloviruses (GVs) as a 126-kDa protein that showed an
ability to enhance the infectivity of nucleopolyhedroviruses
(NPVs) (36, 37, 39). It has also been found in several other
GVs (13) and NPVs (19, 27). Considered a pathogenicity fac-
tor, it is not essential for growth of viruses in cell culture or
infected insects but has the function of facilitating GV and
NPV infection and decreasing larval survival time (14, 17,
19, 27).

The widely accepted action mode of the viral enhancin pro-
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tein, which has been identified as a metalloprotease (17), is
that it can disrupt the protective peritrophic matrix (PM),
allowing virion access to the underlying epithelial cells of the
insect gut (17). The PM has a lattice structure formed by chitin
and insect intestinal mucin (IIM), and the viral enhancin pro-
tein targets the IIM for degradation (33).

Enhancin-like genes with 24 to 25% nucleotide identity to
viral enhancin genes have been found in Yersinia pestis, Bacillus
anthracis, Bacillus thuringiensis, and Bacillus cereus genome
sequences (16, 25, 28). When B. cereus enhancin-like protein
was expressed in recombinant Autographa californica multicap-
sid nucleopolyhedrovirus (AcMNPV) budded viruses and poly-
hedral inclusion bodies, it was found to be cytotoxic compared
to viral enhancin protein. However, larval bioassays indicated
that this enhancin-like protein did not enhance infection (8).
Hajaij-Ellouze et al. (12) isolated a B. thuringiensis enhancin-
like gene from a 407 crystal-minus strain and found that this
enhancin-like protein has a typical metalloprotease zinc-bind-
ing domain (HEIAH) and belongs to the PIcR regulon. When
the enhancin-like mutant was fed to Galleria mellonella larvae,
no significant reduction in virulence was observed.

In the present study, we report a B. thuringiensis enhancin-
like gene (bel) encoding a protein (Bel) that has 20 to 30%
identity to the viral enhancin protein and 95% identity to
bacterial enhancin-like proteins. Therefore, Bel function may
have a synergistic action similar to that of the virus enhancin
protein. To understand the biochemical activity of this novel
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Characteristics® Origin or reference
Strains
Escherichia coli
DH5a supE44 AlacU 49 (¢80 lacZAM15) hsd R17 recAl endA1 gyrAog thi™! relAl Amersham Biosciences
BL21(DE3) T7 promoter Amersham Biosciences
Bacillus thuringiensis
BMB171 Nonplasmid and acrystalliferous mutant, subsp. kurstaki, no Cry protein 18
YBT1520 Wild type, subsp. kurstaki crylAa crylAb crylAc cry2Aa cry2Ab 38
Plasmids
pHT304 E. coli and B. thuringiensis shuttle vector; Amp" Erm" oril030 ori ColElL 6.7 kb 1
pDG646 ori E. coli, Amp" Erm', 4.3 kb 10
pDG780 ori E. coli, Amp" Kan', 4.4 kb 10
pBMB0631 Derivative of pDG780, containing temp-sensitive replicon, 6.9 kb 21
pGEX-6P-1 ori E. coli, Amp', 4.9 kb Amersham Biosciences

“ Amp", ampicillin resistance; Erm", erythromycin resistance; Kan", kanamycin resistance.

bacterial gene, bel was knocked out in the plasmid-free strain
BMB171. We expected that this bel mutant would have no
significant reduction in toxicity according to the reports of
Galloway et al. (8) and Hajaij-Ellouze et al. (12). However,
the bel mutant surprisingly resulted in dramatically reduced
CrylAc toxicity to Helicoverpa armigera larvae. To further con-
firm this result, purified Bel was fed together with the CrylAc
protein to H. armigera larvae. We found that Bel can function
as a synergist of CrylAc toxicity against H. armigera. In vivo
and in vitro observations showed that Bel can disrupt the insect
midgut PM and degrade IIM of insect midgut PM. The target
of Bel is the IIM of PM, similar to the results found with viral
enhancin.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The strains and plasmids used in this
study are listed in Table 1. All Escherichia coli strains and B. thuringiensis strains
were maintained on Luria-Bertani (LB) agar plates (1% tryptone, 0.5% yeast
extract, 0.5% NaCl, and 1.5% agar) and supplemented with appropriate antibi-
otics at 37°C and 28°C, respectively.

Cloning of the bel gene from B. thuringiensis strains YBT-1520 and BMB171.
The B. thuringiensis bel genes were amplified from strains YBT-1520 and
BMBI171, respectively, by PCR using genomic DNA as the template with a pair
of primers, which were designed based on the bel gene sequence of YBT-1520,
belP1 (5'-GCCGGATCCATGTATACAATGTTTTTCCTC-3') and belP2 (5'-
GGCGAATTCTTATTCATTATATAAGCTATC-3') (Table 2).

Construction of the bel knockout mutant of strain BMB171. An 840-bp
BamHI-Xbal fragment and an 1,100-bp BamHI-EcoRI DNA fragment, corre-
sponding to the chromosomal DNA regions upstream and downstream of the

TABLE 2. Primers used in this study

Primer Sequence” Prf)_duct
size

EUP1 5'-GCAGGATCCACCGCCAGCACCAGATAT-3’ 840 bp

EUP2 5'-GCATCTAGAGTAACTATAATAATTACACT-3'

EDP1 5'-GCAGAATTCCCTTCCATTTCCTTCGTAT-3’ 1.1 kb

EDP2 5'-GCAGGATCCATATCTGGTGCTGGCGGT-3'

belP1 5'-GCCGGATCCATGTATACAATGTTTTTCCTC-3’ 2.2 kb

belP2 5'-GGCGAATTCTTATTCATTATATAAGCTATC-3'

“ The restriction sites included in the oligonucleotide sequence, used during
the cloning experiments, are underlined.

open reading frame of the bel gene in BMB171, respectively, were generated
by PCR using the oligonucleotide pairs EUP1-EUP2 and EDP1-EDP2 (Table
2). The two amplified DNA fragments were digested with BamHI-Xbal and
BamHI-EcoRI, respectively, and cloned into the temperature-sensitive plasmid
pBMBO0631. Then, the erythromycin resistance cassette (1.6 kb) from plasmid
pDG646 was digested with BamHI and inserted between the two amplified DNA
fragments. The resulting plasmid, pBMB1083, was transformed into strain
BMB171 by electroporation. These transformants were cultivated in LB medium
(containing 10 pg/ml erythromycin) for 8 h. Then, the transformants were cul-
tivated at 42°C for 4 days to climinate the unintegrated temperature-sensitive
plasmid pBMB1083. Erythromycin-resistant (MIC of 25 pg/ml) but kanamycin-
sensitive (MIC of 50 pg/ml) colonies were harvested. The correct mutant strain
was named BMB1084.

Expression and purification of the Bel protein. The gene bel, amplified from
YBT-1520, was inserted into the BamHI and EcoRI sites of the expression vector
pGEX-6P-1 to create the recombinant expression vector pPEMB0717. Then, the
recombinant plasmid was transferred into the E. coli strain BL21(DE3), resulting
in the recombinant EMB0717. The Bel protein was overexpressed in E. coli as a
fusion protein with a glutathione S-transferase (GST) tag. Soluble-state GST-Bel
was purified on a GSTrap FF column as described by the GST'bind kit protocol
(Amersham Biosciences, Uppsala, Sweden) and then dialyzed (against 10 mM
Tris-HCI, pH 8.0, at 4°C), quantified (4), and stored at —80°C.

CrylAc crystal protein preparation and bioassay. The CrylAc crystal protein
was purified from recombinant strain BMB1087 (a BMB171 derivative contain-
ing the full crylAc gene in the vector pHT304 [Table 1]) as described by Luo et
al. (22).

Bioassays were carried out by the diet incorporation method as described by
Gunning et al. (11). Bel was mixed with the CrylAc toxin at different ratios (one
group received Bel:CrylAc at the following ratios: 0:30, 1:30, 2:30, 3:30, 4:30,
6:30, and 8:30; the other group received Bel:CrylAc at the following ratios: 1:0,
1:15, 1:30, and 1:60) in phosphate-buffered saline buffer. The number of neonate
larva used per dilution was 24, and three replicates were conducted with each
dilution. After 3 days of incubation at 25°C, mortalities for each treatment were
recorded. Data were analyzed by the general linear model method and Tukey’s
test at an a value of 0.05 for the nominal criterion level, using the SAS 9.1
software program (SAS Institute, Cary, NC). All the bioassays were conducted
three times for each treatment.

Enhancin isolation. The enhancin (En-Tn) from Trichoplusia ni granulovirus
(TnGV) was isolated from capsules as described previously (7, 9).

PM and IIM preparation and degradation assays. Midguts were isolated from
mid-fifth-instar H. armigera and T. ni larvae and stored at —80°C. PMs were
prepared from midguts of H. armigera and T. ni according to the methods
described by Tanada et al. (32) and stored at —80°C in a solution of 300 mM
mannitol, 5 mM EGTA, and 17 mM Tris at pH 7.5 until needed. IIMs were
isolated from PMs of H. armigera and purified as described by Wang et al. (33).
Degradation assays were conducted using the methods described by Wang et al.
(33) by using prepared PMs and IIMs.

Effects of Bel on PM of H. armigera. Purified Bel was mixed with an artificial
diet at a concentration of 1 wg/ml. Then, 48 fifth-instar H. armigera larvae were
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TABLE 3. Identities and similarities of various kinds of enhancin proteins”

Bacterium or

% Identity/similarity of enhancin protein to protein from:

virus

B. cereus B. anthracis B. thuringiensis LdANPV PsunGV HearGV Y. pestis CtMNPV
B. cereus 100/100 95/98 95/97 22/41 24/42 25/42 30/50 23/41
B. anthracis 100/100 96/98 21/24 24/42 25/42 30/51 24/42
B. thuringiensis 100/100 22/41 24/42 25/42 30/51 24/41
LdNPV 100/100 31/47 31/47 24/41 25/42
PsunGV 100/100 80/89 24/42 23/39
HearGV 100/100 23/41 22/39
Y. pestis 100/100 24/43
CIMNPV 100/100

“ LANPV, Lymantria dispar NPV; CEIMNPV, Choristoneura fumiferana multicapsid NPV; PsunGV, Pseudaletia unipuncta GV; HearGV, Helicoverpa armigera GV.

individually fed this artificial diet in a tube (30 ml) for 1.5 days at 28°C for each
group. Next, intact midguts of H. armigera larvae were removed as described
above and stored in primary buffer at 4°C (1.5% formaldehyde and 2.5% glu-
teraldehyde in 0.1 M phosphate buffer, pH 7.4) (6). Selected midguts were rinsed
three times for 5 min (each) at room temperature in 0.1 M cacodylate buffer (pH
7.4). Samples were secondarily fixed in 1% osmium tetroxide for 1 h, rinsed three
times in cacodylate buffer for 5 min (each), and dehydrated through an ethanol
series (15). Following ethanol dehydration, midgut samples from three to four
larvae were freeze-fractured in liquid nitrogen for scanning electron microscopy
(SEM) as described by Plymale et al. (26).

SDS-PAGE and Western blot analysis. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blotting were performed as de-
scribed by Bourgouin et al. (3). Proteins were separated by SDS-PAGE on a 10%
gel and stained with Coomassie brilliant blue R250 after electrophoresis. Both an
antiserum to 7. ni IIM and an antibody to H. armigera 1IM were used for
detection in Western blotting. The former was kindly provided by Ping Wang,
and the latter was isolated as described previously (34).

Nucleotide sequence accession numbers. The bel nucleotide sequences of
YBT-1520 and BMB171 have been deposited in the GenBank database under
the accession numbers FJ644934 and FJ644935, respectively.

RESULTS

Isolation and characterization of the bel gene from B. thu-
ringiensis. The bel genes were amplified from B. thuringiensis
strain YBT1520 and a plasmid-free strain, BMB171. Both bel
genes revealed an open reading frame of 2,202 nucleotides that
encodes a protein containing 733 amino acids with a molecular
mass of 84 kDa. Sequence comparison showed the two Bel
proteins share 92% identity and 95% similarity. A comparison
among bel, viral enhancin genes, and other bacterial enhancin-
like genes was conducted at the amino acid level (Table 3). The
bel protein showed 22% to 25% identity to viral enhancin
proteins, 30% identity with the enhancin-like protein from
Yersinia pestis, and 95% to 96% identity to the B. cereus group
enhancin-like proteins.

Amino acid sequence alignment revealed that the homology
among Bel, bacterial enhancin-like proteins, and viral enhancin
proteins was high in the N-terminal regions of the proteins. In
the 255- to 259-amino-acid sequence of Bel, a conserved metal
binding motif (HEIAH) similar to that in the reported bacte-
rial enhancin-like proteins was found (HEXXH in viral en-
hancin protein) (8) (Fig. 1A). There is also a conserved glu-
tamic acid in Bel, 20 residues downstream from the first
histidine within the zinc binding sequence (21 residues in Y.
pestis enhancin-like protein; 20 residues in B. cereus enhancin-
like protein; 19 residues in TnGV enhancin protein) (8). The
presence of these features indicates that the Bel protein has
the structural requirements defining a metalloprotease, similar

to the viral enhancin proteins identified by Lepore et al. (17)
and Li et al. (19).

To assess evolutionary relatedness, a phylogenetic tree
was generated using the MEGA software program. In this
analysis, enhancin proteins from Pseudaletia unipuncta GV,
apple stem GV, H. armigera GV, Lymantria dispar multicap-
sid nucleopolyhedrovirus, TnGV, and Xestia c-nigrum GV
were grouped together while enhancin proteins from NPVs
(Mamestra configurata NPV and Choristoneura fumiferana
multicapsid nucleopolyhedrovirus) were clustered together
with the bacterial enhancin-like proteins (Fig. 1B).

B. thuringiensis bel mutant decreases toxicity of the CrylAc
protein to H. armigera larvae. To understand the biochemical
activity of this novel bacterial bel gene, bel was knocked out in the
plasmid-free B. thuringiensis strain BMB171, resulting in the bel
mutant strain BMB1084. Then, pBMB1085, which contains the
crylAc gene, was transferred to BMB171 and BMB1084 to gen-
erate the recombinant strains BMB1087 and BMB108S, respec-
tively. They were the same in their growth curves, spore forma-
tion, and crystal production (data not shown). Their toxicity to H.
armigera larvae was detected with their sporulation cultures at
different concentrations. When the bel gene was knocked out, a
significant reduction in the toxicity of CrylAc was found in the
mutant strain BMB1088. Bioassay results showed that the 50%
lethal concentrations (LCs,s) of BMB1087 and BMB1088 for H.
armigera larvae were 0.46 = 0.05 pl/ml and 2.73 = 0.36 pl/ml,
respectively (regression equations of toxicity, y = 1.3324x +
5.4396 and y = 1.6982x + 4.2599, respectively). (The LCs,, unit is
the amount of fermented cultures per milliliter of contaminated
diet). The relative ratio was 5.8-fold. These results indicated that
deletion of the bel gene tends to decrease CrylAc protein viru-
lence toward H. armigera larvae.

The Bel protein enhances toxicity of the CrylAc protein to
H. armigera larvae. To gain further insight into the biological
function of the bel gene, purified Bel was used to test its
enhancement of CrylAc toxicity to H. armigera larvae. Fig-
ure 2 shows the SDS-PAGE analysis of the soluble fractions
from the expression of pEMB0717 (Fig. 2, lane 4). Major
bands of approximately 112 kDa, corresponding to the ex-
pected molecular masses of GST-Bel fusion proteins, were
observed. Purified GST-Bel fusion proteins were then ob-
tained by affinity chromatography with glutathione Sepha-
rose 4B (Fig. 2, lane 5).

During insect bioassays, the enhancing effect depended on
CrylAc, the Bel dosage, and the ratio of the CrylAc protein to
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A PsunGV GAYYGPFWTAPASSNLG-DYLRI SPTNWHVIHELGHAYDFVFTVN-—-TILIEIWNNSLC
TnGV GAYYGPFWTAPASSNLG-DYLRI SPTNWNVIHELGHAYDFVFTVN-—-TILIEIWNNSLC
HearGV GAYYGAFWTAPASTNLG-EYLRVSPTNANVIHELGHAYDF VF TVN-—-TRLIEIWNNSFC
B. anthracis GAYYGANWTANSTDST——-KMWLDKL SWGTUHE I AHGYQAGFDNQG——IFTGEVSNNLFG
B. thuringiensis GAYYGANWTANSTDST——-KMWLDKLSWGTUHE I AHGYQAGFDNQG——IFTGEVSNNLFG
B. cereus GATYGANWTANSTDST ——-KMWLDKL SWGTLHE I AHGYQAGFDNQG——IFTGEVSNNLFG
YBT1520 GAYYGTNWTANSTDST——-KNWLDKL SWGTUHE I AHGYQAGFDNQG—-IFTGEVSNNLFG
Y. pestis AAYYSNNWIASSSGSINTFWLSPNATNWGCLUHE I AHGYQGGF IDDKY -FSTREVWNNITA
LdNPV AAYYDRNWTAQTNVSHS-RYLQPRATNWLVLHE IGHAYDFQF VSNT ——PALNEVWNNVLA
AsGV AAYYGPFWIGVTTQSFD-LFYNVSI SN IMUHVNHGHAYDFEF ANSK--SIFEETWASIFA
KeenGV EHYYTDAYIANSADTLG-PFLLSTITNWPALHQIGHSYDFNFTNHT ——-VLIEVWSSVLA
CEMNPY AATYNNLTMGQSNSSVEHF YLRPLPTNWGGLHE I AHAY DFHF VRSGP-VPLNEVWNNILC
NacollPV GAYYGKYTMAESSPSHRRFYLTPSKFNWGCLUHE I AHSFDAHF TSNY THADIREVWTNINP
B 46 B.anthracis
sstB thuringiensis
100 B.cereus
100 YBT1520
Y .pestis
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FIG. 1. (A) Partial alignment of Bel protein from YBT-1520 (from position 227 to 281) with enhancin family proteins. The highly conserved
metalloprotease zinc-binding domain (HEIAH) in the region of positions 255 to 259 is shown boxed, whereas the conserved glutamic acid (E) is
underlined. This was analyzed by using the ClustalX software program. (B) Phylogenetic tree of enhancin family. The enhancin amino acid
sequences were aligned using ClustalX, and a neighbor-joining tree was generated. The final phylogenetic tree was generated using MEGA
software, and bootstrap analysis values are displayed for each tree branch. Numbers on each branch indicate the frequency of a given tree branch
after bootstrap analysis (out of 100 replicates). The bar at the bottom of the figure represents the number of amino acid substitutions per site.

the Bel protein. The Bel protein was mixed with the CrylAc
protein at different ratios. CrylAc alone (3 pg/ml) was found
to induce 34.2% insect mortality, while when the same amount
of toxin was mixed with 0.1 pg/ml to 0.8 pg/ml of Bel, larval

30KD —

FIG. 2. SDS-PAGE map of GST-Bel protein expression. M, pro-
tein marker SM0661 (Fermentas); lane 1, E.coli BL21(DE3) contain-
ing pGEX-6p-1 vector without isopropyl-B-d-thiogalactopyranoside
(IPTG) induction, cell pellet; lane 2, BL21(DE3) containing pGEX-
6p-1 vector with 0.8 mM IPTG induction, cell pellet; lane 3, E. coli
BL21(DE3) containing pEMB0717 vector without IPTG induction,
cell pellet; lane 4, E. coli BL21(DE3) containing pEMB0717 vector
with 0.8 mM IPTG induction, cell pellet; lane 5, purified GST-Bel
fusion protein eluted from the glutathione Sepharose bulk; lane 6,
purified GST tag peptide eluted from the glutathione Sepharose bulk.
The acrylamide percentage of the SDS-PAGE gels is 10%.

P

mortality reached 52.5% to 74.4%, respectively. This indicates
that the mortality caused by the CrylAc protein plus the Bel
protein was significantly different from that caused by the
CrylAc protein alone; the mortality caused by the CrylAc
protein was increased with an increase in the Bel protein con-
centration and finally reached saturation (Fig. 3A). On the
other hand, at different CrylAc protein doses, the addition of
0.2 wg/ml Bel can increase CrylAc toxicity significantly. At the
largest CrylAc protein doses (12.5 wg/ml), larval mortality
reached 91.7%, which was increased about 15% over that with
the control. At small CrylAc protein doses (3 pg/ml), larval
mortality reached 65.3%, which was an increase of about 91%
(Fig. 3B). Therefore, the CrylAc protein was more signifi-
cantly virulent at a low concentration than at a high concen-
tration. In controls, insecticidal activity was not observed when
insects were fed GST or GST-Bel at the highest concentration
used (from 10 to 50 pg/ml) alone. This means that CrylAc
toxicity enhancement was due to a synergistic rather than di-
rect effect of the Bel protein, so a significant enhancement of
CrylAc toxicity to H. armigera larvae would be expected if the
Bel protein is added.

Bel destroyed PM of H. armigera in vivo. Viral enhancin
could disrupt the protective PM, allowing virion access to the
underlying epithelial cells of the insect gut (17), and target the
IIM for degradation (33). Here, to understand the mode of
action of the Bel protein during the CrylAc protein infection
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FIG. 3. (A) The Bel protein at different concentrations enhances
CrylAc protein (3 pg/ml) toxicity toward H. armigera in diet incorpo-
ration method bioassays. The CrylAc protein was mixed with purified
Bel at Bel:CrylAc ratios of 0:30, 1:30, 2:30, 3:30, 4:30, 6:30, and 8:30.
(B) The Bel protein enhances CrylAc protein toxicity toward H. ar-
migera in diet incorporation method bioassays. The CrylAc protein
was mixed with purified Bel at Bel:CrylAc ratios of 1:0, 1:15, 1:30, and
1:60. Control treatments included the CrylAc protein at different
concentrations. The figure indicates that the mortality with the CrylAc
protein plus Bel protein treatment showed significant differences from
that with the CrylAc treatment alone at the same CrylAc dosage.

process, in vivo pathogenesis assays with fifth-instar H. ar-
migera larvae treated with the Bel protein were conducted. The
SEM observation showed that the PM of larvae fed an artificial
diet plus Bel was extremely thin, to the point of complete
degradation in some cases, and had a highly porous surface
(Fig. 4C and D). These results demonstrated that the Bel
protein can destroy the PM of H. armigera in vivo, similarly to
the metalloprotease viral enhancin. In contrast, the PMs from
larvae after 1.5 days of feeding on an artificial diet mixed
with GST did not reveal any obvious differences in surface
characteristics compared to the nontreatment groups (Fig.
4A and B).

IIM of H. armigera is target for Bel action. The above data
showed that Bel has an ability to attack the PM of H. armigera
in vivo similar to that of viral enhancins, but the destruction
pattern and target are not clear. Here, in vitro IIM degradation
assays were conducted with purified Bel on H. armigera and T.
ni. The phosphate-buffered saline buffer and 7. ni enhancin
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20kV  X2,000

FIG. 4. Scanning electron micrographs of PM from Helicoverpa
armigera larvae, revealing the influence of Bel on PM structure. (A) ar-
tificial diet fed; (B) artificial diet-plus-GST fed; (C and D) artificial
diet-plus-Bel fed; black arrow points to the PM, white arrow points to
the porous surface. The PM surface was visibly degraded by ingested
Bel in artificial diet-fed larvae. SEM images were taken from the
midguts of fifth-instar H. armigera per treatment.

protein (En-Tn) were used as negative and positive controls,
respectively (Fig. 5). Bel protein exhibited degradation activity
on PM in the midgut of 7. ni (Fig. 5A) and the IIM of H.
armigera (Fig. 5B), which is similar to the functions of the viral
enhancin protein (En-Tn) (35). These results indicated that
the Bel protein has the ability to degrade H. armigera 1IM.

DISCUSSION

Previous studies indicated that B. cereus and B. thuringiensis
enhancin-like proteins have no effects on the enhancement of
virus infection and B. thuringiensis virulence (8, 12). However,

A 1 2 3 B 1 2 3
= b

=._ _

—

FIG. 5. (A) In vitro fifth-instar Trichoplusia ni larval PM assay for
degradation by Bel. The degradation of PM in the larval was analyzed
by Western blot analysis using anti-IIM antiserum. Lane 1, 7. ni PM
treated with Bel; lane 2, T. ni PM treated with En-Tn; lane 3, 7. ni PM.
(B) In vitro HalIM86 assay for degradation by Bel. The degradation of
HalIM86 was analyzed by Western blot analysis using anti-HalIM86
antiserum. Lane 1, HalIM86 treated by Bel; lane 2, HalIM86 treated
by En-Tn; lane 3, HalIM86.
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in the present study, we found the Bel protein from B. thurin-
giensis significantly enhanced the effect of CrylAc toxin against
H. armigera lepidopteran larvae. Discrepancies existing be-
tween the conclusion from our study and previous reports may
be due to whether spore germination occurs in the intestine of
insects or there is an amino acid sequence difference in Bel
genes. When Hajaij-Ellouze et al. (12) performed bioassays
with Galleria mellonella, spores of Bt-407 Cry~ or mutant
strains with the CrylC crystal protein were used as toxins.
However, some Cry~ spores of B. thuringiensis were not able to
germinate in the normal intestinal tract of insects (5). Perhaps
bel may not have been expressed and therefore the Bel protein
was not assessed in the experiment of Hajaij-Ellouze et al.
Galloway et al. (8) found that purified bacterial enhancin-like
protein did not show IIM degradation activity in vitro. There were
differences between our protein and their protein, because the
Bel protein used in this study was truncated N-terminally by 9
amino acids compared with the bacterial enhancin-like protein.

The biological activity of viral enhancin protein in terms of
its ability to increase the efficacy of NPV and GV infection of
insect larvae has been well documented (17, 33). Two mecha-
nisms have been suggested for viral enhancins activity, namely,
enhancement of virus-host midgut cell fusion and degradation
of peritrophic matrix proteins by metalloprotease activity. In
the present study, we found bel gene deletion reduced CrylAc
toxicity to H. armigera larvae (Table. 4) while the purified Bel
protein can function as a synergist of CrylAc toxicity against H.
armigera (Fig. 3A and B). An explanation of the observed
synergism is that the Bel protein can attack the PM of H.
armigera to increase toxin permeativeness. In fact, significant
perforation (Fig. 4C and D) was detected by SEM on the
midgut PM of H. armigera larvae that were fed the Bel protein,
increasing the ability of the crystal protein to gain access to the
epithelial membrane, where its receptors are located (24), sim-
ilar to the report of Regev et al. (29). Further, in vitro degra-
dation assays also showed that the Bel protein can degrade IIM
of T. ni and H. armigera larvae as did the viral enhancin protein
(Fig. 5). These results indicated that the toxicity enhancement
of the Bel protein is dependent on the destruction of midgut
PM of insect larvae. This situation is similar to that of viral
enhancin protein in terms of increasing the efficacy of NPV
infection of insect larvae. The Bel protein can also degrade
IIM of different lepidopteran species (Fig. SA and B). It is
interesting to note that Bel has a greater synergistic effect on
CrylAc toxicity when the toxin concentrations are relatively
low (Fig. 5B), suggesting that PM degradation by Bel is less
important at higher CrylAc concentrations (greater than 10
p.g/ml).

Furthermore, based on the phylogenetic analysis of all the
enhancin proteins (Fig. 1B), the B. cereus group contains other
closely related organisms: B. cereus, an opportunistic pathogen
of humans; B. anthracis, a mammalian pathogen; and B. thu-
ringiensis, an insect pathogen (8, 16, 28, 31). The presence of
bel genes in the B. cereus group led to the suggestion that these
organisms evolved from a common ancestor and the insect
intestine may be the natural habitat for the ancestor. The
relationship of the B. cereus gorup to insects was discussed in
some previous reports. For example, Ivanova et al. (16), based
on the genome sequence and the deduced metaboic analysis,
showed that B. thuringiensis and other B. cereus group mem-
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bers have fewer genes for carbohydrate catabolism and more
genes for amino acid metabolism than B. subtilis. These obser-
vations suggest that proteins, peptides, and amino acids may be
a preferred nutrient source for the B. cereus group (16) and
support the observations of Margulis et al. (23) that the insect
intestine could have been the natural habitat for the common
ancestor of the B. cereus group.

In the present article, we report that the Bel protein in B.
thuringiensis can degrade the PM and IIM of different lepi-
dopteran species (Fig. 5A and B), which is similar to the case
with of viral enhancins. If the B. cereus group ancestor resided
in the guts of insects and was this insect virus’s host, bel genes
in the B. cereus group and the viral enhancin gene originated
with a common ancestor. The Y. pestis enhancin-like gene is
flanked by a tRNA gene and transposase fragments, which may
suggest that this bacterium obtained its enhancin-like gene via
horizontal transfer (8). However, tRNA gene and transposase
fragments like that of the Y. pestis enhancin-like gene do not
flank bacterial bel genes in the B. cereus group. In any event,
the origin of bacterial bel genes in the B. cereus group and
whether bacterial bel genes appeared earlier than the viral
enhancin gene require further study.

In summary, the present study reported that the Bel protein
enhances CrylAc toxicity to H. armigera larvae by degrading
the IIM. Our discovery has important implications related to
the use of this protein to enhance insecticidal activity of B.
thuringiensis toxin-based biopesticides and transgenic Bt crops.
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