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Listeria monocytogenes secretes two chitinases and one chitin binding protein. Mutants lacking chiA, chiB, or
lmo2467 exhibited normal growth in cultured cells but were defective for growth in the livers and spleens of
mice. Mammals lack chitin; thus, L. monocytogenes may have adapted chitinases to recognize alternative
substrates to enhance pathogenesis.

Listeria monocytogenes is a Gram-positive bacterium that is
found as an inhabitant of soil, water, and decaying vegetation,
where the organism is believed to live as a saprophyte (12, 13,
16). Upon consumption of the bacterium by a susceptible host,
L. monocytogenes adopts a pathogenic lifestyle that can lead to
serious and sometimes fatal infections (1, 3, 15, 22, 32). L.
monocytogenes is considered a major food-borne pathogen and
has been responsible for some of the largest and most ex-
pensive food recalls in U.S. history (6–10, 27, 31). While
significant attention has focused on the identification of L.
monocytogenes gene products that specifically contribute to
bacterial life within host cells, relatively less is known regard-
ing the function of gene products that may be adapted to
contribute to bacterial life both inside and outside the infected
host.

Chitinases catalyze the hydrolysis of chitin, a linear poly-
mer of N-acetylglucosamine residues linked in �-1,4 glyco-
sidic bonds (5). Microbial chitinases have been associated with
nutrient acquisition, as chitin is abundant in the environ-
ment and can serve as a source of carbon and nitrogen (17).
Recently, a chitinase and a chitin binding protein have been
linked to bacterial virulence for two environmental pathogens,
Legionella pneumophila (14) and Vibrio cholerae (19, 21). Al-
though chitin is not synthesized by mammals, L. pneumophila
chitinase has been implicated in enhancing bacterial coloniza-
tion of the lungs of infected mice (14), while a chitin binding
protein produced by V. cholerae has been implicated in intes-
tinal colonization (19, 21).

L. monocytogenes produces two chitinases encoded by lmo1883
(chiA) and lmo0105 (chiB) and one chitin binding protein
encoded by lmo2467 (Fig. 1A) (26). chiA and chiB encode
proteins containing a glycosyl hydrolase family 18 chitinase
domain, and both have been demonstrated to possess chitino-
lytic activity (25, 26). Interestingly, the expression of chiA has
recently been reported to be induced within the cytosol of
infected macrophages (11). lmo2467 encodes a hypothetical

chitin binding protein that lacks a chitinase domain (26). To
investigate whether chiA, chiB, or lmo2467 contributes to host
infection, in-frame deletion mutants were constructed in each
gene in the L. monocytogenes chromosome using allelic ex-
change (18). Each of the resulting in-frame deletion mutants
was found to resemble wild-type L. monocytogenes with respect
to bacterial growth in brain heart infusion (BHI) broth culture
(S. Chaudhuri and N. Freitag, data not shown), and the dele-
tion of either chiA or chiB significantly reduced secreted chi-
tinase activity as detected in the culture supernatants of mutant
strains following 48 h of growth in LB at 30°C (Fig. 1B).

The ability of L. monocytogenes chitinase and chitin binding
protein mutants to invade host cells, escape from the phago-
some, and replicate in the cytosol was investigated via bacterial
infection of the human intestinal Caco-2 cell line (Fig. 2A).
Monolayers of Caco-2 cells were grown on glass coverslips and
infected with L. monocytogenes at a multiplicity of infection
(MOI) of 10 bacteria per cell. At 1 h postinfection, monolayers
were washed and medium containing 10 �g/ml gentamicin was
added to kill extracellular bacteria. Intracellular bacterial rep-
lication was monitored by removing the coverslips at the indi-
cated time points postinfection, lysing the infected host cells by
vortexing the coverslips in water, and plating for viable CFU
on LB agar media (29). Bacterial invasion and intracellular
growth of each mutant strain in Caco-2 cells were found to be
similar to those of wild-type L. monocytogenes (Fig. 2A). Iden-
tical patterns of bacterial replication were also observed in the
murine-derived J774 macrophage-like cell line using a similar
approach (S. Chaudhuri and N. Freitag, data not shown).

The ability of L. monocytogenes to spread to adjacent cells
during tissue culture infection can be rapidly assessed by mea-
suring the ability of bacteria to form small zones of cell clearing
or plaques during the infection of mouse fibroblast cell mono-
layers (30). Mouse L2 fibroblast cells were grown in 3.5-cm
wells and infected with L. monocytogenes as previously de-
scribed (30). One hour postinfection, the monolayers were
washed and gentamicin was added along with a Dulbecco mod-
ified Eagle medium (DMEM)-0.7% agar overlay. Plaque for-
mation was assessed at 3 days postinfection by staining viable
L2 cells with neutral red. The chitinase and chitin binding
protein mutants formed plaques in L2 cell monolayers with the
same efficiency and of the same diameter as those formed by
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wild-type L. monocytogenes (Fig. 2B), indicating that each of
the mutant strains was fully capable of intracellular bacterial
replication and cell-to-cell spread.

The chitinase and chitin binding protein mutants were then
tested for virulence in a mouse model of infection. ND4 Swiss
Webster mice were infected via tail vein injection (2) with the
�chiA and �chiB chitinase deletion mutants as well as with the
�lmo2467 mutant and wild-type L. monocytogenes (Fig. 3).
Each mouse was inoculated with 2 � 104 CFU, and at 3 days
postinfection, the animals were sacrificed and the numbers of
bacterial CFU were determined from homogenates of isolated
livers and spleens. Each of the mutants exhibited a significant
defect in bacterial replication within infected mice (Fig. 3).
The �lmo2467 mutant exhibited the most modest level of at-
tenuation, with approximately 4-fold fewer bacteria recovered
from the livers and 6-fold fewer from the spleens of infected
animals than from those infected with wild-type L. monocyto-
genes (Fig. 3). The �chiB mutant exhibited more significant
levels of attenuation, with approximately 8-fold and 14-fold
fewer bacteria recovered from the livers and spleens, respec-
tively (Fig. 3). Attempts to complement the defect of the �chiB
mutant by providing a wild-type copy of the gene in trans using

plasmid vector pPL2 (24) were not successful, as it was not
possible to recover stable L. monocytogenes plasmid integrants
for reasons that are not apparent (S. Chaudhuri and N. Fre-
itag, data not shown). The most dramatic virulence defect was
observed for strains lacking chiA (Fig. 3). The absence of chiA
reduced bacterial colonization of the liver and spleen more
than 19-fold and 45-fold, respectively, and the defect could
be fully complemented in the liver and almost fully comple-
mented in the spleen by providing a PCR-amplified wild-
type copy of chiA in trans on the integrative plasmid vector
pPL2 (24). These data indicate a significant role for the chi-
tinase ChiA in L. monocytogenes virulence and suggest that
additional contributions are made by chiB and lmo2467 during
mouse infection.

Given the absence of chitin in mammals, what are the po-
tential roles for chitinases and chitin binding proteins in L.
monocytogenes virulence? For the secreted V. cholerae chitin
binding protein GbpA, it has been reported that the protein
serves to enhance bacterial colonization of the intestine through

FIG. 1. L. monocytogenes genes encoding chitinases and chitin
binding proteins. (A) chiA (lmo1883) encodes a chitinase of 352 amino
acids, chiB (lmo0105) encodes a chitinase of 756 amino acids, and
lmo2467 encodes a predicted chitin binding protein of 478 amino acids
(26). Chromosomal deletion mutants were constructed for each gene
indicated in black. Surrounding coding regions are represented by
white arrows. (B) Chitinase activity detected in supernatants derived
from wild-type, �chiA, �chiB, and �lmo2467 strains. Bacterial cultures
were grown for 48 h at 30°C in LB broth. Bacterial supernatants were
assayed for secreted chitinase activity using the substrate 4-nitrophenyl
N,N�-diacetyl-�-D-chitobioside (14, 25). Chitinase units are expressed
as the absorbance at 405 nm times 100 divided by the culture optical
density measured at 600 nm (OD600). Data shown are representative of
two independent experiments.

FIG. 2. Chitinase and chitin binding protein deletion mutants ex-
hibit normal patterns of intracellular growth and cell-to-cell spread in
tissue culture cells. (A) Monolayers of Caco-2 intestinal epithelial cells
grown on glass coverslips were infected with L. monocytogenes wild-
type (F), �chiA (f), �chiB (Œ), and �lmo2467 (�) strains at an MOI
of 10:1. After 1 h, monolayers were washed with phosphate-buffered
saline (PBS) and gentamicin was added to kill any remaining extracel-
lular bacteria. Coverslips were removed at the indicated time points,
followed by host cell lysis and enumeration of bacterial CFU on agar
media. Data are representative of three independent experiments.
(B) Monolayers of L2 fibroblast cells were infected with wild-type,
�chiA, �chiB, and �lmo2467 bacteria as previously described (30).
Bacterial intracellular growth and cell-to-cell spread were monitored
by measuring the diameter of the zones of clearance (plaques) in the
infected monolayers. Relative plaque diameters are indicated as a
percentage of those of the wild type (WT), which was set to 100%.
Data shown are the average plaque diameter � standard error from
results from three independent experiments.
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the binding of mucin (4, 21), which consists of glycoproteins rich
in carbohydrates that include N-acetylglucosamine (28). Kawada
et al. have recently reported that a chitin binding protein ex-
pressed by Serratia marcescens increased bacterial adhesion to
colonic epithelial cells via binding to the chitinase 3-like 1
(CHI3L1) protein expressed on the host cell surface (20). The
L. pneumophila chitinase has been reported to contribute to
bacterial colonization of mouse lung; however, the mechanism
by which the enzyme enhances bacterial colonization of lung
epithelium has not yet been established (14). For L. monocy-
togenes, neither ChiA, ChiB, nor Lmo2467 appeared to have
any influence on bacterial invasion or replication within tissue
culture cell lines (Fig. 2), although the proteins clearly contrib-
uted to virulence via bloodstream infection of mice (Fig. 3). It
remains possible that one or more of the secreted proteins
recognize glycoproteins or carbohydrate moieties present on
host cells (but not expressed by the tissue culture cell lines
examined in this study) and that this recognition somehow
serves to enhance bacterial uptake. Alternatively, the expres-

sion of chiA has been reported to be induced within infected
macrophages (11) and also by the L. monocytogenes central
virulence regulator PrfA (23), raising the possibility that
ChiA and/or the other chitin binding proteins may serve to
modify host immune responses by binding to glycoproteins
or other carbohydrate moieties that contribute to immune
signaling. Elucidation of the role of chitinases and chitin
binding proteins in L. monocytogenes pathogenesis should
provide insight into how bacterial factors that contribute to
survival in the outside environment can be exploited for
additional roles within an infected mammalian host.
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