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The entomopathogenic bacterium Bacillus thuringiensis is known to secrete a zinc metalloprotease (InhA)
that specifically cleaves antibacterial peptides produced by insect hosts. We identified a second copy of the inhA4
gene, named inhA2, in B. thuringiensis strain 407 Cry~. The inhA2 gene encodes a putative polypeptide showing
66.2% overall identity with the InhA protein and harboring the zinc-binding domain (HEXXH), which is
characteristic of the zinc-requiring metalloproteases. We used a transcriptional inh42'-lacZ fusion to show that
inhA2 expression is induced at the onset of the stationary phase and is overexpressed in a Spo0A minus
background. The presence of a reverse Spo0A box in the promoter region of inh42 suggests that Spo0A directly
regulates the transcription of inhA2. To determine the role of the InhA and InhA2 metalloproteases in
pathogenesis, we used allelic exchange to isolate single and double mutant strains for the two genes. Spores and
vegetative cells of the mutant strains were as virulent as those of the parental strain in immunized Bombyx mori
larvae infected by the intrahemocoelic route. Exponential phase cells of all the strains displayed the same in
vitro potential for colonizing the vaccinated hemocoel. We investigated the synergistic effect of the mutant
strain spores on the toxicity of CrylC proteins against Galleria mellonella larvae infected via the oral pathway.
The spores of AinhA2 mutant strain were ineffective in providing synergism whereas those of the Ainh4 mutant
strain were not. These results indicate that the B. thuringiensis InhA2 zinc metalloprotease has a vital role in
virulence when the host is infected via the oral route.

Bacillus thuringiensis is a gram-positive, spore-forming bac-
terium that is a member of the Bacillus cereus group (Bacillus
anthracis, B. cereus, Bacillus mycoides, and B. thuringiensis). B.
thuringiensis is well known for its insecticidal activity, which is
mainly due to the crystallized 8-endotoxins produced upon
spore formation. After ingestion by susceptible insects, the
8-endotoxins (also termed Cry proteins) are dissolved. They
are then activated in the insect’s gut before binding to epithe-
lial cell-specific receptors, causing cell lysis and death (49). B.
thuringiensis spores and vegetative cells also have insecticidal
activity (12, 21, 58). Indeed, mutants lacking 8-endotoxins are
still pathogenic when injected into certain Lepidopteran lar-
vae. Moreover, the addition of B. thuringiensis and B. cereus
spores or vegetative cells strongly increases the insecticidal
activity of Cry toxins against some insect species that are
weakly susceptible following the ingestion of crystals alone (26,
32, 46). The appearance of bacteria in the hemocoel when
spores are added to the crystals suggests that the synergism is
due to septicemia (36). The PIcR regulon (46) and the Vip3A
toxin (10) are involved in this synergism.

Pathogenic bacteria express a myriad of virulence or meta-
bolic genes in their hosts. The factors produced by these genes
allow the pathogen to survive in the hostile environment of the
host, to escape the immune system, and to establish a biotope
where they can proliferate. We do not know how B. thuringien-
sis cells or spores manage to invade and to kill insects after
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hemocoelic inoculation. However, B. thuringiensis is highly re-
sistant to the humoral defense system of the host, especially to
cecropins and attacins, which are the main classes of inducible
antibacterial peptides in various lepidopterans and dipterans
(5, 23, 24). A zinc metalloprotease secreted by B. thuringiensis,
termed InhA or InA, specifically hydrolyzes cecropins and at-
tacins in the immune hemolymph of Hyalophora cecropia in
vitro (8, 12).

Although the degradation of cecropins and attacins by InhA
may partly explain the success of the bacterium in invading
hemocoel, the importance of this protease in virulence has
been debated (8, 33, 51). Indeed, the role of InhA in resistance
to the humoral defense system is not consistent with the time
course of InhA production. Steiner (53) studied the kinetics of
InhA production in the hemolymph of H. cecropia infected
with B. thuringiensis cells and found that the concentration of
this protease was maximal long after insect death. Moreover, a
chromosomal transcriptional inhA'-lacZ fusion showed that
inhA expression starts at the onset of sporulation and is indi-
rectly activated by SpoOA (18). This late expression of inhA is
not consistent with the production of the antibacterial peptide,
which is an initial host defense reaction (12, 40, 57). Another
putative role is suggested by the fact that purified InhA has a
lethal effect when injected to the insect host. The symptoms
associated with the administration of InhA are typical of tox-
emia and not bacterial septicemia (33, 51).

Southern blot analyses have shown that multiple copies of
inhA-like genes are present in some B. thuringiensis strains
(33). Here, we report the characterization of a gene encoding
a putative metalloprotease that is very similar to InhA in B.
thuringiensis strain 407 Cry ™. This gene was designated inhA2.
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TABLE 1. Primer sequences used in this study

Name Nucleotide sequence” RCS“TC'

tion site

InBl  5'-CGCGGATCCATGCAATTTTGCATATTGTC-3' BamHI
InB2  5'-CCGGAATTCACTAATCACGTGCGCC-3' EcoRI
InB3  5'-CGGAATTCGGAGTTTGGAAAGCATGC-3’ EcoRI

InB4  5'-CCCAAGCTTTTGTGTATAGCCAAGTAAC-3’ HindIII

InB8  5'-AAACTGCAGCATGCAATTTTGCATATTGTC-3' Pstl
InB9  5'-CGCGGATCCCTCTTTTGCTGGCGTTTCTGC-3’ BamHI
Bext.1 5'-CCCTCCAGTTTTCTGGTCAGACCCTCTATC-3'

BosqBt 5'-AAACTGCAGCCCAGCAAACGTAATTGCTTC-3’ Pstl
B9sgBt 5'-CGCGGATCCCTCTTTTGCTGGCGTTTCTGC-3’ BamHI
Bex2  5'-AAACTGCAGGTTTAATGTTTATAGAATTATGTC-3" Pstl
B2sq 5'-CGTTTTGATTCCCATCCCCG-3’

inB2sq 5'-GGTTAACTGTTCCAGGAAAAGC-3’

inB3sq 5'-GCATGCTTTCCAAACTCCGG-3’

inB4sq 5'-GCGTGGTGTAGGAGTTCCTAC-3'

@ Restriction sites are underlined.

The transcription start site of inhA2 was determined, and the
regulation of inhA2 expression in different B. thuringiensis ge-
netic backgrounds was studied. Allelic exchange was used to
construct single and double mutants for the two inhA genes,
and these mutants were studied to determine the respective
roles of the two genes in pathogenesis. Two different infection
models were used: Bombyx mori larvae for the injection exper-
iments and Galleria mellonella larvae for the force-feeding
assays.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Escherichia coli K-12 strain TG1
[A(lac-proAB) supE thi hsd-5 (F' traD36 proA™ proB™ lacI lacZAM15)] (15) was
used as a host for cloning experiments. E. coli strain SCS110 [rpsL (Str") thr leu
endA thi-1 lacY galK galT ara tonA tsx dam dem supE44 A(lac-proAB) (F' traD36
proA™ proB* lacllacZAM15)] (Stratagene, La Jolla, Calif.) was used to prepare
DNA, which was then transformed into B. thuringiensis. Alternatively, E. coli
strain ET 12567 (F~ dam-13::Tn9 dem-6 hsdM hsdR recF143 zjj-202::Tnl10 galK2
galT22 aral4 pacYl xyl-5 leuB6 thi-1) was used. Cells of E. coli strains TG,
SCS110, and ET12567 were grown in LB (Luria broth) with vigorous shaking at
37°C. Conventional CaCl, or electroporation procedures were used to transform
E. coli (11), and the transformants were selected on LB plates supplemented with
ampicillin (100 pg ml™") or kanamycin (20 pg ml™1).

The acrystalliferous B. thuringiensis wild-type strain (407 Cry~) belonging to
serotype 1 (31) and the asporogenic and acrystalliferous 407 Cry~ Aspo0A
mutant strain (29) were used throughout this study. B. thuringiensis 407 Cry~
carrying a disrupted inhA gene (407 [inhA'-lacZ]) has been described previously
(18). In this study, this strain was designated 407 Cry~ AinhA. B. thuringiensis
cells were transformed by electroporation as described previously (31). Trans-
formants were selected on LB plates supplemented with kanamycin (200 pg
ml™"), erythromycin (10 pg ml™"), or kanamycin (200 pg ml~') plus erythro-
mycin (3 pg ml™).

Spores of the various B. thuringiensis strains were obtained by culturing cells in
10 ml of sporulation-specific (HCT) medium (28) at 30°C for 3 days. Spores were
harvested by centrifugation (16,000 X g; 2 min), washed twice with distilled water
(twice, each time with 2 ml), and finally resuspended in 2 ml of sterile distilled
water. The concentrations of the spore preparations were estimated by plating
them onto LB agar plates containing appropriate antibiotics.

The CrylC toxins were prepared from the asporogenic strain 407 AsigK (6)
transformed with pHT1C (47) as described by Gominet and colleagues (16).

Nucleic acid manipulations. Plasmid DNA was extracted from E. coli by a
standard alkaline lysis procedure using QIA prep spin columns (Qiagen). Chro-
mosomal DNA was extracted from B. thuringiensis cells harvested in mid-log
phase as described previously (42). Restriction enzymes and T4 DNA ligase were
used as recommended by the manufacturer (Biolabs New England). Oligonucle-
otide primers (Table 1) were synthesized by Genset (Paris, France). PCRs were
performed in a GeneAmp PCR system 2400 thermal cycler (Perkin-Elmer).
Amplified DNA fragments were purified using the QIAquick PCR purification
Kit (Qiagen) and migrated on 0.7% agarose gels after digestion. Digested DNA
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fragments were extracted from agarose electrophoresis gels using a centrifugal
filter device (Ultrafree-DA; Amicon Laboratories). The double-stranded DNA
was then cloned and sequenced by the dideoxy-chain termination method (48)
using the T7 sequencing kit from Pharmacia P-L and [«->>S]dATP (15 TBg;
Amersham, Little Chalfont, United Kingdom). Some nucleotide sequences were
determined by Genome Express (Paris, France).

Plasmid and mutant strain constructions. The inhA2 gene in B. thuringiensis
407 Cry~ and 407 Cry~ AinhA was disrupted as follows. First, 1,066-bp BamHI-
EcoRI and 1,183-bp EcoRI-HindIII DNA fragments, corresponding to the chro-
mosomal DNA regions upstream and downstream of the inhA2 gene, respec-
tively, were generated by PCR using the oligonucleotide pairs InB1-InB2 and
InB3-InB4 (Table 1). A kanamycin resistance (Km") cassette was purified from
pDG783 as a 1.5-kb EcoRI fragment carrying the aphA3 gene from Enterococcus
faecalis (54). The amplified DNA fragments and the Km" cassette were digested
by appropriate enzymes and cloned between the HindIII and the BamHI sites of
the thermosensitive plasmid pRN5101, conferring erythromycin resistance to
gram-positive hosts and ampicillin resistance to E. coli (55). The resulting plas-
mid was verified by restriction mapping and used to transform the wild-type
strain 407 Cry~ and the mutant strain 407 Cry~ AinhA. Strains that were resis-
tant to kanamycin and sensitive to erythromycin arose through a double-cross-
over event in which the chromosomal wild-type copy of inhA2 was deleted and
replaced with the Km" cassette (29). The chromosomal allele exchange was
checked by PCR using appropriate oligonucleotide primers. The corresponding
mutant strains were designated 407 Cry~ AinhA2 and 407 Cry~ AinhA AinhA2.

A transcriptional inhA2'-lacZ fusion was constructed using a PstI-BamHI
DNA fragment corresponding to the upstream region of inhA2 that was gener-
ated by PCR using the primer pair InB8 and InB9 (Table 1). The PCR fragment
was digested by appropriate enzymes, purified as a 438-bp fragment, and ligated
between the BarmHI and PstI sites of pHT304-18'Z (2). The recombinant plas-
mid, designated pHT304-inhA2'Z, was introduced into the B. thuringiensis wild-
type strain (407 Cry ) and the mutant strain (407 Cry~ Aspo0A) by electropo-
ration. Transformants were named 407 Cry~ [pHT304QinhA2'Z] and 407 Cry
Aspo0A [pHT3040inhA2'Z), respectively.

Mapping of mRNA start site by primer extension. Total RNA was extracted
from wild-type B. thuringiensis (407 Cry ™) cells grown in LB at 30°C with shaking.
The inhA2 transcription start site was determined by primer extension as de-
scribed previously (3) using a synthetic 30-mer oligonucleotide, Bext.1 (Table 1),
which is complementary to the DNA sequence at positions —132 to —162 with
respect to the translational start site of inhA2 gene. DNA sequencing was per-
formed by the dideoxy chain termination method with the primer Bext.1 and
using the double-stranded pHT3040inhA2'Z as the template.

B-Galactosidase assay. The B. thuringiensis strains harboring lacZ transcrip-
tional fusions were cultured in LB or in sporulation-specific medium (HCT) at
30°C. B-Galactosidase specific activities were measured as described previously
(42). The specific activities are expressed in units of B-galactosidase milligram ™"
of protein (Miller units).

Determination of B. thuringiensis 407 Cry~ inhA2 nucleotide sequence. Four
pairs of oligonucleotides (B1 [B6sqBt-B9sqBt], B2 [Bex2-B2sq], B3 [inB2sq-
inB3sq], and B4 [inB4sq-InB4]) (Table 1) were designed based on the available
B. anthracis nucleotide sequence. These primers were used to amplify four
fragments of 595, 1,025, 765, and 1,290 bp, respectively, using 407 Cry~ chro-
mosomal DNA as a template. The four fragments are overlapping and cover the
entire inhA2 region from position —482 to +240 with respect to the ATG start
and TAA terminal codons of the inhA2 coding sequence, respectively. PCR were
carried out in a reaction volume of 100 pl containing 200 uM deoxynucleoside
triphosphates, 3.5 mM MgSO,, 50 pmol of each primer, 0.5 pg of B. thuringiensis
strain 407 Cry~ chromosomal DNA, and 0.5 U of Pwo DNA polymerase (Roche
Boehringer) in a 1X reaction buffer. PCR products were purified by use of the
QIA quick PCR purification Kit (Qiagen) and then eluted from agarose gel
electrophoresis and sent to Genome Express (Paris, France) for sequencing.

Computer analysis of sequence data. Preliminary sequence data for B. anthra-
cis was obtained from the Institute for Genomic Research (TIGR) website
(http://www.tigr.org). Translated open reading frames (ORFs) from TIGR were
used for Blast searches of the nonredundant National Center for Biotechnology
Information (NCBI) protein database (http://www.ncbi.nlm.nih.gov/). The signal
PV1.1 predictor server was used to identify potential cleavage sites.

Insects and their immunization. G. mellonella eggs were hatched at 30°C, and
the larvae were reared on bees wax and pollen (Naturalim). Eggs of B. mori
strain nistari were provided by INRA (Unité Nationale Séricicole, Lyon, France)
and incubated at 25°C. The resulting larvae were reared on a commercially
available artificial diet (Fukui and Co., Ltd., Yokohama, Japan).

Silkworm larvae on the first day of the fourth and fifth instars were immunized
as follows. Cells of E. coli K12 strain TG1 was grown overnight in LB at 37°C and
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then washed twice and suspended in sterile water. We then injected 10 pl of the
suspension, containing about 10° viable cells, through the intersegmental mem-
brane between the fourth and the fifth abdominal legs of the larvae by using a
1-ml Terumo syringe and a microapplicator (Burckard type LV. 65.).

In vivo experimental infections. Pathogenicity assays were carried out on B.
thuringiensis vegetative cells as follows. Cells of wild-type and mutant strains of
B. thuringiensis were grown in LB medium devoid of antibiotics at 30°C and with
shaking. Bacterial concentrations were determined by measuring the optical
density at 600 nm and verified by plating dilutions onto LB agar plates supple-
mented with appropriate antibiotics. We injected about 18 to 20 vegetative cells
into a group of 50 silkworm larvae in the fourth instar 2 days after immunization
as described above. Larvae were maintained individually in plastic containers at
25°C. They were checked daily, and mortality was recorded on the first and the
second days postinfection. The killing activity of the spores of each strain was
assessed on immunized B. mori larvae, as reported for vegetative cells, except
that three different doses were tested on groups of 30 larvae, and the 50% lethal
dose (LDs,) was established. A control group was injected with sterile water.

Groups of 25 last instar G. mellonella larvae, weighing about 200 mg, were
force-fed with spore-crystal suspensions in sterile water (10 pl of larva™') by
using 0.5-by-25-mm needles (Burckard Manufacturing) and a microinjector
(Burckard). The larvae were kept individually in boxes containing beeswax and
pollen at 25°C. Experiments were repeated three times. Mortality was recorded
1, 2, and 3 days postinfection.

In vitro assays. In vitro experimental infections were performed in immune
hemolymph pooled from fifth instar B. mori larvae 48 h after immunization. The
surfaces of the larvae were cleaned with 70% ethanol and dried. Hemolymph was
collected by capillary action, in a sterile, ice-cooled Eppendorf tube, by cutting
off the abdominal leg. We mixed 20 ul of a dilution containing about 7 X 10*
viable cells of the appropriate strains with 200 pl of immunized hemocoel and
incubated the mixture at 28°C for 2 h. During this period, 20-pl portions were
withdrawn at 30-min intervals and spread on LB plates for viable count assays.
The experiments were repeated three times for each test. For the control exper-
iments, the reaction mixture contained 1.1 X 10° cells of E. coli strain TG1 and
200 wl of natural or cell-free hemolymph of B. thuringiensis obtained from
untreated or vaccinated insects. Cell-free hemolymph was obtained by centrifu-
gation at 16,000 X g for 2 min.

Statistical analysis. The mortality data following spore injections were ana-
lyzed by calculating LDs,s by use of the Log-Probit program of Raymond and
colleagues (45), based on work by Finney and colleagues (14).

The mortality rate caused by the injection of vegetative cells was analyzed by
Fisher’s exact test on 2-by-2 contingency tables as implemented by the JMP IN
3.0 software program.

The killing activities of spores following force-feeding were compared by
Student’s ¢ test.

Nucleotide sequence accession number. The nucleotide sequence of the
3,087-bp DNA region including the B. thuringiensis inhA2 gene has been sub-
mitted to the GenBank database under accession no. AF421888.

RESULTS

Identification of inhA2 metalloprotease gene in B. thurin-
giensis strain 407 Cry~. Some B. thuringiensis strains possess
multiple copies of the inhA gene (33). Southern blot hybrid-
izations performed on B. thuringiensis 407 Cry~ chromosomal
DNA probed with an internal fragment of the inhA gene re-
vealed two bands (data not shown).

The amino acid sequence of InhA from B. thuringiensis
strain 407 Cry~ (17) was used to search the unfinished B.
anthracis genome database obtained from the TIGR website.
This revealed the presence of two highly similar peptide se-
quences. The most similar amino acid sequence (93% identity)
was the putative B. anthracis InhA protein. The other amino
acid sequence shared 67% identity with InhA. This sequence
was encoded by an ORF located in B. anthracis contig number
3920. We designated this ORF the inhA2 gene. The chromo-
somal region of B. thuringiensis strain 407 Cry containing the
entire inhA2 gene was amplified by PCR, and both strands
were sequenced. The inhA2 gene is predicted to encode a
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protein of 800 amino acid residues with a calculated molecular
mass of 87.8 kDa. Alignment of InhA and InhA2 amino acid
sequences showed a high degree of identity (66.2%) (Fig. 1).
Both InhA and InhA2 amino acid sequences lack cysteine
residues and contain the zinc-binding motif (HEXXH), which
is characteristic of the zinc-metalloprotease family (27). A po-
tential cleavage site was found between positions 32 and 33
(AYA-ET) of InhA2 protein by the Signal P V1.1 Predictor
server (Fig. 1). The ATG codon is preceded by a typical ribo-
some binding sequence (AAAGGAG) at an appropriate dis-
tance (Fig. 2A). The TAA stop codon is followed by a probable
rho-independent transcription terminator stem-loop sequence
(TTTTCGTGTAAGAAGTATACTTCTCACAC GAAAA).

Determination of transcriptional start site of inh42 and
analysis of inhA2 gene expression in B. thuringiensis. The tran-
scriptional start site for inhA42 was mapped by primer extension
analysis using a synthetic oligonucleotide Bext.1 and total
RNA extracted from 407 Cry~ cells growing exponentially, at
the onset of (¢,) and during (¢,) stationary phase. At ¢, and ¢,,
a transcript was detected with its 5" end 267 bp upstream from
the presumed inhA2 start codon (Fig. 2B). The putative —10
and —35 boxes of the inhA2 promoter (Fig. 2A) resemble the
o promoter consensus (TTGACA, 16 to 18 bases, TATAAT)
of Bacillus subtilis (39).

To assess the transcriptional activity of the inhA2 promoter,
we constructed a transcriptional fusion between the 438-bp
DNA region extending upstream from the inhA2 start codon
and the lacZ gene in pHT304-18'Z. The B. thuringiensis strain
407 Cry~ carrying pHT304QinhA2'Z was cultured in LB me-
dium and in a sporulation-specific medium (HCT) at 30°C.
B-Galactosidase production was measured at different stages
of growth between ¢_, (1 h before the onset of the stationary
phase) and ¢, (4 h after the onset of stationary phase) (Fig.
3A).

In LB medium, the level of inhA2-directed B-galactosidase
synthesis was very low during exponential growth. It increased
at the onset of the stationary phase and reached a maximum
specific activity of 1,600 Miller units at ¢, ;. In HCT medium,
the cells did not produce B-galactosidase at any point in the
growth cycle (<10 Miller units).

Effect of spo0A null mutation on inhA2 expression. Spo0A is
the key factor involved in the initiation of sporulation (22). We
analyzed the expression of the inhA2'-lacZ fusion in a B. thur-
ingiensis spo0A mutant to investigate the effect of a spo0A4 null
mutation on inhA2 expression. The 407 Cry~ Aspo0OA strain
carrying pHT3040inhA2'Z was grown in LB and HCT and
B-galactosidase activity was monitored at various stages of
growth (Fig. 3B). In HCT medium, the cells produced B-ga-
lactosidase from 7_; and a value exceeding 3,000 Miller units
was reached at ¢ ,. In LB medium, the pattern of inhA2'-lacZ
expression was quite similar to that of the wild-type strain
harboring pHT304Q0inhA2'Z (Fig. 3A and B). Analysis of the
inhA2 gene promoter region revealed the presence of a reverse
Spo0A box (5'-TGTCGAA-3") (52) located 208 bp down-
stream from the transcriptional start site (Fig. 2A). These
results suggest that the binding of Spo0OA downstream from the
inhA2 promoter prevents the transcription of inhA2.

Virulence of vegetative cells and spores following intra-
hemocoelic inoculation. Preliminary experiments indicated
that B. mori larvae were highly susceptible to B. thuringiensis
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FIG. 1. Alignment of the B. thuringiensis InhA2 amino acid sequence with that of InhA (18). Numbers indicate positions in amino acid
sequence. Identical residues are shaded. The conserved zinc-binding domain (HEXXH) is boxed.

407 Cry ™ cells. The LDy, was less than five injected vegetative
cells per larva (data not shown). Thus, this insect was used to
determine the effect of inhA and inhA2 mutations on virulence.
No difference was observed between the mutant strains and the
wild type with respect to the killing activity of vegetative cells
when normal B. mori larvae were used (data not shown). Due
to the putative role of InhA in the degradation of cecropins, we
performed virulence tests on immunized B. mori larvae. B.
mori produces different types of antibacterial peptides, includ-
ing cecropins, about 2 days after injection of E. coli K-12 cells
(40, 41). About 18 to 20 exponentially growing cells (causing 90
to 95% mortality in the case of the 407 Cry  strain) of the
mutant strains were injected into the hemocoel of fourth instar
B. mori larvae at day 2 postvaccination. Infection of each mu-
tant strain (AinhA, AinhA2, and AinhA AinhA2) resulted in a
mortality rate of between 88 and 96% on day 2 (Table 2). No
significant differences were found between the B. thuringiensis
mutant and wild-type strains with respect to the killing effect of
vegetative cells (Fisher’s test; P value was >0.05 in all cases)
(Table 2). Similarly, the inhA and the inhA2 mutations did not
reduce the rate of killing: the percentage of mortality at 24 h
(86 to 90%) is comparable to that observed with the wild-type
cells (90 to 94%) (data not shown). The immune silkworm
blood was assessed for in vitro killing activity on the various
strains of B. thuringiensis. The results show that the mutant and

wild-type 407 Cry~ strains survive in immunized hemolymph
and grow similarly (Fig. 4). In contrast, E. coli cells survived
naive hemolymph but were killed a few minutes after inocula-
tion of immunized hemolymph (data not shown).

We also examined the effect of injecting mutant and wild-
type spores on the mortality of immunized B. mori larvae
(Table 3). In all the cases, the injection of spores resulted in a
high mortality rate; 24 h after injection, the LDs, ranged from
9 to 15 spores injected per larva. The LDy,s were not signifi-
cantly different, as the confidence intervals overlapped each
other.

Virulence of spores following force-feeding. It has been pre-
viously reported that B. thuringiensis 407 Cry~ spores have a
significant synergistic effect on the toxicity of sublethal doses of
the CrylC toxin in G. mellonella larvae following infection via
the oral route (46). Based on these results, the synergism of the
various AinhA and AinhA2 mutant spores was assessed and
compared to the synergistic effect of the wild-type spores (Fig.
5). Very low mortality (<10%) was obtained following the
ingestion of the crystals (3.2 g larva—") or spores (10° spores
larva~') alone. A clear pattern of synergism was obtained
when the Cryl1C protein was mixed with the parental 407 Cry™
strain spores. The level of synergism with inhA-deficient mu-
tant spores was not significantly different from that obtained
with the wild-type (Student’s ¢ test; P > 0.01). Synergism was,
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FIG. 2. Analysis of the inhA2 promoter region. (A) Sequence of the inhA2 promoter region. The putative —10 and —35 boxes of the inhA2
promoter are boxed. The potential ribosome binding site and the start codon (ATG) are underlined. The potential reverse Spo0A box is indicated
in bold. The broken arrow indicates the transcriptional start site. (B) Mapping of the inhA2 transcriptional start site by primer extension. Total
RNA was isolated from B. thuringiensis strain 407 Cry~ 1 h (¢_,) before and 0 (¢,) and 2 h (z,) after the beginning of the stationary phase. RNA
was subjected to primer extension using the oligonucleotide Bextl. Lanes A, C, G, and T show the sequence of the promoter region of the inhA2

gene.

however, significantly attenuated with the spores of 407 Cry ™~
AinhA2 and 407 Cry~ AinhA AinhA2 (Student’s ¢ test; P <
0.01) with a larger decrease in mortality for the inhA2-deficient
mutant.

DISCUSSION

We describe the identification and the transcriptional anal-
ysis of inhA2, a gene encoding a protein that is highly similar to
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the B. thuringiensis InhA metalloprotease. The inhA and inhA2
genes coexist in B. thuringiensis strain 407 Cry ™. Both InhA and
InhA2 amino acid sequences contained the canonical zinc-
binding consensus motif (HEXXH), which is highly conserved
in the zinc-containing metalloproteases (27). In this motif, the
two histidine residues function as the first and the second zinc
ligands. According to the recent classification system proposed
for the zinc-requiring metalloproteases, InhA and InhA2 be-
long to the zincin superfamily. This superfamily has been di-
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FIG. 3. SpoOA negatively regulates the expression of inhA2. Expression of inhA2'-lacZ in strains 407 Cry~ (m, J) (A) and 407 Cry~ Aspo0A
(@, O) (B) at 30°C was determined. Open and solid symbols indicate B-galactosidase activity expressed in units/milligram of protein (Miller units)

when the strains were grown in LB and HCT, respectively.
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TABLE 2. Bombyx mori mortality after injection of vegetative
cells of B. thuringiensis mutant strains”

. N N 407 Cry~ AinhA
Time after 407 Cry~ AinhA 407 Cry~ AinhA2 .
injection AinhA2
(h) % Mortality” P° % Mortality P % Mortality P
24 86(43/50) 0317 90 (45/50) 0715 88 (44/50) 1.0000
48 90 (45/50) 0.204 96 (48/50) 1.0000 88 (44/50) 0.48

“ All experiments were carried out on immunized B. mori larvae. Each larva
was vaccinated with 10° viable cells of E. coli strain TG1. Two days after immu-
nization, the larvae were challenged with 18 to 20 cells of B. thuringiensis mutant
strains. The same dose of wild-type cells caused 90 to 95% mortality. The control
was injected with sterile water that caused 0% killing in all assays. Fisher’s exact
test was used to evaluate the significance of changes in mortality with respect to
that caused by the wild-type strain.

® Number of dead larvae/number of infected larvae.

¢ P value was calculated by Fisher’s exact test.

vided into at least 10 families on the basis of the location of the
third (E) and the fourth (Y) ligands in the sequence around
the HEXXH domain (38). However, examination of the InhA
and InhA?2 amino acid sequences failed to find any relationship
with the previously reported metalloprotease families. This
suggests that the B. thuringiensis InhA-like metalloproteases
may form a new family. Examination of the amino acid se-
quence of InhA2 revealed a putative signal peptide cleavage
site between positions 32 and 33, suggesting that InhA2 is
exported. Several other bacterial zinc metalloproteases have
been shown to be extracellular proteins that need signal and
leader sequences to aid transport across the bacterial cell
membrane (38). Alignment of InhA and InhA2 proteins
showed that the putative cleavage sites are located in the same
positions.

The identification of the 5" end of the inhA2 transcript and
the determination of the putative promoter region suggest that
inhA2 is transcribed by an RNA polymerase containing the
major sigma factor, sigma A. This is similar to the situation
found for the inhA gene (18). However, in sharp contrast with

500000
—+— wild-type
400000 —&—— inhA-mutant
—O—— inhA2-mutant
3] 300000 4 double mutant
20
=
=
z
2 200000
100000 <
0 T T T 1
0 30 60 90 120

Time (min)

FIG. 4. Surviving B. thuringiensis cells after incubation with hemo-
lymph from immunized B. mori larvae. The reaction mixture contained
200 pl of hemolymph and 20 pl of a suspension containing about 7 X
10* viable cells. Aliquots were withdrawn at the time points indicated
and the surviving bacteria were counted. Experiments were repeated
three times. Vertical bars indicate the standard error of the mean.
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TABLE 3. Pathogenicity of spores from B. thuringiensis wild-type
and mutant strains injected into hemocoel of
immunized B. mori larvae

LDs, (no. of spores/
injected larva)®

Strains
Mean 95% CI”
407 Cry~ 11.94 7.47-15.39
407 Cry~ AinhA 9.49 4.85-12.85
407 Cry~ AinhA2 14.56 5.61-20.81
407 Cry~ AinhA AinhA2 9.22 7.34-10.89

“ Values are LDs s calculated by log-probit analysis at 24 h after infection.
»95% confidence intervals (14).

inhA, which is activated by Spo0OA via AbrB (18), the transcrip-
tion of inhA?2 is repressed by SpoOA. The presence of a reverse
Spo0A box downstream from the transcription start suggests
that Spo0OA acts directly on inhA2 transcription (52). Thus, the
transcription of the two inhA metalloprotease genes in B. thur-
ingiensis strain 407 Cry~ is controlled in two opposite manners.
This suggests that inhA is preferentially expressed when the
cells are grown and sporulate in a relatively poor medium (i.e.,
HCT medium), whereas the inhA2 gene is preferentially ex-
pressed when the cells are grown and sporulate in a rich me-
dium (i.e., LB medium). The functional significance of the
duplication of the inhA gene and their complementary regula-
tion systems in the B. thuringiensis 407 Cry~ might reflect a
physiological regulatory mechanism, which enables the bacte-
ria to cope with adverse environmental conditions, especially
biotic variations.

The zinc-requiring metalloprotease InhA specifically de-
grades attacins and cecropins (8). This suggests that InhA is
implicated in the invasive mechanisms of B. thuringiensis by
allowing bacteria to interfere with the immune system of the

70

60 —
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40 |

30

20

% of mortality after 3 days

Cry!C + Spores

FIG. 5. Results from three pooled independent experiments. Last
instar G. mellonella larvac were force-fed with spores alone, crystals
alone (Cry1C), or spore/crystal mixtures. In all experiments, the doses
of spores and crystals were 10° and 3.2 pg larva™ !, respectively. For all
the strains, spores alone caused no mortality. Vertical bars indicate the
standard error of the mean.
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host. To establish the contribution of this biochemical role in
virulence, we tested the pathogenicity of single and double
inhA and inhA2 mutants in their insect hosts. Spores and veg-
etative cells of the single and double mutant strains were found
to be equally as virulent as those of the parental strain when
injected into immunized B. mori larvae: the time of appearance
of mortality, about 18 h postinfection (results not shown), and
the mortality levels were similar for all of the strains. More-
over, exponentially growing cells of all mutants displayed the
same in vitro colonization potential for the vaccinated hemo-
lymph. These results suggest that the inactivation of B. thurin-
giensis inhA and inhA2 genes does not affect the ability of the
bacteria to kill insects and it did not prevent it from resisting
and multiplying in immune hemolymph in vitro. We can thus
conclude that InhA-like metalloproteases are not essential for
the virulence of B. thuringiensis when injected into B. mori
larva via the intrahemocoelic route. These results prompted us
to investigate whether InhA is especially targeted for cecropin
degradation and, if so, whether this biochemical function is
responsible for cecropin resistance in B. thuringiensis. Inhibi-
tion zone assay, consisting of plating B. thuringiensis cells onto
LB medium and adding synthetic cecropin A, showed that
cecropin did not prevent the growth of the parental strain or
that of the mutant strains (data not shown). This suggests that
InhA and InhA2 are not essential for cecropin resistance in B.
thuringiensis. Culture filtrates from the mutant strains collected
2 h after entering stationary phase protected E. coli from
cecropins and immune hemolymph (data not shown). This
indicates that protection against cecropins is not exclusively
achieved by an InhA-like specific proteolytic activity, which is
in contrast with previous reports (8). However, it is consistent
with the fact that cecropins are high susceptible to diverse
proteases (P. Bulet, personal communication).

The B. thuringiensis InhA and InhA2 metalloproteases are
not primary virulence factors in intrahemocoelic infections.
However, our results strongly suggested that InhA2 is essential
for providing a synergistic effect to B. thuringiensis spores on
the toxicity of the CrylC protein against G. mellonella follow-
ing infection via the oral route. The inactivation of inhA4 has
not shown a significant effect on synergism. One hypothesis
explaining the difference between InhA and InhA2 in provid-
ing synergism would be that only inhA2 is expressed in vivo.
Indeed, the insect host is a rich nutritional medium for B.
thuringiensis, and we demonstrated that inhA2 is expressed
preferentially to inhA in rich media, such as LB. Similar results,
with respect to synergism, were reported by Salamitou et al.
(46) for a plcR deletion mutant. Spores of a AplcR mutant were
virulent following intrahemocoelic infection but were unable to
provide a synergistic effect against G. mellonella larvae. PIcR is
a pleotropic regulator that positively regulates the transcrip-
tion of various genes encoding extracellular virulence factors
including phospholipases C (PlcA and PlcB), enterotoxins
(Hbl and Nhe), and proteases (1, 30, 44). The degradative
enzymes encoded by PlcR-regulated genes might be required
so that the bacterium can cross the intestinal defense barrier in
the insect. A similar mode of action might also exist for the B.
thuringiensis InhA2 metalloprotease. Dalhammar and Steiner
(8) reported that InhA can hydrolyze the collagen-containing
substrate Hide Powder. Collagen is a biologically important
substance in eukaryotic organisms. It is the predominant con-
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stituent of many mammalian tissues, and its degradation prob-
ably leads to the loss of tissue integrity, which has significant
implications for health (19). Collagen has been found in the
basement membranes and other connective tissues in insects
(4). Many extracellular zinc-containing proteases from patho-
genic organisms have been shown to cause necrotic or hemor-
rhagic tissue damage in the host by digesting structural com-
ponents of the substances, such as collagen. This is especially
the case for the zinc metalloproteases belonging to the ther-
molysin family. For example, Vibrio vulnificus VvpE specifically
degrades type IV collagen (37), thereby disrupting the back-
bone structure of the basal layer of capillary vessels. Pseudo-
monas aeruginosa elastase and Aeromonas hydrophila AhyB,
two zinc metalloproteases sharing high sequence similarity,
degrade several important biological substances of protective
tissues, such as elastin and collagen (7, 9, 56).

It has been postulated that the massive tissue disintegration
caused by these metalloproteases, especially those possessing a
collagenase function, may help bacteria cross the host barrier
and gain access to deeper tissues (20, 34, 38). If InhA2 pro-
tease was to have a collagenase activity, like that of InhA, the
passage of bacteria across the basement membrane underlin-
ing the midgut epithelium of the insect would be facilitated,
thus explaining the synergy with the crystals following infection
by the oral route. The role of the InhA2 metalloprotease in the
infectious process following natural inoculation is reminiscent
of that of the Vibrio anguillarum extracellular zinc metallopro-
tease, which is highly homologous to the elastase of P. aerugi-
nosa. The virulence of mutants deficient in this metallopro-
tease was lower in immersion infection experiments than in
intraperitoneal-inoculation experiments (35). This illustrates
that these zinc metalloproteases are primarily involved in the
early steps of infection when they interact with the host barrier.
Our results show that B. thuringiensis InhA and InhA2 metal-
loproteases are not essential in septicemia caused by intra-
hemocoelic infection. However, this did not exclude the pos-
sibility that these proteases contribute to virulence following
this mode of infection. Indeed, InhA had a lethal effect fol-
lowing intrahemocoelic injection (33, 51). It has been shown
that toxicity is a physiological consequence of a highly specific
proteolytic action. Although the precise cause of the lethality
was not elucidated, it is likely that the InhA metalloprotease
interacts with a particularly important component of the host,
leading to death. As illustrated by many examples (34, 38),
various zinc metalloproteases from pathogens actively contrib-
ute to pathology. Indeed, in addition to damaging the host
tissues during infection, these proteases act as toxic factors that
degrade many blood components and enhance vascular per-
meability, cytotoxicity, etc. However, in most cases, attempts to
evaluate the role of metalloprotease genes in virulence have
failed to obtain conclusive results with respect to a major role
in virulence for these metalloproteases (13, 25, 43, 50).
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