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The bacterium Vibrio cholerae, like other human pathogens that
reside in environmental reservoirs, survives predation by unicel-
lular eukaryotes. Strains of the O1 and 0139 serogroups cause
cholera, whereas non-01/non-0139 strains cause human infec-
tions through poorly defined mechanisms. Using Dictyostelium
discoideum as a model host, we have identified a virulence mech-
anism in a non-O1/non-0139 V. cholerae strain that involves
extracellular translocation of proteins that lack N-terminal hydro-
phobic leader sequences. Accordingly, we have named these genes
"VAS" genes for virulence-associated secretion, and we propose
that these genes encode a prototypic ““type VI" secretion system.
We show that vas genes are required for cytotoxicity of V. cholerae
cells toward Dictyostelium amoebae and mammalian J774 macro-
phages by a contact-dependent mechanism. A large number of
Gram-negative bacterial pathogens carry genes homologous to vas
genes and potential effector proteins secreted by this pathway
(i.e., hemolysin-coregulated protein and VgrG). Mutations in vas
homologs in other bacterial species have been reported to atten-
uate virulence in animals and cultured macrophages. Thus, the
genes encoding the VAS-related, type VI secretion system likely
play an important conserved function in microbial pathogenesis
and represent an additional class of targets for vaccine and anti-
microbial drug-based therapies.

Dictyostelium discoideum | type VI secretion | virulence-associated
secretion

holera is a severe, life-threatening diarrheal disease caused

by Vibrio cholerae strains of the O1 and O139 serogroups. In
contrast, non-O1, non-O139 strains of V. cholerae are primarily
associated with isolated cases of extra-intestinal infection or
gastroenteritis. An exception to this pattern was a large outbreak
of a cholera-like illness that occurred in 1968 in Sudan, where an
037 strain of V. cholerae caused 460 cases and 125 deaths (1).
The virulence mechanisms of O1 and O139 strains involve the
elaboration of extracellular factors such as cholera enterotoxin
and toxin coregulated pili. In contrast, the virulence mechanisms
used by non-O1, non-O139 strains remain poorly defined (2).
Using the social amoeba Dictyostelium discoideum as a model
host, we have developed an experimental system designed to
identify novel virulence mechanisms from pathogenic non-O1,
non-0139 strains.

D. discoideum is a eukaryotic organism that seeks out and
preys on bacteria through its phagocytic feeding behavior. As
such, it has been used as a model eukaryotic cell that mimics a
mammalian macrophage in aspects of its cell biology and inter-
action with microbes. Several environmental pathogenic bacte-
ria, including Legionella pneumophila, Mycobacterium marinum,
and Pseudomonas aeruginosa (3), resist Dictyostelium predation
by producing factors that either kill amoebae or allow successful
intracellular survival and multiplication. In these cases, the same
virulence mechanisms operative against mammalian cells have
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also been implicated in resistance to Dictyostelium predation.
For example, we have shown that P. aeruginosa can kill Dictyo-
stelium amoebae by using its type III secretion system (T3SS) to
deliver the cytotoxic ExoU effector protein into target cells (4)
and that this T3SS is also essential for mammalian virulence (5).
Thus, we reasoned that screening for resistance to Dictyostelium
predation might reveal virulence factors produced by pathogenic
non-O1 and non-O139 V. cholerae strains that target eukaryotic
host cells.

Here, we report that Dictyostelium amoebae are killed by an
isolate of the V. cholerae serogroup O37 from the 1968 Sudan
epidemic. The virulence displayed by this V. cholerae O37 strain
requires bacterial-amoeboid, cell-cell contact and a set of genes
that encode a unique protein secretion machinery. We have
named the genes encoding this phenotype “VAS” (for virulence-
associated secretion) and further show that this pathway medi-
ates V. cholerae cytotoxicity toward a mammalian macrophage
cell line. Previously, bioinformatic analysis (6) identified this
cluster of genes as highly conserved in several Gram-negative
pathogens. Because the genes in the cluster showed homology to
the L. pneumophila icmF, the cluster was designated the IcmF-
associated homologous protein (IAHP) gene cluster. However,
our analysis indicates that the IAHP gene cluster of V. cholerae
encodes a protein secretion system distinct from type III and
type IV pathways. Accordingly, we conclude that this system
constitutes the prototype of a secretion system that we propose
to call “type VIsecretion” to clarify its relationship to previously
described secretion systems involved in microbial pathogenesis.

Results

The Non-01, Non-0139 V. cholerae Strain V52 Resists D. discoideum
Predation. Bacterial predation by Dictyostelium is easily scored by
plating individual amoebae on nutrient agar plates seeded with
bacterial cells. Successful predation by the amoebae is visualized
by the appearance of clear plaques corresponding to zones where
actively feeding and replicating amoebae have phagocytosed and
killed bacteria. An absence of plaques indicates that the bacterial
species being tested displays a “virulent” phenotype on Dictyo-
stelium, by either evading amoeboid Kkilling or actively killing
Dictyostelium. As shown in Fig. 14, Dictyostelium amoebae
readily plaque on Klebsiella aerogenes and an O1 serogroup strain
of V. cholerae (N16961). In contrast, amoebae plated on the O37
serogroup V. cholerae strain V52 are killed and fail to form
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