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Flies and worms have been chosen as model genetic organ-
isms based on a number of traits that strike an excellent com-
promise between complexity and genetic tractability. Although
an antibacterial defense system in flies was reported in the
early 1970s (11), Drosophila melanogaster actually emerged as
a model animal to study innate immunity 20 years later, when
the first parallels between mammalian and Drosophila innate
immunity were discovered after a NF-kB/Rel protein was
found to translocate to the nucleus in response to microbial
infection (39, 53, 76). In addition, in seminal studies Lemaitre
et al. demonstrated that Toll and imd genes control the expres-
sion of antimicrobial defense in D. melanogaster and showed
that mutations in the Toll signaling pathway dramatically re-
duce survival after fungal infection (52, 54). Caenorhabditis
elegans emerged a few years later when Tan et al. reported in
1999 that the nematode can be used to model Pseudomonas
aeruginosa pathogenesis in mammals (82). Since then, these
organisms have been extensively used to study host-pathogen
interactions (reviewed in references 1, 5, 14, 35, 50, 69, and 78).

As in vertebrates, physical barriers and antimicrobial sub-
stances protect D. melanogaster and C. elegans from microbial
attacks, but successful microorganisms are capable of over-
coming the first line of defense by causing infections that in
many cases result in the death of the infected animal. Although
the interactions between D. melanogaster and C. elegans and a
wide variety of microorganisms are somehow artificial, since
these animals have not been described to be the natural hosts,
they appear to have evolved mechanisms to respond to differ-
ent microorganisms with some degree of specificity (18, 21, 22,
38, 40, 55, 59).

In the case of D. melanogaster, growing evidence shows that
certain microorganisms are capable of penetrating the exoskel-
eton or the intestinal epithelium to cause an infection follow-
ing the so-called “physiological” or “natural” route of infection
(85). The physiological infection consists of either (i) feeding
D. melanogaster larvae or adult flies with the microorganism of
interest distributed in the food or (ii) spraying fungal spores or
microorganisms directly onto the fly exoskeleton. Various mi-
croorganisms, however, are unable to break the first line of
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defense and need to be inoculated. This is accomplished by (i)
pricking the dorsal part of the fly thorax (or abdomen) body
cavity of the insect with a sharp needle that has been dipped
into a microbial suspension or (ii) microinjecting a precise
dose of microbes directly into the body cavity. The disadvan-
tages of these methods are that the mechanical manipulation
itself appears to affect the host defense response to some
extent and that there seems to be significant differences in the
Drosophila defense response depending on the route of inoc-
ulation (7).

In contrast, all the C. elegans pathogens described so far
seem to use a relatively more physiological route of infection.
Typically, C. elegans animals are propagated in the laboratory
on petri dishes containing a lawn of a slow-growing strain of
Escherichia coli OP50. The nematodes, which feed almost con-
stantly during their adult life cycle, use muscle contractions to
pump food into the pharynx where the pharyngeal grinder uses
specialized cuticular structures to effectively disrupt most bac-
teria. Thus, essentially no intact E. coli cells can be found in the
intestinal lumen. However, when C. elegans is fed certain hu-
man pathogens, the nematodes die and, in many cases, intact
microorganisms can be found within the intestine (4, 28, 41, 48,
71, 82). A specific C. elegans pathogen, Microbacterium nema-
tophilum, has also been isolated. These bacteria adhere to the
anal region of the nematodes and induce localized swelling of
the underlying hypodermal tissue. Although the C. elegans-M.
nematophilum interaction is not lethal to the worm, it has been
suggested to be pathogenic due to the morphological changes
induced by M. nematophilum and lack of obvious benefits for
the host (34).

Studies on the D. melanogaster and C. elegans genomes have
yielded new insights into the mechanisms of a variety of human
diseases including Alzheimer’s disease, stroke, cancer, retinitis
pigmentosa, diabetes, and kidney diseases (33, 77). Here, we
will discuss seminal genetic and functional genomic studies
performed with D. melanogaster and C. elegans that have
served to identify and characterize a variety of conserved in-
nate immunity-related genes and virulence factors.

IDENTIFICATION OF INNATE IMMUNITY PATHWAYS

Drosophila melanogaster. The D. melanogaster immune re-
sponse against microorganisms lacks adaptive components and
relies solely on innate defenses. This, together with its genetic
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FIG. 1. Comparison of the D. melanogaster innate immunity pathway with homolog pathways in C. elegans and mammals. In mammals and D.
melanogaster, Toll-like receptors are crucial in the recognition of microbial pathogens prior to the elicitation of innate immune responses. The C.
elegans Tol-1 receptor is apparently not involved in this process. The intracellular TIR domain of Toll interacts with a similar domain contained
in the MyD88 conserved protein. In mammals, this leads to the activation of both MAPKs and NF-«B that ultimately activates the innate immune
system. Similarly, Toll activation triggers innate immunity in D. melanogaster through the activation of the NF-«kB-like transcription factors Dorsal
and DIF. Upon the recognition of microbial pathogens, a C. elegans receptor(s) yet to be identified activates innate immunity through a
Tir-1/MAPK signaling pathway. As in mammals, C. elegans defense responses involve the activation of microbial killing pathways and apoptotic
pathways. Although caspases are required for the activation of innate immunity in D. melanogaster, an apoptotic defense response has not yet been

reported.

tractability, makes D. melanogaster an excellent animal model
to study innate responses without the intervention of adaptive
responses. As in many other metazoans, however, innate re-
sponses in D. melanogaster involve both cellular and humoral
components. The cellular response, which has not been studied
as much as the humoral response, comprises three cell lineages
(extensively reviewed in reference 61). Plasmatocytes are pro-
fessional phagocytes dedicated to the elimination of invading
microorganisms by engulfment. Lamellocytes correspond to a
cell type that differentiates and forms a multilayer capsule
around parasites. Encapsulation, together with melanization
supported by the crystal cells, results in the elimination of the
invading parasites. The humoral response involves the secre-
tion of antimicrobial peptides that are synthesized by the fat
body and secreted into the hemolymph. As described in the
examples provided in the following paragraphs, innate immu-

nity pathways involved in pathogen recognition and expression
of antimicrobial substances have been very well dissected in D.
melanogaster.

Before the first genetic screen to identify innate immunity-
related genes was performed (86), various D. melanogaster
mutants were used to define the Toll and IMD pathways as key
regulators of antimicrobial defense in flies (52, 54). Subsequent
studies demonstrated striking similarities between these path-
ways, which regulate the expression of most of the defense-
related genes in response to fungal and bacterial infection
through NF-kB-like transcription factors, and their vertebrate
counterparts (reviewed in references 14, 36, and 50).

In D. melanogaster, the Toll pathway has been described as
a key defense response against fungi and gram-positive bacte-
ria (Fig. 1). Toll is a transmembrane receptor which is part of
a leucine-rich repeat subgroup of proteins that also contain
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FIG. 2. Genetic analysis identified innate immunity pathways required for proper defense responses in flies and nematodes. (A) D. melanogaster
F; male mutagenized larvae carrying the transgene dipt::lacZ were inoculated with a diluted culture of E. coli. After 2.5 h, the larvae were inspected
for melanization at the wound site and then the B-galactosidase activity was evaluated to isolate mutants exhibiting an impaired defense response.
(B) An EMS-mutagenized F, population of worms was transferred to agar plates seeded with P. aeruginosa to identify C. elegans mutants impaired
in defense response. Because wild-type animals infected with P. aeruginosa typically start to die at approximately 34 h, dead mutant animals were
isolated during a period of 16 to 30 h. Because C. elegans eggs are not infected by bacterial pathogens, the candidate mutants were recovered by
transferring individual dead worms containing their brood to plates seeded with nonpathogenic E. coli.

Toll-IL-IR (TIR) domains (reviewed in references 9, 42, 74,
and 80). Following an infection, the Toll pathway is activated
by a serine protease cascade that leads to the processing of a
Spaetzle. The physical interaction between Spaetzle and Toll
initiates an intracellular cascade that involves the adaptor pro-
teins dMyD88 and Tube and the threonine-serine kinase Pelle.
This leads to the degradation of Cactus and nuclear translo-
cation of NF-kB-like transcription factors Dorsal and Dif,
which ultimately regulate the expression of antimicrobial pep-
tides. The Imd pathway seems to be particularly important
against gram-negative bacteria. As in the case of the Toll
signaling pathway, this pathway regulates the expression of
antimicrobial peptides through the Rel family transcription
factor Relish (Fig. 1). Two well-defined cascades have been
involved in the activation of Relish (14, 36, 50). A mitogen-
activated protein kinase (MAPK) signaling pathway involving
TAKI1 and IKK has been implicated in the phosphorylation of
Relish, and a pathway involving the caspase Dredd has been
shown to subsequently proteolytically activate Relish. Re-
cently, the MAPK Jun N-terminal protein kinase has been
demonstrated to be both down-regulated by Relish and in-
volved in transient expression of innate immunity-related
genes (72).

For one of the first genetic screens, Wu and Anderson used
a reporter strain expressing [-galactosidase under the pro-
moter of the diptericin gene, which encodes an antibacterial
peptide (86). The rationale for using the diptericin promoter

was that the Toll signaling pathway was not involved in the
activation of diptericin and that only the imd gene was known
to be required for induction of diptercin expression (17, 52, 54).
The commonly used chemical mutagen ethyl methane sulfo-
nate (EMS), which randomly induces point mutations, was
used to mutagenize homozygous males carrying the dipt::lacZ
transgene on chromosome 3. Homozygous flies for both the
dipt::lacZ transgene and the mutagenized chromosome 3, ob-
tained after a series of crosses, were assayed for their immune
responses (Fig. 2).

The immune response of 3,627 lines was evaluated by mon-
itoring the induction of the dipt::lacZ reporter gene after the
inoculation of a diluted culture of E. coli. Wu and Anderson
identified 57 lines containing mutations in more than 40 dif-
ferent genes that were deficient in dipt::lacZ expression. Mu-
tations in six of these genes were named ird (immune response
deficient) and found to affect the nuclear import of the NF-
kB-like protein Dif, which translocates to the nucleus in re-
sponse to infection (39, 53, 76). The receptor that activates the
expression of diptericin was not identified in this screen, but
welcome information on the events upstream of the activation
of antimicrobial peptide expression was obtained. Four years
later, three independent studies identified the peptidoglycan
recognition protein LC (PGRP-LC) as a crucial receptor in-
volved in the detection of gram-negative bacteria and subse-
quent activation of antibacterial peptide biosynthesis through
the imd gene (16, 30, 75). The discovery of additional members
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of the PGRP family of pattern recognition molecules and
members of the family of gram-negative binding proteins, as
well as their role in the recognition of gram-negative and
gram-positive bacteria and fungi, has recently been reviewed
(14, 50).

Caenorhabditis elegans. As D. melanogaster, the nematode C.
elegans seems to rely only on innate immunity to deal with
microbial infections. Although several markers of conserved
innate immune responses have been recently described for C.
elegans, phagocytosis, an important component of innate im-
munity, does not appear to play a role in microorganism clear-
ance. The hermaphrodite animal has six phagocytic cells in the
pseudocoelom, but they are not mobile and do not seem to be
involved in the engulfment of microorganisms. The relatively
simple innate immune system of C. elegans and the number of
traits that facilitate genetic and genomic analysis using this
organism, including a hermaphroditic lifestyle and short 2- to
3-week lifespan, have nurtured rapid advances into the under-
standing of C. elegans innate immunity during recent years.

Programmed cell death (PCD) is the first marker of a con-
served innate immune response observed in evolutionarily dis-
parate species that was identified in C. elegans. Interestingly, it
was found that Salmonella enterica but not P. aeruginosa elicits
programmed cell death in the C. elegans germ line cells. Using
a set of C. elegans mutants in which PCD is blocked, it was
shown that S. enterica-elicited germ line cell death is depen-
dent on the well-characterized CED-9/CED-4/CED-3 path-
way, which is homologous to the BCL2/APAF-1/CASPASE
pathway in mammalian cells. Moreover, ced-3 and ced-4 mu-
tants were found to be hypersensitive to S. enterica-mediated
killing, suggesting that PCD (or the CED9/CED4/CED3 signal
transduction pathway) may be involved in a C. elegans defense
response to pathogen attack (2). In addition, taking advantage
of both host and pathogen mutants, it was shown that S. en-
terica lipopolysaccharide acts as a pathogen-associated molec-
ular pattern that triggers programmed cell death in C. elegans.
Similar to mammals, the pathogen-induced CED-3 pathway in
C. elegans appears to lie downstream of a PMK-1/P38 MAPK
signaling pathway (3). Since S. enterica persistently colonizes
the C. elegans intestinal lumen, these results suggest that S.
enterica infection triggers somatic signals that induce the
CED-3 pathway in the germ line. Induction of the CED-3
pathway may serve a protective role when C. elegans encoun-
ters an adverse environmental stimulus, such as the attack of a
potentially pathogenic bacterium, maintaining homeostasis by
eliminating the excess germ line cells or sick cells potentially
detrimental to the organism. In contrast to somatic cells, germ
cells do not have a fixed lineage or population of cells. The
CED-3 pathways could also operate in the C. elegans intestine,
which is in direct contact with potential bacterial pathogens, to
trigger a somatic defense response independent of cell death.

Another genetic approach focused on the characterization
of the Toll signaling pathway in C. elegans. Although C. elegans
and D. melanogaster have been placed in sister phyla, C. elegans
does not appear to have an intact Toll signaling pathway. The
nematode genes encoding proteins homologous to several
components of the Toll signaling pathway, Toll/TOL-1, dTraf/
TREF-1, Pelle/PIK-1, and Cactus/IKB-1, were identified, and
the corresponding deletion mutants were generated. However,
none of these mutants exhibited enhanced susceptibility to
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several pathogens compared to a nonpathogenic E. coli control
(73).

The Ausubel laboratory performed a pioneering genetic
analysis of C. elegans to identify innate immunity genes re-
quired for proper defense response against a bacterial infec-
tion (45). An EMS-mutagenized F, generation was screened to
isolate mutants exhibiting an enhanced susceptibility to patho-
gens (Esp) phenotype according the scheme shown in Fig. 2.
The pathogen used in this study was P. aeruginosa strain PA14,
which was previously shown to kill C. elegans by two mecha-
nisms. P. aeruginosa grown on nematode growth medium ac-
cumulates within the lumen of the C. elegans intestine, killing
worms relatively slowly over the course of 2 to 3 days (called
“slow killing”) (81). In contrast, PA14 grown on rich and high-
osmolarity media kills worms quickly by excreting low-molec-
ular-weight toxins (“fast killing”) (58, 81). Using the slow-
killing conditions, 14,000 lines were screened and 10 mutants
were isolated. Mutations in two of these animals, esp-§ and
esp-2, were found to correspond to the nsy-I and sek-1 genes,
respectively (45). NSY-1 and SEK-1 are components of a con-
served PMK-1/p38 MAPK signaling pathway previously shown
to mediate asymmetric cell fate decisions during neuronal de-
velopment (83). Further studies revealed that TOL-1 is not the
C. elegans receptor sensing the stimulatory signal for PMK-1
activation (3). The PMK-1/p38 MAPK pathway does not ap-
pear to play a role against the natural C. elegans pathogen M.
nematophilum, which, as indicated above, causes a persistent
infection that correlates with a swollen tail. However, the ex-
tracellular signal-regulated kinase MAPK signaling pathway
has been shown to mediate both tail swelling and a protective
response against M. nematophilum attack (68).

The Aroian laboratory also performed an elegant genetic
study to understand the mechanism of the Bacillus thuringiensis
toxin Cry5B. First, it was demonstrated that CrySB damages
the C. elegans intestine, reduces the brood size, and eventually
kills the nematodes. Second, an EMS-mutagenized F, popula-
tion was used to isolate 10 recessive mutants resistant to the
toxin’s effects that ultimately defined five B. thuringiensis resis-
tance (bre) genes (60). In subsequent studies, the bre-5 gene
was cloned and its product was characterized. It was hypothe-
sized that the putative galactosyltransferase BRE-5 is involved
in the formation of a carbohydrate structure required at the
gut surface for proper toxin binding. Consistent with this hy-
pothesis, the study of mosaic animals revealed that the pres-
ence of BRE-5 in the intestine is necessary for Cry5B-medi-
ated toxicity (32). BRE-5 is part of a larger family of proteins
involved in glycosylation that function in the intestine and are
required for the interaction of Cry5B toxin with the host cells
(31).

FUNCTIONAL GENOMICS TO UNDERSTAND DEFENSE
RESPONSES

Expression profiling analyses. Microarray studies have been
used not only to assess D. melanogaster and C. elegans innate
immune response to microbial challenge (21, 40, 59) but also to
dissect the pathways involved in this response. For example, to
study the contribution of the Toll and Imd pathways in defense
response, De Gregorio et al. compared the expression profile
of D. melanogaster mutants in the Toll and Imd pathways
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infected with Escherichia coli or Micrococcus luteus to the ex-
pression profile of uninfected and Beauveria bassiana-infected
(physiological infection) wild-type flies (22). Most of the genes
regulated by microbial infection were found to be regulated by
the Toll and Imd pathways. However, since the authors found
that the expression profile of some of the pathogen-responsive
genes were unaffected in mutant flies in both pathways, they
concluded that other undefined pathways regulate a subset of
immune-responsive genes. Boutros et al. showed that D. mela-
nogaster genes induced by microbial challenges are regulated
by the Toll and Imd pathways and by the Jun N-terminal
protein kinase and JAK/STAT pathways (12). In addition, they
demonstrated that the expression of some of these genes is
altered by the mechanical manipulation itself and that there is
a connection between the pathways that control tissue repair
and innate immunity. In a recent whole-genome analysis of
innate immunity pathways transcriptionally regulated by P.
aeruginosa infection, Apidianakis et al. studied not only the
injury effects but also the effects of a P. aeruginosa avirulent
strain-induced response. Thus, virulence-related responses
specifically elicited by virulent P. aeruginosa were identified
(6). Future studies could further dissect the link between the
pathways that control tissue repair and innate immunity and
lead to the identification of pathogen-specific pathways in-
volved in innate immunity.

In the case of C. elegans, a microarray approach was also
employed to identify effectors of the innate immune system
important in defense response against the fungus Drechmeria
coniospora (18). Various fungus-inducible genes were identi-
fied, but only nlp-29 and a related gene were also found to be
strongly induced by both D. coniospora and Serratia marcescens
infection. The D. coniospora-responsive gene nlp31 was found
to encode a 75-amino-acid protein that has antifungal activity
comparable to that of drosomycin, a potent D. melanogaster
antifungal peptide. Consistent with previous findings that in-
dicate that the TOL-1 signaling pathway is not required for
proper defense response in C. elegans (3, 73), the expression of
fungus-induced antimicrobial peptide NLP-31 was found to be
independent of TOL-1. However, the expression of both
NLP-29 and NLP-31 was found to be regulated by TIR-1.
Independently, Liberati et al. also reported the involvement of
TIR-1 in C. elegans innate immunity (56).

Recently published expression profiling analyses also illus-
trate that stress response, innate immunity, and lifespan are
governed by interacting and intersecting pathways in D. mela-
nogaster and C. elegans. To evaluate the role of oxidative dam-
age in aging in D. melanogaster, Landis et al. compared the
expression profiles of young, old, and oxygen-stressed flies,
defined as flies grown on a 100% oxygen atmosphere for 7
days. Both aging and oxidative stress induce a set of common
genes, including innate immunity-related genes (49). Similarly,
it has been found with C. elegans that induction of various
innate immunity-related genes correlates with an increased
lifespan. Several of the induced genes in the long-lived mutant
daf-2 were found to shorten the lifespan of the animals when
inhibited using RNA interference (RNAi) (65). In addition,
other investigators have shown that long-lived daf-2 and age-1I
mutants are resistant to Enterococcus faecalis, Staphylococcus
aureus, and P. aeruginosa (29). In the context of lifespan reg-
ulation, it was shown that daf-16, which encodes a forkhead
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transcription factor (57, 70), translocates into the nucleus and
modulates transcription when daf-2 signaling is abrogated (51).
Thus, strong daf-16 alleles suppress the long-lived phenotype
of daf-2 mutants. Garsin et al. showed that a daf-16;daf-2
double mutant exhibits wild-type susceptibility to microorgan-
isms, indicating that daf-16 alleles suppress the enhanced re-
sistance to microorganisms of daf-2 mutants. Interestingly, al-
though daf-16 alleles suppress the increased resistance to the
microorganism phenotype of daf-2 animals and daf-16 mutants
show a short lifespan, daf-16 mutants present susceptibility to
microorganisms comparable to that of wild-type animals (29).
The molecular mechanisms that modulate aging and immune
response were recently reviewed (47).

Expression profiling analysis also pinpointed the PMK-1/p38
MAPK as a key component of defense response against the
Cry5B toxin and helped identify two of its downstream targets,
ttm-1 and ttm-2 (38). Although the effect of the PMK-1/p38
MAPK pathway was not as strong as in the case of defense
response against CrySB toxin, the pathway was also shown to
be required for proper response to cadmium-induced stress,
providing yet another example that pathways involved in innate
immunity and stress responses are interconnected.

RNA interference. Since the development of the RNAI tech-
nology, several systematic genome-wide screens have been per-
formed (reviewed in reference 15). However, although RNAI
has been used in D. melanogaster to study phagocytosis, which
led to the identification of PGRP-LC (75), only one laboratory
so far has taken advantage of this technology to perform a
systematic genome-wide study of D. melanogaster innate im-
munity (23) and there are no reports of genome-wide RNAi-
based screens to dissect C. elegans innate immunity.

Foley and O’Farrell generated an RNAI library containing
7,216 double-stranded RNAs corresponding to the majority of
the phylogenetically conserved genes in the D. melanogaster
genome (23). This library was used in a tissue culture system to
genetically dissect the Imd pathway. An S2 blood cell line
containing the dipt::lacZ reporter transgene was generated and
used to identify genes whose inhibition by RNAI resulted in an
altered expression of the reporter gene under standard labo-
ratory conditions or when the cells were challenged with lipo-
polysaccharide. RNAi was also used to carry out epistasis anal-
ysis, allowing assignment of a large set of candidate genes into
pathways and regulatory hierarchies. Although RNAi mimics
loss-of-function mutations instead of null mutations, which are
desired to avoid ambiguities in interpreting epistasis data, the
investigators succeeded at discovering that Defense repressor 1
(Dnrl) inhibits Dipt::LacZ expression by blocking Dredd sig-
naling. It was also shown that Dnr1 is up-regulated by Dredd in
a feedback loop (23). RNAI is a powerful technology that has
brought light to various biological processes, including innate
immunity. Genome-wide studies of D. melanogaster and C.
elegans should help elucidate the differences and similarities of
innate immunity in vertebrates and invertebrates.

GENETIC ANALYSES TO IDENTIFY VIRULENCE
FACTORS

The use of genetic techniques to identify microbial virulence
factors involved in mammalian pathogenesis is often compli-
cated by the tediousness, expense, and ethical considerations
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of using large numbers of vertebrate animals to identify mu-
tants exhibiting reduced virulence. D. melanogaster and C. el-
egans have been adopted as an alternative to vertebrate models
for the study of microbial pathogenesis. A broad range of
human pathogens has been shown to infect and kill these
organisms, and a variety of virulence factors required for full
pathogenicity in mammalian systems has also been shown to be
required for virulence in flies and worms. As discussed earlier,
several human pathogens are unable to penetrate D. melano-
gaster to cause an infection and need to be artificially inocu-
lated. Although this represents a limitation for large-scale ge-
netic analyses of pathogen virulence factors, D. melanogaster
has successfully been used, for example, to identify novel P.
aeruginosa virulence factors (20). About 1,500 independent
transposon insertion mutants were screened to identify viru-
lence-related genes by isolating mutants exhibiting reduced
virulence in inoculated flies. The molecular analysis of 33 can-
didate strains mapped the mutations to the pil GHIJKL chpAB
CDE gene cluster. Although these genes are known to be
required for twitching and motility, it was demonstrated that
lack of twitching and motility itself is not responsible for the
reduced virulence of the strains, which is consistent with the
involvement of the pil chp genes in the regulation of the ex-
pression of additional virulence factors (20).

An experimental advantage of using C. elegans as a host is
that thousands of microbial clones from a mutagenized library
can be individually screened for avirulent mutants on separate
petri plates seeded with many animals. This has led to numer-
ous genetic studies that have identified many microbial viru-
lence factors required for full virulence in C. elegans and in
mammalian systems.

Bacterial pathogens kill the nematode by different mecha-
nisms that involve diffusible low-molecular-weight toxins, finely
tuned host-specific strategies to establish pathogenic relation-
ships, and biofilm formation (recently reviewed in reference
79). Thus, a large number of C. elegans-based screens have
been used to identify novel bacterial virulence factors by iso-
lating insertion mutants exhibiting reduced virulence in nem-
atodes. These studies involved gram-negative bacteria P.
aeruginosa (26, 58, 82), Burkholderia pseudomallei (27), Burk-
holderia cenocepacia (37), S. marcescens (46), S. enterica (84),
and Yersinia pseudotuberculosis (43) and gram-positive bacteria
S. aureus (8), E. faecalis (28), and Enterococcus faecium (64).
Overall, these genetic studies demonstrate that there is a re-
markable overlap among bacterial virulence factors required
for human and nematode pathogenesis.

Although it was not known whether C. elegans could feed on
yeasts, a recent report shows that C. elegans can use nonpatho-
genic fungi, including Cryptococcus laurentii and Cryptococcus
kuetzingii, as a sole source of food, producing brood sizes
similar to those achieved with growth on E. coli. It was found
that nematodes grown on C. laurentii have a lifespan similar to
that observed for worms fed E. coli, while animals fed C.
kuetzingii exhibited a longer lifespan (66). However, the human
pathogenic yeast Cryptococcus neoformans was found to kill C.
elegans, and the C. neoformans polysaccharide capsule and
several C. neoformans genes previously shown to be involved in
mammalian virulence were also found to play a role in C.
elegans killing. As in bacterial pathogens, the exact mechanism
of killing of C. elegans by C. neoformans is not yet clear. Re-
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cently, the first screen of fungal pathogens was completed and
seven mutants exhibiting reduced virulence in C. elegans were
isolated (67). Genetic analysis of one strain revealed an inser-
tion in a gene homologous to Saccharomyces cerevisiae KIN1,
which encodes a serine/threonine protein kinase. C. neofor-
mans kinl mutants exhibit significant defects in virulence in
murine inhalation and hematogenous infection models and
also increased binding to alveolar and peritoneal macrophages.

USE OF TRANSGENIC ANIMALS TO STUDY THE
MECHANISMS OF VIRULENCE FACTORS

Virulence factors such as bacterial toxins, which may be
excreted directly into the medium or released only on bacterial
lysis, and effector proteins, which are injected into the cytosol
of host cells, specifically interfere with host cellular processes
to promote pathogen survival in the host. Several approaches
have been used to study the mechanisms by which these viru-
lence factors contribute to bacterial pathogenesis, including
the direct expression of virulence factors in mammalian cells.
Although these methods proved insightful, they mainly provide
clues about gross morphological changes at the cellular level
and lack genetic tractability. To test the hypothesis that C.
elegans can be used to study the molecular mechanisms of
toxins, the well-characterized pertussis toxin (PTX) was ex-
pressed in the neurons and muscles of the nematode (19). The
rationale to express PTX in neurons and muscles was that its
putative target, a G(o/i)alpha protein, is primarily expressed in
these cell types. The phenotype conferred by PTX expression
was remarkably similar to that observed in nematodes carrying
a loss-of-function mutation in the gene goa-I, which encodes
the G(o/i)alpha protein presumably targeted by PTX. In addi-
tion, PTX expression suppressed the phenotype imposed by
the expression of a constitutively active form of GOA-1 in C.
elegans (19).

A recent C. elegans-based screen identified a set of S. en-
terica virulence-related genes, including genes related to the
type three secretion system (TTSS) encoded in Salmonella
pathogenicity island 1 (SPI-1). Since the SPI-1 TTSS-exported
effector protein SptP was found to contribute to S. enterica-
mediated killing of C. elegans, it was studied whether ectopic
expression of SptP in C. elegans intestinal cells would affect C.
elegans innate immunity (84). The SptP carboxyl-terminal do-
main has tyrosine phosphatase activity in vitro and displays
amino acid sequence similarity to the Yersinia spp. tyrosine
phosphatase YopH (10, 44, 62). The amino-terminal domain
of SptP has GTPase-activating protein activity for Cdc42 and
Rac and is similar to the bacterial cytotoxins YopE and ExoS
(24, 25, 63). Intestinal expression of SptP rendered transgenic
animals more susceptible to S. enterica infection, presumably
by down-regulating the PMK-1/p38 MAPK signaling pathway
(84) (Fig. 3). Further studies will be needed to study which
SptP catalytic domain is required for this process or whether
both domains are necessary. S. enterica TTSS-exported effector
proteins also appear to contribute to S. enterica-mediated kill-
ing of D. melanogaster. It is intriguing that although spi-1 and
spi-2 mutants are less virulent than wild-type bacteria, they
replicate better in flies. It seems that the lack of manipulation
of cellular pathways by S. enterica effector proteins is beneficial
for both the host and the pathogen (13). It would be interesting
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FIG. 3. Expression of bacterial virulence factors in C. elegans cells
diminishes innate immunity. A genetic analysis indicates that S. en-
terica TTSS-related genes are required for full virulence in C. elegans.
To confirm that effector proteins secreted through SPI-1 TTSS affect
C. elegans innate immunity, SptP was directly expressed in the intes-
tinal cells of nematodes. The intestinal expression of SptP diminishes
C. elegans innate immunity apparently by preventing the activation of
MAPK PMK-1. It remains unknown whether the SptP GTPase acti-
vating protein activity, the tyrosine phosphatase activity, or both are
required for the downregulation of MAPK PMK-1.

to study the effects of ectopic expression of effector proteins in
D. melanogaster. Future modifier genetic screens using trans-
genic animals expressing virulence factors to identify suppres-
sors and enhancers of the phenotype exhibited by the animals
should aid in the molecular characterization of host-pathogen
interactions.

CONCLUDING REMARKS

In addition to D. melanogaster and C. elegans, a variety of
alternative model hosts have been used to study microbial
pathogenesis and defense response. Each alternative model
system has advantages and disadvantages, which highlights the
need to use many models to understand the mechanisms by
which pathogens manipulate the innate immune system to
cause disease. In the long run, an in-depth understanding of
how pathogenic mechanisms and host defense responses inter-
act in evolutionarily diverse hosts should contribute to the
understanding of key aspects of the pathogenic process that
may help in the design of novel preventive and therapeutic
approaches.

There are practical limitations associated with the use of D.
melanogaster and C. elegans as alternative hosts to model mam-
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malian host-pathogen interactions. For example, D. melano-
gaster and C. elegans cannot survive at 37°C and the adminis-
tration of exact inocula or antimicrobial substances is
technically demanding in these systems. In addition, there are
many differences in the innate immune systems of metazoans.
For example, one remarkable difference between flies and
mammals corresponds to the pathogen recognition mechanism
by Toll receptors. While Toll receptors are critical in the rec-
ognition of fungal pathogens and gram-positive bacteria in
flies, the mammalian counterparts are key in the recognition of
gram-negative bacteria. Differences in the role of Toll recep-
tors in the pathogen recognition process are not only found
between invertebrates and vertebrates. Although C. elegans
and D. melanogaster are two invertebrates that correspond to
relatively related phyla, the single Tol-1 receptor does not
appear to be involved in the recognition of pathogen-associ-
ated molecular patterns. In addition, NF-kB-like molecules or
other transcription factors that control the expression of im-
munity effectors remain unknown.

It is logical to conclude that the use of D. melanogaster and
C. elegans to study host-pathogen interactions may identify
interactions specific to pathogens and these invertebrates in
addition to interactions that can potentially be translated to
mammalian systems. In some cases, these interactions may not
have direct relevance to human health but will prove important
to understand the pathogenic mechanisms in nonvertebrate
hosts that could eventually be translated to improve human
health. Despite these disadvantages, the results described here
indicate that the highly sophisticated D. melanogaster and C.
elegans genetic systems can be used to collect new information
relevant to bacterial and fungal pathogenesis in mammals.
There are differences not only between vertebrate and inver-
tebrate innate immunity but also in the innate immune systems
of D. melanogaster and C. elegans. Future work should help
answer the key question of to what extent findings in D. mela-
nogaster and C. elegans can be translated to mammalian innate
immunity.
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