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Leptospira interrogans is the causative agent of leptospirosis, which is an emerging zoonotic disease. Resis-
tance to stress conditions is largely uncharacterized for this bacterium. We therefore decided to analyze a clpB
mutant that we obtained by random transposon mutagenesis. The mutant did not produce any of the two
isoforms of ClpB. The clpB mutant exhibited growth defects at 30° and 37°C and in poor nutrient medium and
showed increased susceptibility to oxidative stress, whereas the genetically complemented strain was restored
in ClpB expression and in vitro wild-type growth. We also showed that the clpB mutant was attenuated in
virulence in an animal model of acute leptospirosis. Our findings demonstrate that ClpB is involved in the
general stress response. The chaperone is also necessary, either directly or indirectly, for the virulence of the
pathogen L. interrogans.

Spirochetes belonging to the pathogenic Leptospira spp. are
the causative agents of leptospirosis, which is an emerging
disease with more than 500,000 annual severe cases worldwide
(1). Leptospires colonize renal tubules of animal reservoirs and
are excreted into the environment, where the bacteria can
survive for weeks or even months in moist soil and water (37).
Leptospirosis is usually transmitted to humans by contact of
abraded skin or mucous membranes with water that is contam-
inated with the urine of infected animals. Leptospires then
disseminate into the host, causing febrile illnesses and severe
disease manifestations that can lead to death (16).

Like many other pathogenic bacteria, leptospires are sub-
jected to environmental stresses during infection. Temperature
constitutes an important signal in Leptospira spp., leading to
alterations in gene transcription (20, 21, 32) and protein ex-
pression (3, 21). Stressful conditions may result in damage to
intracellular proteins. Proteome analysis of L. interrogans has
revealed that stress and heat shock proteins, including the
chaperones DnaK, GrpE, and GroEL as well as the Hsp100/
Clp chaperone ClpB, are upregulated at 37°C in comparison to
30°C, which is the optimal temperature for Leptospira in vitro
growth (21).

The Clp chaperones and proteases are highly conserved
across prokaryotes and are found in eukaryotes. Clp ATPases
are divided into two main classes (35). Members of class I,
which includes ClpA, ClpB, ClpC, ClpD, ClpE, and ClpL,
contain two ATP nucleotide-binding domains or AAA�

(ATPases associated with various cellular activities) domains
that have characteristic Walker A and Walker B nucleotide-
binding motifs. Proteins of class II, which include ClpX and
ClpY (HslU), are smaller and contain only one AAA� do-
main. Most of these Clp ATPases (except ClpB) are associated
with a proteolytic subunit (ClpP or ClpQ/HslV). These chap-
erones and proteases function mainly in the disaggregation,
unfolding, and degradation of native as well as misfolded pro-
teins. They have been shown to be involved in general stress
responses in various bacteria.

In Escherichia coli, ClpB is a chaperone required for resis-
tance to high temperature that assists DnaK, DnaJ, and GrpE
in repairing damaged proteins (13, 36). A clpB mutant was
discovered during a systematic search for insertional mutants
obtained by random transposon mutagenesis in the pathogen
Leptospira interrogans (24). In previous studies, clpB mutants of
Salmonella enterica serovar Typhimurium, Mycoplasma pneu-
moniae, Porphyromonas gingivalis, Listeria monocytogenes, and
Francisella tularensis have been shown to be relatively avirulent
compared with their parental strains (5, 6, 15, 22, 38). In the
present study, inactivation of the clpB gene of L. interrogans
resulted in a mutant impaired in in vitro growth under stress
conditions and exhibiting attenuation in virulence. Comple-
mentation with the full-length wild-type gene restored, at least
partially, the stress survival and virulence phenotype to the
clpB mutant, therefore demonstrating that ClpB is essential for
survival under stress conditions and during in vivo infection.
The only other described example of functional complemen-
tation in L. interrogans was obtained for the loa22 mutant (34).
This study should help us to understand the role of ClpB in
leptospiral pathogenesis.

MATERIALS AND METHODS

Leptospiral strains and culture conditions. The pathogens L. interrogans se-
rogroup Canicola strain Kito and L. interrogans serovar Manilae strain L495 were
used in this study. Leptospira organisms were cultivated in liquid Ellinghausen-
McCullough-Johnson-Harris (EMJH) medium (9, 14) and on 1% agar-EMJH
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plates at 30°C. When appropriate, spectinomycin or kanamycin was added to the
culture medium at 50 �g ml�1.

Identification of clpB mutants and construction of complemented strains.
Random insertion mutagenesis was carried out with L. interrogans serogroup
Canicola strain Kito, L. interrogans serovar Manilae strain L495, and a kanamy-
cin-resistant Himar1 transposon as previously described (24). Among the kana-
mycin transformants, we identified mutants with an insertion in clpB (LA1879) at
positions 1852876 and 1853989 in the large chromosomes (nucleotide positions
based on the genome of L. interrogans serovar Lai strain 56601) of strains L495
and Kito, respectively.

For complementation, clpB was amplified with primers ClpBasc1 and
ClpBasc2 (Table 1) from L. interrogans strain Kito, and the amplified product,
which was flanked by AscI restriction sites, was cloned into pCR2.1 (Invitrogen),
thereby generating pCRclpB. The plasmid construct was verified by nucleotide
sequencing. A spectinomycin resistance cassette was amplified with primers
SpcSmA and SpcSmB and cloned into SmaI-digested pCRclpB. The resulting
plasmid was then digested with AscI, thereby generating a 4.4-kb DNA fragment
carrying the wild-type clpB gene and the spectinomycin resistance cassette. The
DNA fragment was inserted into the AscI restriction site of the transposon
carried by the conjugative plasmid pCJTKS1 (30). The plasmid was introduced
into clpB mutants by conjugation as previously described (30). After 4 to 6 weeks
of incubation, spectinomycin-resistant transformants were inoculated into liquid
medium, and after DNA extraction, the transposon insertion site was identified
by semirandom PCR (24). We selected one mutant, KS2 from strain Kito,
exhibiting the additional transposon in an intergenic region between LA1293 and
LA1294 of the large chromosome of L. interrogans. Two other mutants, KS1 and
KS3, had the transposon inserted into LA2656 and LA0140. Another comple-
mented strain, exhibiting the transposon in LA4340, was also obtained from the
L495 clpB mutant strain (serovar Manilae).

Genomic DNAs were extracted from pellets of 20-ml cultures by using a
QIAamp DNA blood minikit (Qiagen, Inc., Valencia, CA). Confirmation of
genotypes was performed by using PCR with primer pairs 998-1-RTclb2 and
KS2R-KS2F (Table 1), which target the flanking sequences of the insertion site
of the transposon, and Southern blots of EcoRI-digested DNA were probed for
hybridization with the kanamycin resistance cassette.

Western blotting. Expression of ClpB was verified by Western blotting. Poly-
clonal rabbit antiserum was prepared against L. interrogans ClpB (domain 158-
334) by Proteogenix (Oberhausbergen, France). Protein concentrations of
whole-cell lysates were determined by the Bradford protein assay (Coomassie
Plus protein assay; Pierce). Ten micrograms of crude protein extract was sepa-
rated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE). Proteins were then transferred to Immobilon polyvinylidene flu-
oride (PVDF) membranes and probed with anti-E. coli ClpB (7) and L. interro-
gans ClpB antibodies at dilutions of 1:5,000 and 1:1,000, respectively. ImpL63
antiserum diluted 1:10,000 (a generous gift from Dave Haake) was also used as
a loading control. The secondary antibody was anti-rabbit peroxidase, used at a
dilution of 1:150,000. Blots were developed with a chemiluminescence kit
(SuperSignal West Pico chemiluminescent substrate; Thermo Scientific, IL) ac-
cording to the manufacturer’s instructions.

Growth with limited nutrient concentrations and oxidative stress assay. To
test for growth of Leptospira strains with limited nutrient concentrations, expo-
nential-phase cultures of L. interrogans strains were inoculated (0.1 ml in 9 ml)
in EMJH and EMJH diluted 1:2 in sterile water, and cultures were grown at 30°C
under agitation. Cells were also grown in EMJH supplemented with 10% rabbit
serum or M199 medium (PAN Biotech) with agitation at 37°C.

For disk diffusion assays, bacterial cells (approximately 106 bacteria) were
spread onto EMJH plates, and 6-mm- or 12-mm-diameter filter disks containing
20 and 50 mM hydrogen peroxide and 10 and 20 mM butyl peroxide were placed
in the center of plates. The plates were incubated for 15 days at 30°C, and the
diameters of the zones of inhibition created around the disks were measured.
Plate assays were repeated at least three times, and similar results were obtained
each time.

Heat shock assay. For heat shock assays, cultures were grown with agitation at
30°C until mid-exponential phase (optical density at 420 nm [OD420], 0.2 to 0.3)
and then transferred to 30 or 42°C for 1, 2, 4, or 6 h. Cells were then harvested
for RNA extraction. One milliliter of TRIzol (Invitrogen) was added to a pellet
from a 2-ml culture of leptospires, and RNA was purified and reverse transcribed
as previously described (2). The expression of flaB, rpoB, clpB, dnaK, and hsp10
was determined with the primer pairs indicated in Table 1. The PCRs were
performed and analyzed with a CFX96 real-time PCR detection system (Bio-
Rad). The fold change in the amount of target gene was normalized to the
amount of 16S cDNA obtained with primers LA and LB (Table 1) and relative
to the expression at time zero at 30°C by using the comparative threshold cycle
(CT) method [also called the 2(���CT) method] (19).

Animal experiments. L. interrogans strains were tested for virulence in the
gerbil model of acute leptospirosis. Groups of 28-day-old gerbils (Charles River
Laboratories) were inoculated intraperitoneally with 108 leptospires. Animals
were monitored daily for clinical signs of leptospirosis (i.e., prostration, jaundice,
etc.) and for survival for up to 21 days postinfection. Protocols for animal
experiments were prepared according to the guidelines of the Animal Care and
Use Committees of the Institut Pasteur.

Statistical analysis. Data were graphed and analyzed using GraphPad Prism
5.0c (GraphPad Software, San Diego, CA). Susceptibility to oxidative stress was
statistically analyzed by one-way analysis of variance. Survival curves were com-
pared using the log rank (Mantel Cox test) analysis. P values of �0.05 were
considered to be significant.

RESULTS

Genome analysis of clp genes in Leptospira spp. The com-
plete genome sequences of strains belonging to two pathogenic
species, L. interrogans and Leptospira borgpetersenii, and one
saprophytic species, Leptospira biflexa, were recently deter-
mined (4, 28, 31, 33). The genomes of the sequenced strains of
Leptospira spp. possess clpA, clpB, clpX, clpP, clpS, clpY, and
clpQ. Leptospira spp. also possess clpC, which is usually present
in Gram-positive but absent in Gram-negative bacteria (Fig.
1). It has to be noted that clpC is also present in the spiro-
chetes Treponema pallidum (TP0549) and Borrelia burgdorferi
(BB0834). The genes of the Clp system are conserved in sap-
rophytic and pathogenic Leptospira species and constitute part
of the core genes of the genus Leptospira (31). ClpA, ClpB,
ClpC, ClpX, and ClpY are proteins belonging to the Clp/
Hsp100 family that carry domains typical of the AAA� super-
family of ATPases. Amino acid sequence analysis predicted the
presence of two well-conserved AAA domains in L. interrogans
ClpA, ClpB, and ClpC and one AAA domain in ClpX and
ClpY/HslU (Fig. 1; see Fig. S1 in the supplemental material).
The Clp ATPase proteins ClpA, ClpC, and ClpX possess a

TABLE 1. Primers used in this study

Primer Sequence (5�–3�)a Reference

RTclb1 AACCAAAGTGATCGGACAGG This study
RTclb2 ATACATGGAGGCTCATTCCG This study
CLPBA CGAGTGTAATCTTATTTTTTA This study
998-1 CCGAAAAATTGGGAAATCCG This study
ClpBascI TTGGCGCGCCCGGGTGCAAAACA

TACTTTCAACC
This study

ClpBasc2 TTGGCGCGCCTAAAAAATAAGAT
TACACTCG

This study

SpcSmA TCCCCCGGGGGCCCGAGCTTCAA
GGAAGA

This study

SpcSmB TCCCCCGGGGGAAAGTAAGCACC
TGTTATTGC

This study

KS2R GCACTTTCTGCTCCATTCAA This study
KS2F CGGCTTTCCTTCTAACAAAGG This study
RTFLAB1 GAGAGAAACACCGAAGACGG 20
RTFLAB2 TGAATAGCAAGAACCCGGAT 20
dnaK1 CGATTACGAACGCGGTAAAT This study
dnaK2 TTGGGGAGTGAATTCTCCTG This study
hsp1 GATTAAACCTCTGGGCGACA This study
hsp2 GGATGAGTTTCCCGTCTTCA This study
LA GGCGGCGCGTCTTAAACATG 23
LB TTCCCCCCATTGAGCAAGATT 23
rt rpob1 ATGGAGCGGAACGTGTAGTC This study
rt rpob2 CTTCGTTCGTTCCATGTCCT This study

a AscI restriction sites are underlined.
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ClpP recognition binding motif (also called a P-loop motif),
(L/I/V)G(F/L), that allows association with the ClpP pep-
tidase, resulting in a Clp proteolytic complex (see Fig. S1).
ClpS is an adaptor protein binding to the ClpA N-terminal
domain and altering the substrate specificity of ClpA. In Lep-
tospira spp., clpA and clpS are adjacent to each other on the
chromosome; another putative clpS gene was found elsewhere
in the chromosome. No genes for adaptor proteins that target

E. coli ClpX (SspB, RssB, and UmuD) have been identified
thus far in the Leptospira genomes. Although the sequences
and functions of ClpA and ClpC are quite similar, ClpC can be
distinguished from ClpA by a relatively longer spacer region
between the two ATP-binding domains (Fig. 1; see Fig. S1). In
addition, a UVR domain resembling the UVRB/UVRC inter-
action domain was identified in several ClpC proteins (12).
The ClpB ATPases do not associate with ClpP and function as
chaperones. Finally, ClpQ interacts with the ClpY chaperone,
forming the ClpYQ (also known as HslUV) protease (17).

ClpB expression in L. interrogans. The clpB gene of L. in-
terrogans encodes a protein of 860 amino acids which exhibits
95% and 62% similarity with orthologs in the pathogen L.
borgpetersenii and the saprophyte L. biflexa, respectively.
Among the pathogenic strains L. interrogans serogroup Canic-
ola strain Kito, L. interrogans serovar Copenhageni strain
Fiocruz L1-130, L. interrogans serovar Lai strain 56601, and L.
interrogans serovar Manilae strain L495, the complete nucleo-
tide sequence of clpB, including the promoter region (300 bp
upstream of the start codon), exhibits 99% identity at the
nucleotide level (data not shown).

In order to characterize ClpB properties in Leptospira spp.,
we assessed the effects of heat shock on the transcription of
clpB in L. interrogans serogroup Canicola strain Kito (Fig. 2).
Transcription of the clpB gene increased during a temperature
shift from 30°C to 42°C, reaching a 3-fold increase after 2 h of
exposure to 42°C. Transcriptional responses of the L. interro-
gans dnaK and hsp10 genes to heat shock conditions were also
measured by reverse transcription-quantitative PCR (RT-
qPCR) and showed elevated expression of both genes. In con-
trast, the expression of the rpoB and flaB genes, which were
included as controls to ensure reliability of the comparative CT

analysis, was unchanged (Fig. 2).
Construction of L. interrogans mutants. We previously ob-

tained about 1,000 random mutants with characterized trans-
poson insertion points in L. interrogans pathogenic strains (24).
We pursued this work in the laboratory, and we recently iden-
tified one transposon mutant exhibiting an insertion in clpB
(LA1879) (Fig. 3). The insertion of a single transposon in the
mutant strain was confirmed by Southern blotting using a
transposon-specific probe (data not shown).

Because there is no replicative plasmid vector available for

FIG. 1. Genome analysis of Clp chaperones and proteases in Lep-
tospira spp. ClpA, ClpB, ClpC, ClpX, and ClpY belong to the family of
Clp ATPases. The ATP domains of the AAA� superfamily of
ATPases are indicated (AAA). The P-loop domain (P), involved in the
interaction with the ClpP peptidase, the N-terminal protein binding
domain (N), and a domain resembling the UVRB/UVRC interaction
domain (U) are also indicated. The genes in L. interrogans serovar Lai
strain 56601 and L. interrogans serovar Copenhageni strain Fiocruz
L1-130 are defined by their LA and LIC numbers, respectively.

FIG. 2. Relative gene expression of L. interrogans clpB, dnaK, and hsp10. Exponential-phase cultures of L. interrogans were incubated at 30°C
(left columns) and 42°C (right columns) for 2 h. Transcripts of the selected genes were measured by RT-qPCR, and the data were analyzed using
the comparative critical threshold (��CT) method. The error bars indicate the standard deviations for three replicates.
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pathogenic Leptospira (16), we also generated a clpB-comple-
mented mutant by insertion of the transposon carrying clpB
and a spectinomycin resistance cassette. We identified the
transposon insertion sites in several transformants and selected
one strain, KS2, exhibiting the transposon in an intergenic
region. PCR and Southern blotting confirmed the presence of
the wild-type clpB gene in the wild-type and complemented
strains (data not shown).

Western blots of whole-cell lysates of the L. interrogans wild-
type strain, obtained by using antibodies raised against L. in-
terrogans ClpB, showed several bands (Fig. 4). The use of E.
coli ClpB antiserum showed similar results (data not shown).
The L. interrogans ClpB protein (96 kDa) shares �60% simi-
larity with L. interrogans ClpA (83 kDa) and ClpC (95 kDa),
which are also members of the Hsp100/Clp family. This may
explain the presence of more than one ClpB-reactive band.
Interestingly, E. coli was found to use two transcriptional start
sites to express two forms of ClpB, a 93-kDa and a 79-kDa
protein (36). The L. interrogans ClpB protein could also be
synthesized in two forms. Nucleotide sequence analysis of the
L. interrogans clpB gene revealed a classical ribosome binding
site (RBS) immediately upstream of at least three putative
alternative start codons (ATG or TTG). These potential inter-
nal translation initiation sites should result in proteins with
calculated molecular masses of 94, 89, and 80 kDa (instead of
the 96-kDa mass for the full-length ClpB protein). Alignment
of amino acid sequences showed that the alternative transla-
tional start of the 80-kDa polypeptide of L. interrogans ClpB
coincides with amino acid 149 of E. coli ClpB, which is the start
codon of the smaller form of E. coli ClpB (79 kDa) (36). Gene
inactivation of clpB resulted in the disappearance of two bands
(Fig. 4). Western blot analysis of the complemented strain with
the ClpB antiserum detected two reactive bands similar to
those for the wild-type strain (Fig. 4), further confirming the
identity of the 96-kDa polypeptide and another smaller poly-
peptide (80 kDa) as ClpB.

In vitro phenotype. The L. interrogans clpB mutant presented
a similar motility and cell morphology to those of the wild-type
strain (data not shown). However, analysis of the growth
curves of the clpB mutant under normal growth conditions
(i.e., aerobic conditions at 30°C) indicated that the lag phase of
the growth curve was 48 h longer than that for the wild-type
and complemented strains (Fig. 5). The clpB mutant did reach
the maximum growth yield of the wild-type strain. The wild-
type and complemented strains had similar cell growth kinetics
in EMJH medium at 30°C. The capacity of the clpB mutant to
grow under a variety of stress conditions was also examined.

No significant differences in growth between the comple-
mented and parental strains were observed when cells were
grown at 30°C with limited nutrient concentrations (diluted
EMJH). Under similar conditions, the clpB mutant had greatly
reduced growth (Fig. 5). Pathogenic Leptospira strains usually
do not grow well in artificial medium at 37°C (10). In our
hands, the Kito strain showed greatly reduced growth in
EMJH, even with supplemented serum or tissue culture me-
dium, at 37°C in comparison to that for cultures at 30°C. Under
these conditions, the growth rate of the clpB mutant was dra-
matically reduced, sometimes with no evidence of multiplica-
tion, compared to those of the wild-type and complemented
strains (Fig. 5).

To examine whether ClpB contributes to oxidative stress
resistance, disk diffusion assays were carried out with hydrogen
peroxide and butyl peroxide. The zone of inhibition for the
clpB mutant was significantly larger than the zone of inhibition
for the wild type, indicating that the clpB mutant is more
susceptible to oxidative stress (Fig. 6). Additionally, comple-
mentation of the clpB mutant restored resistance to the wild-
type level (Fig. 6). These results indicate that ClpB plays a
major role in resistance to peroxides.

Together, our results show that both in vitro growth defi-
ciencies and the lower resistance to heat and oxidative stresses
in the mutant are due to inactivation of clpB and can be
complemented by a transposon-carried clpB copy.

In vivo phenotype. To determine if ClpB is important for the
ability of L. interrogans to cause disease, gerbils were infected
with 108 organisms (three independent experiments with
groups of 4 to 6 animals) of either the wild-type, clpB mutant,
or complemented clpB mutant version of L. interrogans strain
Kito. The clpB mutant demonstrated a complete loss of viru-
lence, with no clinical signs of leptospirosis, during the 21-day
follow-up period, while the wild-type strain caused death in 4
to 7 days after challenge (Fig. 7). The survival curve for the
mutant was statistically different from the curve generated for
gerbils infected with the wild type (P � 0.0001). Necropsy
evaluation of gerbils infected with the clpB mutant did not
show macroscopic lesions associated with leptospirosis (data
not shown). The mutant phenotype could be complemented by
reintroduction of clpB, with the log rank test between the

FIG. 4. ClpB in L. interrogans strains. Western analysis was per-
formed with whole-cell extracts of wild-type (wt), clpB mutant (clpB�),
and complemented clpB mutant (clpB�/�) strains grown at 30°C, using
an antibody to L. interrogans ClpB. Data shown are from a single
experiment and are representative of at least three experiments per-
formed with similar results. ImpL63 antibody was used as a loading
control in Western blots.

FIG. 3. Genetic locus of clpB in L. interrogans. The insertion site of
Himar1 in the chromosome of the clpB mutant in strain Kito is indi-
cated.
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mutant and complemented strains giving a P value of 0.0027.
The complemented strain caused death in 50% of the inocu-
lated animals (Fig. 7). Our results showed that the lack of
virulence of the clpB mutant could be complemented partially
in vivo by expressing clpB from the Himar1-derived transposon,
which is stably integrated into the chromosome of L. interro-
gans without antibiotic selection.

DISCUSSION

The Clp system is involved in the general stress response as
well as the virulence of many pathogenic bacteria. Given the
variety of environmental stresses that L. interrogans may en-
counter during its life cycle, it is likely that the Clp proteins
play a role in stress survival and virulence.

Genome sequencing of Leptospira strains has enabled the
identification of putative molecular chaperones and proteases.
These include the ClpXP chaperone-protease, which is the
most ubiquitous of the Clp proteases; ClpYQ, which is found
in most proteobacteria and in certain Gram-positive bacteria;
and ClpAP and its adaptor, ClpS, which are found in the
Gram-negative proteobacteria. Leptospira spp. possess a dou-
ble-membrane structure, including an outer membrane which
contains lipopolysaccharide (LPS), and are therefore related to
Gram-negative bacteria. In contrast to Gram-negative bacte-
ria, which possess ClpA but not ClpC, Leptospira spp. were
found to harbor both ClpA and ClpC, which are orthologs
associated with ClpP and showing similar functions in other
bacteria. Finally, like other organisms, including eukaryotes,
Leptospira spp. possess a ClpB-encoding gene. Immunoblot-
ting and sequence analysis indicated that two forms of ClpB
may be produced in L. interrogans, like the case in E. coli (36).
The biological role of the smaller ClpB form, which does not
contain the substrate-interacting N-terminal domain, is not
well understood. In E. coli, the two isoforms form hetero-
oligomers that optimize the chaperone activity by synergistic
cooperation (27).

A previous microarray study showed that L. interrogans clpB
or LA1879/LIC12017 (misannotated clpA), together with other
stress and heat shock genes, was upregulated 3.5-fold at 37°C
in comparison to 30°C (20). This was also shown at the protein
level (21). We confirmed that clpB is upregulated during heat
stress. ClpB was also found to be downregulated in response to
serum (29) and under iron-depleted conditions (11).

Only a few L. interrogans mutants showed attenuation in
virulence in the animal model of leptospirosis. These avirulent
mutants were disrupted in genes of the LPS biosynthesis locus
(25) and in genes encoding a heme oxygenase (26), a lipopro-
tein, Loa22, of unknown function (34), or the flagellar motor
switch protein FliY (18). However, only the attenuation of the
loa22 mutant was confirmed by complementation studies (34).

In this study, we isolated a mutant with an insertion in clpB
in L. interrogans strain Kito. Our results suggest that ClpB
plays an important role in in vitro growth and in responses to
oxidative and temperature stresses in L. interrogans. Transfor-
mation of the clpB mutant with a construct to express wild-type
ClpB restored the wild-type phenotype in vitro, confirming that
all of the phenotypes described here for the clpB mutant were
indeed due to the loss of function of this gene.

The clpB mutant of L. interrogans strain Kito demonstrated

FIG. 5. Growth kinetics of wild-type, clpB mutant, and comple-
mented clpB mutant strains of L. interrogans. Strains were grown in
EMJH, EMJH supplemented with 10% rabbit serum, EMJH supple-
mented with 10% M199 medium, and diluted EMJH medium, and
cultures were incubated at 30°C or 37°C with shaking. Growth was
monitored by measuring the OD420.
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a loss of virulence. The attenuation of lethality in infected
gerbils could be a consequence of downregulation of virulence
factors, in vivo growth deficiency, or increased susceptibility to
stress conditions. The attenuation of lethality was only partially
restored in gerbils. The incomplete complementation of the
clpB mutant may have been due to poor in vivo expression of
clpB from the integrated Himar1 transposon. Integration of the
wild-type clpB gene into a chromosomal locus other than the
original one may not allow optimal expression or regulation of
clpB in complemented strains, as suggested by the level of
expression of ClpB-reactive bands in Western blot analysis
(Fig. 4). The only other example of complementation of an
avirulent mutant of pathogenic Leptospira spp. also showed
partial restoration of virulence, with the complemented strain
being lethal in 57 to 80% of infected animals (34).

Interestingly, we recently identified another clpB mutant in
the pathogen L. interrogans serovar Manilae strain L495 among
random transposon mutants (24). Inactivation of clpB was
therefore obtained in two distinct L. interrogans serogroups,
i.e., serogroups Canicola (strain Kito) and Pyrogenes (strain
L495). The L495 clpB strain exhibited growth defects at 37°C
and at 30°C in poor nutrient medium, but not at 30°C in
regular EMJH medium, in comparison to the parental and
complemented strains. The susceptibility to oxidative stress of
the clpB mutant was significantly higher than the susceptibility
of both the wild-type and complemented cells (see Fig. S2 in
the supplemental material). However, the clpB mutant of
strain L495 did not show decreased virulence compared to the

wild-type strain in the animal model of leptospirosis (see Fig.
S2). The reason for this difference of phenotypes between the
clpB mutants of strains Kito and L495 is unclear. The clpB gene
was not found to be duplicated in the genome of the L. inter-
rogans clpB mutant (B. Adler, unpublished data). Differences
in the regulation and/or expression of clpB may exist among
clinical strains. Gene inactivation of clpB in strain L495 may
also result in compensatory mechanisms, such as increased
activity levels of Clp proteases or other chaperone machiner-
ies. The virulence of pathogens is partly due to their ability to
survive in the host by escaping natural defense mechanisms.
ClpB has been shown to be a key determinant in tolerance to
oxidative stress conditions. Other mechanisms of resistance to
oxidative stress, such as enzymatic degradation of peroxide,
may also vary among pathogenic Leptospira strains (8), allow-
ing persistence of virulence in the L495 clpB strain.

In conclusion, we demonstrated that ClpB, which is induced
by heat stress, is required for growth in poor nutrient media
and for resistance to oxidative and heat stresses. ClpB also
appears to play a major role in virulence, as assessed using the
Kito mutant. We believe that our results will provide insights
for understanding the mechanisms of tolerance of pathogenic
Leptospira spp. to stress conditions.
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