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The virulence of Bacillus cereus requires that bacteria have the capacity to colonize their host, degrade
specific tissues, and circumvent the host immune system. To study this aspect of pathogenesis, we focused on
three metalloproteases, InhA1, InhA2, and InhA3, which share more than 66% identity. The expression of these
metalloprotease genes was assessed by transcriptional fusions with a lacZ reporter gene. The expression
profiles suggest a complementary time course of InhA production. Indeed, the genes are simultaneously
expressed but are oppositely controlled during stationary phase. We constructed single and multiple inhA
mutants and assessed the bacterial locations of the proteins as well as their individual or additive roles in
macrophage escape and toxicity, antibacterial-peptide cleavage, and virulence. InhA1, a major component of
the spore exosporium, is the only InhA metalloprotease involved in bacterial escape from macrophages. A
mutant lacking inhA1, inhA2, and inhA3 shows a strong decrease in the level of virulence for insects. Taken
together, these results show that the InhA metalloproteases of B. cereus are important virulence factors that
may allow the bacteria to counteract the host immune system.

Bacillus thuringiensis, Bacillus cereus, and Bacillus anthracis
are gram-positive sporulating bacteria belonging to the B.
cereus group (30). B. anthracis is highly virulent to mammals
and is the causative agent of anthrax (47). B. thuringiensis is
well known for its entomopathogenic properties (54). B. thu-
ringiensis and B. cereus are responsible for food poisoning
characterized by gastroenteritis (28, 56). Several strains are
also opportunistic human pathogens associated with local and
systemic infections (12, 13, 21, 32). Some B. cereus isolates
have been implicated in lethal infections, similar in clinical
presentation to B. anthracis infections, and several cases of
bacteremia in preterm neonates, posing a potential public
health problem, have been described (33, 34, 45).

B. cereus produces several secreted proteins whose ex-
pression is controlled by the pleiotropic transcriptional ac-
tivator PlcR (25). These include enterotoxins (Hbl, Nhe),
cytolysins (CytK), and phospholipases (phosphatidylcho-
line-specific phospholipase C), which may contribute to diar-
rhea by disrupting the epithelial layer (27, 49). When the bac-
teria enter the sporulation process, plcR transcription, and
consequently PlcR-regulated gene expression, is repressed by
the key sporulation regulator Spo0A (40). Deletion of plcR
reduces, but does not abolish, the virulence of the bacteria in
insects and mice, and during endophthalmitis in rabbits (6, 52),
suggesting that other factors may be involved. Moreover, B.
anthracis does not express plcR, and introduction of a func-
tional copy does not increase its virulence in a murine model
(44).

B. thuringiensis and B. cereus establish persistent infections

with infiltration of phagocytes, implying that the bacteria cir-
cumvent the host immune system (2, 14, 31). However, inter-
actions between the host immune cells and these bacteria are
still poorly characterized, and how they resist the immune
defense system remains unknown. The metalloprotease InhA1
may be involved in this process. InhA1 contains the zinc-bind-
ing and catalytic active-site residues common to metallopro-
teases (17, 43, 48). InhA1 has a lethal effect following injection
into the insect hemocoel, presumably due to interactions with
host components (55). InhA1 hydrolyzes cecropin and attacin,
two antibacterial proteins found in the hemolymph of insects
(11). B. anthracis InhA1 shares 91% identity with InhA1 of B.
cereus and is one of the major proteases isolated in the culture
supernatant (9). It digests various substrates, including extra-
cellular matrix proteins, and cleaves tissue components such as
fibronectin, laminin, and type I and IV collagens (10). The
massive tissue degeneration caused by metalloproteases with
collagenase function may help bacteria to cross the host barrier
and gain access to deeper tissues (46). However, the virulence
of a B. thuringiensis inhA1-deficient mutant is not significantly
affected in various insect models (17). Another putative role of
InhA1 is suggested by the fact that InhA1 is both secreted
throughout the growth cycle of B. cereus and associated with
the spore exosporium (8). The spores are internalized by mac-
rophages but are able to survive and escape from this hostile
environment; InhA1 is a key effector involved in this process
(50).

Previous studies have characterized a gene encoding another
putative metalloprotease that has 66% identity to InhA1 and
also harbors a zinc-binding domain. This protein, named
InhA2, has a role in virulence after oral inoculation of spores
into Galleria mellonella (17). However, InhA2 alone is not
sufficient to provide virulence in the absence of the other
PlcR-regulated genes (16). The transcription of inhA2 depends
on PlcR and, in contrast to that of inhA1, is repressed by
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Spo0A (16, 25). The Spo0A-dependent regulation of inhA1
expression depends on AbrB, which is known to regulate the
expression of transition state and sporulation genes in Bacillus
subtilis (26).

A third protein, InhA3, 72% identical to InhA1, is also
found in the culture supernatant of B. cereus, but only in trace
amounts (24). Its function and regulation have not yet been
described.

In this study, we constructed single and multiple mutants of
the InhA1, InhA2, and InhA3 proteases and assessed their
individual and relative roles in macrophage escape and toxicity,
antibacterial peptide cleavage, and virulence. We explored the
need for this apparent duplication of genes by studying their
respective locations and time courses of expression during bac-
terial growth.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The acrystalliferous B. thuringiensis
strain 407 (Cry�) was used as the wild-type background and was transformed as
described previously (42). The mutant strains B. thuringiensis 407 �plcR, 407
�inhA1, 407 �inhA2, and 407 �inhA1 �inhA2 have been described previously
(17, 52). The transcriptional fusions 407 (pHT304-inhA1�Z) and 407 (pHT304-
inhA2�Z) are described elsewhere (17, 26). Escherichia coli TG1 was used in the
antibacterial peptide cleavage assay.

All strains were grown in LB medium at 37°C or in HCT medium at 30°C with
shaking (38). Bacteria were harvested by centrifugation for 10 min at 3,500 rpm.
Pellets were washed twice with phosphate-buffered saline and were resuspended
in phosphate-buffered saline at 108 bacteria/ml. The culture supernatant was
filtered through a 0.22-�m-pore-size filter. To prepare spores, B. thuringiensis
was grown at 30°C in the sporulation-specific medium HCT plus 0.3% glucose as
described in reference 17.

Plasmid and mutant strain constructions. The inhA3 gene was disrupted as
follows. BamHI-XbaI (1,148-bp) and SphI-HindIII (1,025-bp) DNA fragments
corresponding to upstream and downstream regions of the inhA3 gene were
generated from the B. thuringiensis 407 chromosome by PCR using primer
pairs inhA3-1 (5�-CGCGGATCCGGCGAACTCAACCGTTTGGGG-3�)–
inhA3-2 (5�-GCTCTAGACGAACAGCTCCATTGTATTC-3�) and inhA3-3
(5�-ACATGCATGCGGCGTTCATCCAGGTGAAGG-3�)–inhA3-4 (5�-CC
CAAGCTTCCCCTGTACCCCTCTTATCC-3�). A Tetr cassette carrying a tet
gene was purified from pHTS1 (53) as a 1.6-kb XbaI-SphI fragment. The amplified
DNA fragments were digested with the appropriate enzymes and inserted between
the HindIII and BamHI sites of pRN5101 (58). The resulting plasmid was intro-
duced into strain 407, strain 407 �inhA1, and strain 407 �inhA1 �inhA2 by
electroporation (4), and the inhA3 gene was deleted by a double-crossover
event as previously described (41). Chromosomal allele exchange was con-
firmed by PCR with oligonucleotide primers located upstream of InhA3-1
(InhA3-5 [5�-CGCGGATCCGGTATTGGAGGAGGTCTTTG-3�]), down-
stream of InhA3-4 (InhA3-6 [5�-CCGGAATTCGCTAAACGAAGTCTAAA
TGG-3�]), and in the Tetr cassette (5�-CGGGTCGGTAATTGGGTTTG-3�
and 5�-GCAGCTGCACCAGCCCCTTG-3�). The insertion mutant strains
were designated 407 �inhA3, 407 �inhA1 �inhA3, and 407 �inhA1 �inhA2
�inhA3.

The inhA3 gene, including the coding sequence and the presumed promoter
region, was cloned using the primer pair inhA3-7 (5�-CGCGGATCCGGTATT
GGAGGAGGTCTTTG-3�)–inhA3-8 (5�-CCGGAATTCGCTAAACGAAGTC
TAAATGG-3�). The fragment was inserted between the BamHI and EcoRI sites
of the pHT304 vector, which was then used to transform strains 407 �inhA3 and
407 �inhA1 �inhA2 �inhA3 by electroporation. Transformants were selected for
resistance to erythromycin. The resulting new complemented strains were des-
ignated 407 �inhA3/inhA3 and 407 �inhA1 �inhA2 �inhA3/inhA3.

Strain 407 �plcR�inhA1 was constructed by disrupting the inhA1 gene in strain
407 �plcR. For this purpose, the pRN5101 plasmid containing the inhA1-lacZ
fusion (26) was introduced by electroporation into strain 407 �plcR. Chromo-
somal allele exchange was confirmed by PCR using the sin14–sin15 primer pair
(26).

A transcriptional inhA3�-lacZ fusion was constructed by using an XbaI-PstI
DNA fragment corresponding to the promoter region of inhA3, generated by
PCR using primer pair pinhA3-1 (5�-CCCAAGCTTGTAACAGAGAATCAC
GCTATA-3�)–pinhA3-2 (5�-CGGGATCCAGCATGCGCTGCGTGACCTCC-

3�). The PCR fragment was digested with the appropriate enzymes and inserted
between the XbaI and PstI sites of pHT304-18Z (1). The recombinant plasmid,
designated pHT304-inhA3�Z, was introduced into strain 407 and into mutant
strains 407 �plcR and 407 �spo0A by electroporation. Transformants were
named 407 (pHT304-inhA3�Z), 407 �plcR (pHT304-inhA3�Z), and 407 �spo0A
(pHT304-inhA3�Z).

InhA protein sequence analysis. Twenty-four protein sequences from interna-
tional databases were compared using ClustalW (57), and they were curated
using GBlocks (7). There were a total of 690 positions in the final data set. The
evolutionary distances were computed using the JTT matrix-based method (35).
A phylogenetic tree was constructed using the BioNJ method (23), and phylo-
genetic analyses were conducted in PHYLIP (19). NJplot software was used to
generate a graphic representation of the resulting tree. Bootstrap estimates (18)
were obtained from 1,000 replicates.

The SignalP, version 1.1, prediction server was used to identify potential
cleavage sites. The strain 407 inhA3 sequence was determined by sequencing a
PCR fragment amplified from the strain 407 chromosome using primers InhA3-5
and InhA3-6 (Sigma-Aldrich).

Purification of the InhA2 and InhA3 proteins. Plasmids pGEX6P1-GST-
InhA2 and pGEX6P1-GST-InhA3 were constructed as follows. The inhA2 and
inhA3 genes were amplified from the strain 407 chromosome by PCR using
primer pairs InhA2-GST-1 (5�-TCCCCCGGGAGAAACGGTAGCAAAAGA
G-3�)–InhA2-GST-2 (5�-CCGCTCGAGTTAACGTTTAATCCAAACAGC-3�)
and InhA3-GST-1 (5�-TCCCCCGGGTGAGACACCAACATCATCTCT-3�)–
InhA3-GST-2 (5�-CCGCTCGAGTTATCGATGAAGCCACACTGC-3�), re-
spectively. The corresponding DNA fragment was inserted between the SmaI
and XhoI sites of plasmid pGEX6P1 (GE Healthcare), and the resulting plasmid
was introduced into E. coli M15(pREP4) (Qiagen). E. coli M15(pREP4) har-
boring plasmid pGEX6P1-GST-InhA2 or pGEX6P1-GST-InhA3 was grown at
30°C until an optical density at 600 nm of 0.8 was reached, and protein expression
was induced by addition of 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG).
Growth was continued for 2 h after IPTG induction. Bacteria were then collected
by centrifugation at 7,700 � g for 10 min. Pellets were lysed using 1% Triton
X-100 and sonication in 50 mM Tris–8 M urea. After centrifugation, the tagged
InhA2 or InhA3 contained in the supernatant was dialyzed against 50 mM Tris,
pH 8, and was purified using the Bulk GST purification module (GE Healthcare)
according to the manufacturer’s instructions. The protein concentration was
quantified on a sodium dodecyl sulfate-polyacrylamide gel with the Image Mas-
ter 1D program (Amersham Pharmacia Biotech).

�-Galactosidase assays. Strains harboring plasmid transcriptional lacZ fusions
were grown in LB or HCT medium at 37°C or 30°C, respectively. �-Galactosi-
dase activity was determined as previously described (5). �-Galactosidase assays
of bacteria from insect larvae infected by intrahemocoelic injection were per-
formed as described previously (15). Specific activities are expressed in units of
�-galactosidase per milligram of protein (Miller units). Results are shown as
means and standard deviations for at least three independent tests.

Protein localization. Bacteria were grown on LB medium and were harvested
2 and 4 h after the onset of stationary phase (t2 and t4, respectively). The
supernatant was filtered through a 0.22-�m-pore-size filter. The bacterial pellet
was disrupted with glass beads (diameter, 212 to 300 �m; Sigma) in a Fast-Prep
machine (Savant), and a bacterial extract was obtained after centrifugation: the
pellet corresponded to the membrane fraction and the supernatant to the cyto-
plasmic fraction. The different fractions were loaded onto a 10% sodium dodecyl
sulfate-polyacrylamide gel. The gel was then transferred to a nitrocellulose mem-
brane (Amersham), which was blotted with a rabbit polyclonal antibody recog-
nizing the different InhA proteins, and the proteins were revealed using the ECL
system (Pierce). The image shown in Fig. 4 represents one out of four different
gels with similar results.

Inhibition zone assay. Inhibition zone assays consisted of plating E. coli onto
LB medium and adding synthetic cecropin A (Sigma) on a small paper disk.
Cecropin A prevents the growth of E. coli, and an inhibition zone is seen around
the disk. Purified proteins or culture filtrates of B. cereus mutant strains grown in
LB medium and collected at t2 are added to the disk, and degradation of
cecropin A is observed by the disappearance of the inhibition zone.

Protease assay. The protease cleavage activities of the InhA proteins were
tested by measuring the lysis zones on milk-casein agar plates. Purified proteins
(1 �g) were inoculated into holes on agar plates containing 4 g/liter peptone, 2
g/liter casein, and 10 g/liter skim milk powder. Plates were incubated for 24 h at
37°C, and protease activity was evaluated by measuring the lysis zones around the
protein.

Cell culture and macrophage infection. Spore release infection experiments and
cytotoxicity assays on J774 murine macrophage-like cells were performed as previ-
ously described (49, 50). For cytotoxicity, cells were infected with various dilutions of
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the culture supernatant taken at t2. After 2 h of incubation, trypan blue dye was
added to the cells. Nonpermeabilized (viable) cells remained unstained, whereas
permeabilized (killed) cells allowed the dye to enter the cytoplasm and were there-
fore stained blue. Cytotoxicity is expressed as the percentage of cells that were
stained blue. Results are means for three independent experiments.

Insects and in vivo experiments. Infection by injection into the hemolymph of
Galleria mellonella or Bombyx mori larvae was performed as described previously
(17, 52). For groups of 15 last-instar larvae, the base of the last proleg was
injected with a 10-�l suspension containing 7.5 � 103 vegetative bacteria or
spores for G. mellonella, or 50 vegetative bacteria for B. mori. Insect mortality
was recorded after 24 h. To estimate the number of bacteria in living or dead
larvae, insects were crushed after infection and homogenized in sterile water;
dilutions were plated onto LB agar plates. All tests were run at least three times.

Nucleotide sequence accession number. The sequence of the B. thuringiensis
strain 407 inhA3 gene has been submitted to GenBank under accession number
FJ717416.

RESULTS

Presence and comparison of the inhA1, inhA2, and inhA3
genes in sequenced strains of the B. cereus group. The amino
acid sequence of InhA1 from B. cereus ATCC 14579 was used

to search the entire genome of B. cereus ATCC 14579. This
revealed the presence of three highly similar peptide sequenc-
es: InhA1 (Bc1284), InhA2 (Bc0666), and InhA3 (Bc2984).
The inhA1, inhA2, and inhA3 genes were also present in the
unsequenced B. thuringiensis strain 407 used in this study, since
they were all amplified by PCR from this strain. Since inhA1
and inhA2 from this strain were already sequenced and aligned
(17, 26), the strain 407 inhA3 gene was sequenced, and the
three gene sequences were compared (Fig. 1). InhA1 and
InhA2 shared 66% identity. InhA1 and InhA3 shared 74%
identity, and InhA2 and InhA3 shared 71% identity.

InhA1, InhA2, and InhA3 have calculated molecular masses
of 86.6 kDa, 87.9 kDa, and 87.2 kDa, respectively. The three
amino acid sequences each contain the zinc-binding motif
(HEXXH), which is characteristic of the zinc metalloprotease
family (36). The amino acid sequences were submitted to the
SignalP, version 1.1, prediction server, Center for Biological
Sequence Analysis (http://www.cbs.dtu.dk/services/SignalP).
Potential cleavage sites (AYA-ET) were found between posi-

FIG. 1. Alignment of the B. thuringiensis 407 InhA1, InhA2, and InhA3 amino acid sequences. Numbers indicate positions in the amino acid
sequence. Identical residues are shaded. The conserved zinc-binding domain (HEXXH) is boxed in gray. The putative cleavage site (AYAET) is
boxed, and the lipobox-like (IIGC) signal in InhA2 is at positions 18 to 21.
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tions 31 and 32 for InhA1 and between positions 32 and 33 for
InhA2 and InhA3, suggesting that the proteases are exported.
However, the InhA2 sequence contains a lipobox-like (IIGC)
signal of peptidase 2 (LXXC) (prokaryotic membrane lipopro-

tein lipid attachment site profile). The sequence upstream of
this lipobox-like signal contains several charged amino acids
(MRRK) followed by a long hydrophobic zone (APFKVLSSL
AIAA), which may act as a cleavage site, implying that the
lipobox might be functional. InhA2 might therefore be a trans-
membrane protein.

A phylogenetic tree was constructed based on the sequence
similarities of 24 protein sequences from international data-
bases using Clustal W (57) (Fig. 2). This revealed the presence
of one to three highly similar peptide sequences depending on
the strains. inhA1 is present in all the strains (Fig. 2), and the
gene environment is highly conserved (not shown). inhA2 is
present in 9 of the 10 strains. The inhA3 gene was found only
in the B. cereus strains ATCC 14579 and ATCC 10987, in the
Bacillus weihenstephanensis strain KBAB4, and in the B. thu-
ringiensis strain 407. It is interesting that this gene is absent in
B. anthracis strains.

Expression and regulation of the inhA genes during bacte-
rial growth. The transcriptional activities of the inhA1, inhA2,
and inhA3 promoters were assayed using transcriptional fu-
sions between the promoter regions and the promoterless lacZ
gene. B. thuringiensis 407 strains carrying the corresponding
plasmids were grown in rich LB medium at 37°C or in sporu-
lation-specific HCT medium at 30°C. The �-galactosidase ac-
tivity was measured at various stages of growth between t1 and
t6. In LB medium (Fig. 3A and B), the expression of inhA1,
inhA2, and inhA3 was low during the exponential phase of
growth and increased during the first stages of stationary
phase. Expression of inhA1 started at t0 (4,000 Miller units)
and increased up to t6 (160,000 Miller units). inhA2 was ex-
pressed from t1 (1,400 Miller units) to t4 (1,900 Miller units).
Expression of inhA3 started at t1 (600 Miller units) and in-
creased up to t5 (7,500 Miller units). In HCT medium, no

FIG. 2. Phylogenetic tree based on InhA protein sequence analysis. Pro-
tein sequences were from international databases and are designated as the
strain name followed by the accession number for the NCBI or GenBank
reference sequence. The evolutionary history was inferred using an improved
neighbor-joining method. Numbers on branches are bootstrap values above
80%. The bar (0.05 unit) indicates the scale of evolutionary distance; the unit
is the number of amino acid substitutions per site. Bt, B. thuringiensis; Bc, B.
cereus; Ba, B. anthracis; Bw, B. weihenstephanensis.

FIG. 3. Expression of the inhA1, inhA2, and inhA3 genes under various growth conditions. The specific �-galactosidase activities of strains 407 (A,
B, and C), 407 �plcR (C), and 407 �spo0A (C) harboring the transcriptional inhA1�-lacZ (pinhA1) (B), inhA2�-lacZ (pinhA2) (A), or inhA3�-lacZ
(pinhA3) (A and C) fusion were measured when bacteria were grown in LB medium at 37°C (A and B) or in HCT medium at 30°C (C).
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�-galactosidase activity was detected for inhA2, as previously
reported (17; also data not shown). In contrast, inhA3 expres-
sion was high in HCT medium, reaching 18,000 Miller units at
t5 (Fig. 3C). The inhA3 expression profiles in LB and HCT
media were similar, with expression from t0 to t5.

It has been shown previously that inhA1 expression is re-
pressed by abrB and is therefore dependent on Spo0A, which
represses abrB expression (26). In sharp contrast, inhA2 ex-
pression is activated by PlcR (16) and is thus negatively
regulated by Spo0A, which represses plcR expression (40). In
comparison with inhA1 and inhA2, inhA3 expression is inde-
pendent of PlcR and Spo0A; no statistical difference in �-ga-
lactosidase activities between the wild-type strain and the
�spo0A or the �plcR mutant strain was observed (Fig. 3C).
Therefore, the three genes are coexpressed during bacterial
growth, although differentially regulated.

Protein localization. All three InhA proteins are secreted
(24). InhA1 is also associated with the spore surface (8). We
therefore questioned whether InhA2 and InhA3 could have
specific bacterial locations. The localization of the proteins was
assessed by Western blotting of the different bacterial fractions
of strain 407 �inhA1 �inhA2 (for the localization of InhA3)
and strain 407 �inhA1 �inhA3 (for the localization of InhA2).
InhA2 was found in the supernatant and at the bacterial mem-
brane at t2 (Fig. 4). No detectable amount of InhA2 was found
at t4. InhA3 was found secreted at t2 and at the bacterial
surface at t4 (Fig. 4). This implies that InhA3 is first secreted
and that the extracellular protein might be then readsorbed to
the bacterial surface.

Anticecropin activity. Culture filtrates of mutant strains col-
lected at t2 were used to study their protective effects on E. coli
against the antibacterial peptide cecropin. As shown in Fig. 5A,
supernatants of strains 407, 407 �inhA1, 407 �inhA2, 407
�inhA3, 407 �inhA1 �inhA2, 407 �inhA1 �inhA3, and 407
�inhA1 �inhA2 �inhA3 protected E. coli from cecropin activ-
ity. This indicates that degradation of cecropin is not achieved
exclusively by an InhA-specific proteolytic activity. Consis-
tently, although strain 407 �plcR had anticecropin activity, the
mutant 407 �plcR �inhA1 did not (Fig. 5A). This implies that
anticecropin activity is due to a combination of InhA1 and one
or several PlcR-dependent components. Since inhA3 expres-
sion is independent of PlcR, this result suggests that InhA3 has
no anticecropin activity. To confirm this, purified InhA2 and
InhA3 were tested for their capacities to degrade cecropin.
Figure 5A shows that InhA2 has anticecropin activity, whereas

InhA3 does not. Thereafter, the capacity to degrade the anti-
microbial peptide cecropin is specific to InhA1 and InhA2, and
InhA3 does not seem to have this activity. To test whether
InhA3 shared common activities with the other InhA proteins,
the purified proteins were tested for their abilities to cleave
casein. Both InhA2 and InhA3 induced lysis plaques on casein-
agar plates (Fig. 5A), indicating that the two purified proteins
have protease activity.

Role of InhA in cytotoxicity for macrophages and in spore
escape. We tested the abilities of single and multiple mutants
to induce toxicity on macrophages (Fig. 5B). A trypan blue test
was used to assess the effects of supernatants on membrane
alterations and to quantify the effects. As expected, the super-
natant of the wild-type strain B. thuringiensis 407 was highly
cytotoxic, with 100% cytotoxicity from the 1/4 to the 1/50 di-
lution, 55% cytotoxicity for the 1/100 dilution, and 20% cyto-
toxicity for the 1/250 dilution. Supernatants of all the strains
tested had the same toxic effect on macrophages as the super-
natant of the wild-type strain. Therefore, deletion of the three
metalloproteases together does not prevent cytotoxicity for
eukaryotic macrophages.

We have previously shown that spores of the �inhA1 mutant
were retained inside macrophages, whereas spores of the wild-
type B. thuringiensis strain 407 were capable of escaping from
the cells (50). However, spores of the 407 �inhA2 and 407
�inhA3 mutants are still capable of escaping from macro-
phages (data not shown), implying that only InhA1 is involved
in this process. This is in agreement with the location of InhA1
in the exosporium (8).

Role in virulence. To establish the contribution of the InhA
proteases to virulence, we tested the pathogenicities of single
and multiple mutants in their insect hosts. Vegetative bacteria
or spores were injected into the hemocoel of G. mellonella
(Fig. 5C) or B. mori (Fig. 5D), and mortality was recorded 24 h
postinfection.

When vegetative bacteria were injected at a dose of 7,500
bacteria/insect into the hemocoel of G. mellonella, only the
virulence of the triple mutant strain 407 �inhA1 �inhA2
�inhA3 was strongly affected (28% insect mortality for the
mutant and 75% for the wild type; P � 0.002 by the Student t
test). The 50% lethal dose, established with the Log-Probit
program (20), was 2.8 � 103 bacteria for the wild type and 24 �
103 for the mutant. Complementation of this mutant with the
inhA3 gene resulted in a level of virulence comparable to that
of strain 407 �inhA1 �inhA2 (56% and 62% mortality, respec-
tively; P � 0.07 [not statistically different]) (Fig. 5C).

To estimate the number of bacteria in infected larvae, in-
sects were crushed 24 h after infection and homogenized in
sterile water; dilutions were plated onto LB agar plates. The
level of survival after infection was (2.2 	 2) � 109 CFU/larva
after infection with the wild-type strain and (2.7 	 2.5) � 104

CFU/larva after infection with the 407 �inhA1 �inhA2 �inhA3
mutant (data not shown). These results imply that the mutant
proliferates less than the wild type inside the insect host.

Since InhA1 is located at the spore surface, we assessed the
virulence of the spores of an inhA1-deficient mutant. The vir-
ulence of the �inhA1 mutant spores after injection was
strongly reduced from that of the wild type (26% and 70%
mortality, respectively; P � 0.04). The virulence of the �inhA2
spores was also strongly reduced (33% mortality; P � 0.01)

FIG. 4. Bacterial localization of the InhA2 and InhA3 proteins.
Strains 407 �inhA1 �inhA3 and 407 �inhA1 �inhA2 were grown on LB
medium and were harvested at t2 and t4. Supernatant (Sn) and mem-
brane (Mb) fractions were blotted with a rabbit polyclonal antibody
recognizing the different InhA proteins, and the specific locations of
InhA2 and InhA3 were determined.
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from that of the wild type, but the virulence of the �inhA3
spores was comparable to that of the wild type (63%) (Fig. 5C).

The results of infection of B. mori larvae (Fig. 5D) were
comparable to those obtained with G. mellonella. Indeed, the
virulence of the multiple mutant strain 407 �inhA1 �inhA2
�inhA3 was greatly affected; it induced only 4% mortality,
compared to 89% mortality with the wild type (P � 0.002) and
52% mortality with the inhA3-complemented strain (not sig-
nificantly different from the wild type; P � 0.08).

Taken together, these data show that in the two insects G.
mellonella and B. mori, deletion of the three metalloprotease
genes inhA1, inhA2, and inhA3 induces a strong reduction of

virulence, demonstrating that these proteins play an important
role during the infection process.

InhA expression during insect infection. To assess the ex-
pression of the three genes in vivo, G. mellonella larvae were
crushed after infection with strains carrying the inhA1,
inhA2, and inhA3 promoter transcriptional fusions, and
�-galactosidase production was measured (Fig. 6). Expres-
sion of the three genes began 4 h postinfection and contin-
ued until 24 h postinfection, when it reached 4,000 Miller
units for inhA1 and 3,300 Miller units for inhA3, although
inhA2 was only poorly expressed in vivo, with a maximum of
300 Miller units at t24. The three genes were expressed in

FIG. 5. inhA mutant phenotypes. Strains 407, 407 �inhA1, 407 �inhA2, 407 �inhA3, 407 �inhA1 �inhA2, 407 �inhA1 �inhA3, 407 �inhA1
�inhA2 �inhA3, 407 �inhA1 �inhA2 �inhA3/inhA3, 407 �plcR, and 407 �plcr �inhA1 were tested for their capacities to cleave the antibacterial
peptide cecropin (A), to induce macrophage membrane permeability at various dilutions (B), and to kill Galleria mellonella (C) or Bombyx mori
(D) larvae. In panel A, the following strains were tested: 2, strain 407; 3, strain 407 �inhA1; 4, strain 407 �inhA2; 5, strain 407 �inhA3; 6, strain
407 �inhA1 �inhA2; 7, strain 407 �inhA1 �inhA3; 8, strain 407 �inhA1 �inhA2 �inhA3; 9, strain 407 �plcR; 10, strain 407 �plcR �inhA1. Disk
1 shows the result for cecropin alone. Additionally, purified InhA2 and InhA3 proteins were tested for their capacities to cleave cecropin (disks
11 and 12, respectively) and casein (disks 13 and 14, respectively).
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vivo long before insect death (usually occurring 18 h after
infection), showing the importance of these genes during
virulence.

DISCUSSION

All bacterial zinc metalloproteases belong to the zincin su-
perfamily, which contains the conserved zinc-binding consen-
sus motif HEXXH. The two histidines are zinc ligands, and the
glutamic acid is involved in enzymatic activity (46). In silico
analysis reveals the presence of one to three highly similar zinc
metalloproteases, InhA proteins, in the genomes of several
members of the B. cereus group. In the reference B. cereus
strain ATCC 14579 and in B. thuringiensis 407, the three inhA
genes coexist and share more than 66% identity. inhA3 ap-
peared to be present in only a few members of the B. cereus
group.

Transcriptional analysis of the inhA genes shows that the
expression of the genes is subject to different regulations.
While inhA1 expression is activated from t1 to t6 in LB me-
dium, inhA2 expression is activated from t1 to t4, and inhA3 is
expressed from t1 to t5. Moreover, inhA1 expression is almost
10-fold higher than inhA2 expression in LB medium. However,
the use of plasmid constructs rather than chromosomal tran-
scriptional fusions to analyze expression might result in false
quantitative comparisons. In the case of inhA1, the plasmid
transcriptional fusion probably causes a dosage effect, reducing
the availability of the repressor AbrR and thus resulting in
overexpression of the inhA1�-lacZ transcriptional fusion. inhA2
transcription is repressed by Spo0A, and it is not expressed in
the HCT sporulation medium (16), whereas inhA3 is expressed
in HCT medium at a level threefold higher than that in the
richer LB medium. Therefore, expression of inhA2 requires a
rich medium, while inhA3 is preferentially expressed when the
bacteria grow in a relatively poor sporulation-specific medium
(HCT). This might explain why, in infected moths, likely a
relatively poor medium, inhA2 is poorly expressed and why
inhA1 and inhA3 have similar expression patterns. The expres-
sion of inhA2 is dependent on the pleiotropic regulator PlcR
(16). The expression of inhA1 and inhA3 does not depend on

plcR. PlcR is not functional in B. anthracis (44), and the inhA3
gene is absent in this species (51). Therefore, it is likely that
only inhA1 is expressed in B. anthracis. In contrast to inhA1
and inhA2 expression (16, 26), Spo0A does not affect the ex-
pression of inhA3. PlcR, Spo0A, and AbrB are the main reg-
ulators described for B. cereus. Thereafter, inhA3 is likely reg-
ulated by another, as yet undescribed regulatory system.

Major bacterial processes, such as the production of antibi-
otics, induction of competence, biofilm formation, sporulation,
and expression of virulence factors, are controlled in a multi-
cellular manner. The functional significance of the duplication
of the inhA genes and their complementary regulation systems
might reflect a physiological regulatory mechanism, which en-
ables bacteria to cope with adverse environmental conditions.
This prompted us to study whether these three proteases might
have redundant functions. We first examined their bacterial
localizations. The putative signal peptide cleavage site, located
in almost the same positions for the three InhA proteins,
suggests that they are exported. InhA1, InhA2, and InhA3 are
accordingly found in the supernatant of B. cereus (24) (Fig. 4).
According to proteomics results, the concentration of InhA1 in
the supernatant was almost 25-fold lower than that of InhA2
and increased only after t1, whereas the concentration of
InhA2 increased from t0. The two concentrations peaked at t2
and were barely detectable at t3 for InhA1 and t3.5 for InhA2
(24). Thus, these two proteases were found in the culture
supernatant only during a window of a few hours in early-
stationary phase. InhA3 was found, although at trace levels
(not quantifiable), in LB medium from t2 to t5 (N. Gilois and
M. Gohar, personal communication). However, lacZ fusions
indicate that both inhA1 and inhA3 are activated from t1 to t5.
inhA2 is expressed but stops being activated from t1 on; the
curve plateaus from t1 to t5. The apparent discrepancy be-
tween the proteomic and expression data suggests that the
proteins might be located elsewhere after being secreted. Our
results show that the destinations of the three InhA proteins
differ. InhA1 is likely adsorbed to the spore exosporium (8).
InhA2 and InhA3 were found at the bacterial surface, at t2 for
InhA2 and t4 for InhA3. At t4, no detectable amount of InhA2
was found, either in the supernatant or in the membrane. This
suggests that InhA2, whose expression is weak and whose pro-
moter stops being activated at t1 (plateauing from t1 on), is
rapidly degraded. At t4, InhA3 was found only in the mem-
brane fraction, suggesting that all InhA3 protein produced at
this time was located solely in the membrane and did not
remain extracellularly or was degraded, or both.

Interestingly, a new stress-related metalloprotease highly
similar to InhA3 of B. cereus 14579 was identified in Bacillus
megaterium (59). It is especially expressed under nutrient-lim-
iting conditions, is strongly retained in the bacteria. and is
found both cell associated and secreted in the culture medium.

The virulence of the mutant lacking inhA1, inhA2, and inhA3
is strongly affected after injection into the hemocoels of G.
mellonella and B. mori larvae. This is striking, since the B.
thuringiensis 407 �inhA1 �inhA2 �inhA3 mutant is the first B.
cereus group strain whose growth is not affected in LB medium
at 30°C (culture temperature for B. mori [data not shown]) that
has reduced virulence for B. mori. Single or double mutants are
less affected than the triple mutant, implying that the three
metalloproteases act concomitantly to induce insect death. The

FIG. 6. Expression of the inhA1, inhA2, and inhA3 genes in vivo.
The specific �-galactosidase activity of strain 407 harboring the tran-
scriptional inhA1�-lacZ (pinhA1), inhA2�-lacZ (pinhA2), or inhA3�-
lacZ (pinhA3) fusion was measured after injection into Galleria mel-
lonella larvae.
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inhA2 mutant has no effect on insect mortality after injection
of vegetative bacteria into the hemocoel, as previously de-
scribed (17). However, the virulence of spores of the inhA2-
deficient mutant is affected after injection into the G. mel-
lonella hemocoel. Moreover, InhA2 is required, although not
sufficient, for pathogenicity in insects infected orally, and
InhA1 seems less important at this stage (16, 17). InhA2 might
therefore have a role during the early steps of infection, to help
the bacteria cross the intestinal barrier (3). The virulence of
spores of the inhA1-deficient mutant is affected.

The innate immune systems of insects, which lack adaptive
immunity, are based on two major responses: the synthesis of
microbial peptides and the cellular immune system (plasmato-
cytes, lamellocytes, and granulocytes). Antimicrobial peptides
act preferentially on membranes rich in anionic phospholipids
in prokaryotes, and eukaryotic cell membranes are composed
mainly of neutral phospholipids and cholesterol, which seem to
inhibit peptide incorporation (22). In the hemolymph, the con-
centration of antibacterial peptides may reach 300 to 500 �M
upon infection (39). Two antibacterial peptides isolated from
B. mori show activity against B. thuringiensis and B. cereus (29,
37): enbocin (cecropin family) and moricin. Purified InhA1 of
B. thuringiensis has been shown to cleave cecropin (11), but we
show that InhA1 is not necessary to cleave cecropin, since the
inhA1 mutant still has anticecropin activity. Moreover, like the
plcR mutant, the single and double inhA mutants and the triple
mutant lacking inhA1, inh2, and inh3 also have anticecropin
activity. However, the mutant lacking plcR and inhA1 was de-
ficient in anticecropin activity, showing that this activity can
also be performed by a PlcR-dependent protein other than
InhA2. This suggests that although purified InhA1 (11; also
data not shown) and InhA2 (Fig. 5) have anticecropin activity,
they are not essential for cecropin resistance in B. thuringiensis.

Macrophages are major effectors of the host immune system
against bacterial infections. For successful infection, pathogens
must defeat or avoid cells of the host immune system. We have
previously demonstrated that Bacillus spores are able to sur-
vive the macrophage intracellular environment and to escape
from phagocytes (50) and that this ability depends on the
metalloprotease InhA1. Here we show that a mutant lacking
the three InhA proteases is still cytotoxic toward macrophages,
although it loses its virulence capacity. Thus, the bacterial
mechanism inducing insect death is not limited to the bacterial
capacity to kill professional phagocytes.

We have identified new factors that act concomitantly to
allow bacteria to infect a susceptible host. The three genes are
coexpressed in vitro and in vivo. They are, however, regulated
by different mechanisms, and their final destinations differ.
Precise characterization of these genetic determinants will al-
low the development of antimicrobial strategies.
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