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Treatment of systemic fungal infections is difficult because of the limited number of antimycotic drugs
available. Thus, there is an immediate need for simple and innovative systems to assay the contribution of
individual genes to fungal pathogenesis. We have developed a pathogenesis assay using Caenorhabditis elegans,
an established model host, with Saccharomyces cerevisiae as the invading fungus. We have found that yeast
infects nematodes, causing disease and death. Our data indicate that the host produces reactive oxygen species
(ROS) in response to fungal infection. Yeast mutants sodIA and yapIA, which cannot withstand ROS, fail to
cause disease, except in bli-3 worms, which carry a mutation in a dual oxidase gene. Chemical inhibition of the
NADPH oxidase activity abolishes ROS production in worms exposed to yeast. This pathogenesis assay is
useful for conducting systematic, whole-genome screens to identify fungal virulence factors as alternative
targets for drug development and exploration of host responses to fungal infections.

Nosocomial microbial infections are a growing health prob-
lem. Among these, fungal infections are especially threatening,
with an estimated mortality rate of 40% (47). The key reason
for this alarming mortality rate is the limited range of antifun-
gal agents. Identification of new drug targets requires high-
throughput infection assays that are complicated by the very
fact that they involve two organisms: a host and a pathogen.

We have taken a reductionistic approach to studying host-
pathogen interactions and have developed a Saccharomyces
cerevisiae-based assay to understand the genetic and molecular
mechanisms of fungal pathogenesis. Using Caenorhabditis el-
egans as a model host, we have found that S. cerevisiae infects
the worm, producing visible disease phenotypes. The two or-
ganisms used in our study are specifically suited for host-patho-
gen infection studies because both genomic sequences have
been completely determined and mutants are readily available.
A complete genome knockout collection is available for S.
cerevisiae, a resource that does not exist for any fungal patho-
gen. Likewise an RNA interference (RNAi)-mediated knock-
down genomic library is available for C. elegans. These unique
tools are key in the context of a genetic screen and allow us to
systematically scan the entire genomes to identify fungal viru-
lence factors and modulators of host immunity that combat a
fungal pathogen.

The budding yeast S. cerevisiae has recently been described
as an emerging pathogen and has been isolated from human
patients (34, 35). It is routinely used as a model for pathogenic
fungi because a large proportion of its genes are conserved in
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pathogenic fungi (for a review, see reference 32). Homologs of
genes and pathways identified in S. cerevisiae have been shown
to be important in bona fide pathogens. It has also been used
for the identification of gene products important for fungal
survival in the mammalian host environment (21, 46). For
example, the SSDI allele type affects pathogenicity of yeast,
indicating that allelic variation at the SSDI locus may be im-
portant for survival under various conditions (46). This has
allowed investigators to use reverse genetic approaches to
study contributions of genes whose importance has been es-
tablished in S. cerevisiae.

Caenorhabditis elegans has emerged as a valuable model host
in which to study pathogenesis and innate immunity (for a
review, see reference 22). Microbial genes essential for viru-
lence in mammalian models have been shown to be required
for pathogenicity in nematodes (43). These studies have pri-
marily explored bacterial species and have tested only a few
fungi, such as Cryptococcus neoformans and Candida albicans,
to explore virulence strategies. These studies focus on a killing
assay using C. elegans and have identified several virulence
factors with homologs in S. cerevisiae (4, 37), suggesting that
genes and pathways we have identified in S. cerevisiae are likely
to be found in pathogens. Moreover, other pathogenic fungi
tested are limited in the repertoire of laboratory tools available
for their study, making them recalcitrant to genetic manipula-
tion and inappropriate for whole-genome high-throughput ap-
proaches to studying fungal virulence. Recently, Breger et al.
described the application of a C. elegans-based infection assay
as a tool to screen a chemical library for candidate antifungal
compounds (9). Our investigation complements these studies
in two significant ways. First, it allows us to identify genes that
exacerbate as well as attenuate the pathogenic process, be-
cause we use an intermediate disease phenotype, while most
other studies have used death as an end point phenotype. This
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TABLE 1. Strains used in this study

Strain Description Source®
S. cerevisiae strains
BY4741 MATa his3A1 leu2A0 IDL
met15A0 ura3A0
Pdcl::mcherry PDCI::mcherry in BY4741 G. Fink, MIT
yaplA yaplA in BY4741 IDL
yap2A yap2A in BY4741 IDL
yap4A yap4A in BY4741 IDL
sodlA sodIA in BY4741 IDL
pdrlA pdrlA in BY4741 IDL
pdrl5A pdrl5A in BY4741 IDL
C. elegans strains
N2 Bristol Wild type CGC
bli-3(e767)1 Dual oxidase CGC
jnk-1(gk7)1V MAPK of JNK MAP kinase CGC

pathway
MAPK kinase of ERK MAP  CGC
kinase pathway

mek-2(n1989)1

¢ IDL, Invitrogen Deletion Library; CGC, Caenorhabditis Genetics Center.

aspect, taken together with the fact that S. cerevisiae shares
significant genetic identity with pathogenic fungi, suggests that
our study will yield a basic understanding of fungal pathogen-
esis. Second, it allows us to conduct a systematic, unbiased,
whole-genome screen, which is currently not available for
pathogenic fungi. Furthermore, genes and pathways identified
may be targeted for antimycotic drug development.

Facets of innate immunity are evolutionarily conserved from
nematodes to mammals. For example, a common defense
strategy of mammals (phagocytes), (14), plants (3), and insects
(23) is to produce reactive oxygen species (ROS), which di-
rectly damage pathogens. In human phagocytes, an NADPH
oxidase enzyme complex produces ROS in host defense (19,
41). In Drosophila melanogaster, ROS are generated in the
intestine by a NADPH oxidase to combat ingested bacteria
(23). Loss of NADPH oxidase activity makes the fly susceptible
to the bacterial infection (23, 24). Likewise, C. elegans has also
been shown to produce ROS, such as superoxide and/or hy-
drogen peroxide, when it ingests bacterial pathogens (12). In
each case, pathogen death can be abrogated by the addition of
enzymes such as catalase that break down ROS (8, 27, 36),
suggesting that ROS production plays a key role in a variety of
pathogenic interactions.

We have found that S. cerevisiae can cause infection and
death in C. elegans. Our data indicate that the nematode host
produces ROS in response to fungal infection. We demon-
strate that mutant yeast carrying deletions of genes that medi-
ate oxidative stress responses fail to induce the Dar disease
phenotype except in mutant worms with an altered dual oxi-
dase gene, suggesting that the generation of ROS is a part of
the defense strategy for the host and the neutralization of ROS
is needed for persistent fungal infection.

MATERIALS AND METHODS

Strains, media, and growth conditions. Strains used for the study, for both S.
cerevisiae and C. elegans, are listed in Table 1. Deletions in the yeast deletion set
strains were confirmed by PCR or recreated using a PCR-mediated gene dis-
ruption cassette (45).

The C. elegans wild-type strain was variant Bristol, strain N2. Mutant and
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wild-type C. elegans strains were obtained from the Caenorhabditis Genetics
Center (MN). C. elegans stocks used for the study were grown on nematode
growth agar medium (NGM) on Escherichia coli OP50 and maintained as de-
scribed previously (10). E. coli OP50 was grown overnight in Luria broth at 37°C.
Yeast growth medium was prepared as described by Sherman et al. (42) and
strains were grown overnight at 30°C.

Egg preparation. Worms were grown for 4 to 5 days on NGM agar containing
E. coli OP50 at 20°C. Eggs and worms were washed off four plates with M9 buffer
(10) and centrifuged at 900 X g for 2 min. The pellet was resuspended and
washed twice with M9. This was then resuspended in a 1:4 dilution of commercial
bleach (5.25%) containing 0.25 M sodium hydroxide solution, mixed gently by
inversion for 3 min, and centrifuged for 2 min at 2,000 X g. The pellet was washed
and centrifuged twice with M9 buffer at 2,000 X g for 2 min each and then finally
resuspended in M9 buffer. The egg suspension was diluted or concentrated with
M9 as required to obtain approximately 5 to 6 eggs/ul.

Pathogenesis assay. E. coli and yeast strains were grown overnight at 37°C and
30°C, respectively. Culture aliquots were centrifuged at full speed in a micro-
centrifuge, washed twice in sterile water, and finally resuspended to a final
concentration of 200 mg/ml and 20 mg/ml, respectively. A 3:1 E. coli/yeast ratio
(wt/wt) (an estimated 30:1 ratio by number of organisms) mixture was prepared.
A mixture of 10 pl of a 50-mg/ml streptomycin sulfate stock and 10 pl of E.
colizyeast mix (2.5 pl:7.5 pl) was spotted on each NGM plate and 5 pl of C.
elegans egg suspension was transferred to each plate. Plates were observed for 4
to 5 days unless specified otherwise. Analysis of variance (ANOVA) was used to
check the statistical significance of the differences observed between mutants and
wild-type yeast strains.

Test of Koch’s postulates and measurement of CFU. Twenty worms each from
S. cerevisiae test plates and E. coli control plates were picked and washed four
times with sterile water. Worms were then crushed using a freeze fracture
technique in individual microcentrifuge tubes and resuspended in 100 pl of
sterile water. Appropriate dilutions of the mixture were transferred to yeast
extract-peptone-dextrose (YPD) plates and incubated overnight. Colonies were
counted to estimate CFU. Resulting colonies were replica plated to selective
medium to test for auxotrophic markers. Two of these colonies were retested
using the pathogenesis assay described above.

Microscopic analysis of C. elegans. A 2% agarose pad containing 0.01 M
sodium azide as anesthetic was prepared on a slide. A 3-pl drop of M9 buffer was
added to the pad. Worms were picked and transferred to the drop on the slide.
Mounted worms were then covered with a coverslip and observed at 40X and
20X magnification using an Axiovision Zeiss microscope under differential in-
terference contrast (Nomarski) and epifluorescence optics. An ApoTome attach-
ment was used to enhance fluorescence images.

Amplex Red hydrogen peroxide assay. NGM plates were spotted with 20 pl of
a 1:1 (vol/vol) mixture of streptomycin (50 mg/ml) and overnight yeast culture.
These plates were then kept overnight at 30°C. Approximately L3- to L4-stage
worms were washed off stock plates with M9 and then transferred to these plates
and kept at 20°C for 10 h. The Amplex Red assay kit (Molecular Probes) was
used to detect hydrogen peroxide. Postincubation the worms were washed four
times with 1 ml of reaction buffer and resuspended to a final volume of 100
worms/50 wl. Fifty microliters of this suspension was added to the wells of a
96-well polystyrene plate. Diphenyleneiodonium (DPI) was added to some sam-
ples to make a final concentration of 100 uM and allowed to stand for 10 min.
Then, 50 ul of Amplex Red reaction buffer was added to each well and color
change was observed over 3 to 5 h.

C. elegans survival analysis. For survival analysis, test plates and C. elegans
eggs were prepared as described under “Pathogenesis assay,” above. Each plate
was started with 30 * 5 eggs; each experiment included three yeast and three E.
coli plates per strain. Beginning on the second day after plating eggs, the num-
bers of dead and live worms on each plate were recorded daily. Live worms were
transferred to new plates as necessary to avoid confusing the original worms with
their offspring. All plates were of the same composition as the original test plates.

SigmaStat 3.5 (Systat Software, Inc.) was used to analyze the survival curve
data. Significance, defined as a P value of <0.05, was assessed using the Gehan-
Breslow test. In our experiments, worms that left the plates in the first several
days were “censored,” i.e., removed from the counts of subsequent days. The
Gehan-Breslow test assumes that the data from early survival times are more
accurate than later times and weights the data accordingly. The number of
censored worms was taken as the total number of worms (dead plus live worms)
on that day minus total worms on the previous day. All of the data were collected
from two independent experiments.
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FIG. 1. S. cerevisiae causes a deformity in the postanal region (Dar)
in C. elegans. (A) C. elegans exposed to E. coli as a control. (B) Worms
exposed to S. cerevisiae show the Dar phenotype (arrow). Bar, 20 pm.
(C) The Dar phenotype was scored on day 4 for nematodes exposed to
E. coli, S. cerevisiae (WT), and heat-inactivated (HI) wild-type S. cer-
evisiae. The difference between WT and HI was statistically significant
(P < 0.01, ANOVA).

RESULTS

Development of an assay for fungal pathogenesis. Study of
host-pathogen relationships could be greatly simplified by the
use of two well-characterized model systems with readily avail-
able mutants. This would allow simultaneous study of the ge-
netics of both host and pathogen. To this end, we developed a
pathogenesis assay using C. elegans as the model host and S.
cerevisiae as the invading fungus. This system will allow us to
use systematic whole-genome approaches to study fungal
pathogenesis as well as host responses to fungal infections.

In order to study the interaction of S. cerevisiae with C.
elegans, the organisms were cocultured on NGM plates. L3- to
L4-stage larvae or adult hermaphrodites that were offered only
S. cerevisiae as food successfully laid eggs but their progeny
arrested at an early (L1 to L2 larval) stage of development.
One possible explanation for the larval-stage growth arrest
phenotype is that the yeast cells were too large for young larvae
to ingest. To test this we cocultured hermaphrodite worms on
lawns of red fluorescent protein (RFP)-labeled yeast. Within a
few hours, labeled yeast (or yeast particles) were visible in the
intestinal lumen of adult and late-stage larvae (data not shown)
but not in the early larval stages. Therefore, in subsequent
assays E. coli was added as a nutritional supply along with small
amounts of S. cerevisiae. In this way small larvae could over-
come the growth arrest while being exposed to yeast.

C. elegans grown on E. coli as a control (Fig. 1A) and mixed
lawns of E. coli strain OP50 and small amounts of S. cerevisiae
strain S288c (BY4741) exhibited the deformed anal region
(Dar) phenotype (Fig. 1B). This phenotype was never seen in
worms grown on E. coli OP50 alone (Fig. 1A). The Dar phe-
notype, which has been established as a disease symptom of C.
elegans infected with the bacterium Microbacterium nematophi-
lum (22, 26, 38), is characterized as a distinctive swelling in the
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postanal region. It has been suggested that the anal region of
the worm is enlarged in response to infection, as worm mutants
that do not show this phenotype are much more adversely
affected by M. nematophilum infection. This deformity has
been genetically characterized as a part of a defense reaction
of the worm and can be used as a marker for infection (22). An
intermediate phenotype allows us to identify factors that exac-
erbate (for example, Dar visible earlier or death) as well as
attenuate the pathogenic response. Late-stage larvae or adult
worms grown on yeast alone also display the Dar response. In
this study we used Dar as a phenotypic marker and previously
characterized host genes, involved in the Dar response, as
genotypic markers of the disease condition.

Worms were monitored twice daily from the time the eggs
were added to the microbial cultures up to day 4, when the Dar
disease was clearly visible. At day 4 the Dar phenotype was
scored for worms exposed to yeast or heat-inactivated yeast
and compared to worms reared on E. coli (Fig. 1C). These
results clearly indicated that the Dar phenotype affected
worms exposed to yeast and that only metabolically active yeast
cells were capable of eliciting Dar. To test whether the Dar
phenotype is reversible, we transferred the affected worms to
plates containing E. coli. The worms were “cured” of the Dar
phenotype within 2 days of transfer. This supports the notion
that yeast causes the deformity in the anal region and that
worms can recover by clearing the yeast when they are no
longer exposed to it.

The nematode’s response to yeast is unlikely to be due to
starvation because microscopic observation of the pathogene-
sis assay plates indicated that at the time when the Dar phe-
notype was visible, ample food was present. Furthermore, the
inability of heat-inactivated yeast and mutant yeast (described
below) to evoke the Dar phenotype strongly supports the no-
tion that this manifestation of infection is a response to the
pathogen rather than a response to starvation. We also ruled
out the possibility that the worms are unable to digest the yeast
because L3- to L4-stage larvae that are reared on yeast develop
into fertile adults, suggesting that they are able to meet their
nutritional requirements from yeast.

As a test of Koch’s postulates, we reisolated and cloned
microbes from an infected worm after extensive washing to
remove externally associated yeast cells (see Materials and
Methods). Genotypic characterization of the reisolated yeast
cells demonstrated that they harbored the same mutant mark-
ers as the original yeast strain. Furthermore, yeast cells from
two independent colonies isolated from the worm were used to
reinfect wild-type worms. These worms showed the same ex-
tent of Dar disease progression observed with the original
yeast strain. These results indicate that the etiological agent for
the Dar disease was the one that we introduced, not a spurious
contaminant.

Progressive distension and accumulation of yeast in the
intestinal lumen. To visualize yeast present in the intestine and
clearly differentiate them from yeast sticking to the outside of
the worm, we used a fluorescent-tagged housekeeping protein
to follow progression of disease and specifically test the hy-
pothesis that the intestinal distension is due to the accumula-
tion of yeast. We chose an in-frame fusion of the yeast protein
pyruvate decarboxylase (Pdcl) with RFP because its RFP flu-
orescence was clearly visible and maintained over the 5-day
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FIG. 2. Time course of intestinal distention in C. elegans worms
exposed to S. cerevisiae. Worms were exposed to RFP-marked, wild-
type yeast from hatching and photographed on day 3 (A and D), day
4 (B and E), and day 5 (C and F). The experiment was done three
times, and 60 to 75 worms were observed over a 3-day period. (A to C)
Anterior region of the worm; (D to F) posterior region of the worm.
Accumulation of yeast began in the pharynx region (compare panels A
and D) and proceeded to the posterior. (G to I) S. cerevisiae also
induces vulval swelling in the worms. Worms exposed to S. cerevisiae
(H to I) show abnormal vulval swelling (white circles) compared to the
control sample grown on E. coli (G). Bars: A to G, 50 pm; H and
I, 20 pm.

period of our assay. Moreover, it was indistinguishable from a
yeast strain containing the native untagged version of PDCI in
all phenotypic tests (G. Fink, MIT, personal communication).

A time course of microscopic evaluation of infection using
RFP-labeled yeast revealed that by day 3, RFP-labeled yeast
cells had started to accumulate in the pharynx and the intestine
(Fig. 2A and D). By day 4 (Fig. 2B and E) and day 5 (Fig. 2C
and F), progressively more yeast cells had accumulated in the
pharynx and intestine, causing the lumen to be severely dis-
tended compared to uninfected worms, in which the intestinal
lumen is a narrow tube. Intestinal distension is also observed in
M. nematophilum infection, but bacteria accumulate at the
anus and in the rectum near the Dar tail swelling and do not
extend into the intestine (38). This is in contrast to what we
observed: 4 days postexposure, the intestinal lumen appeared
to be packed with yeast cells, and the yeast were not observed
to accumulate in the rectum. This striking difference may be
indicative of the primary route of entry for the fungal patho-
gen, which appears to be oral ingestion. Distension of the
intestinal lumen was also visible by differential interference
contrast (Nomarski) micrographs of infected worms (Fig. 1B).

Consistent with these microscopic observations, numbers of
intact yeast cells released from infected worms increased dur-
ing the course of infection. CFU were determined for yeast
recovered from the worm intestine on days 2, 3, and 5. A 4-fold
increase in the number of yeast CFU was observed between
day 2 and day 3 and al0-fold increase between day 2 and day 5.

Between days 5 and 7, a 5 to 17% decrease in viability was
observed on yeast test plates. The progeny of some dead
worms appeared to have hatched inside the animal. Upon
closer inspection on days 4 and 5, we noted a pronounced
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swelling in the vulval region of these worms (Fig. 2H and I). It
is possible that this swelling impeded eggs from being laid and
caused them to hatch within the worm, resulting in matricidal
death. These qualitative assessments suggest that viable S. cer-
evisiae causes visible lesions near two of the three body open-
ings of C. elegans. Coincidentally, such body openings are com-
mon sites of fungal infection in mammals.

Having established phenotypic characteristics of the dis-
eased condition in the worm host, we wanted to assay the
contribution of known molecular markers of bacterial disease
in our S. cerevisiae-C. elegans-based pathogenesis assay.

Requirements for C. elegans ERK MAPK pathway in yeast
infection: verification of molecular markers of host response.
The C. elegans response to pathogens involves the mitogen-
activated protein kinase (MAPK) pathways. An active extra-
cellular signal-regulated kinase (ERK) pathway has been
shown to be required for the Dar response of worms exposed
to M. nematophilum (38), while the jnk-1 gene, encoding a
JNK-like MAP kinase, is not required. The JNK pathway has
been implicated in immunity in other organisms (16). We
tested representative loss-of-function mutants in the ERK and
JNK MAPK pathways for effects on S. cerevisiae pathogenesis
in C. elegans (Table 1). The mek-2 gene encodes a MAPK
kinase in the C. elegans ERK pathway (51). The loss-of-func-
tion mutant mek-2(n1989) showed a very low percentage of tail
deformity when exposed to yeast compared to N2 wild-type
worms (Fig. 3A). However, a loss-of-function mutation in the
JNK-like MAP kinase, jnk-1(gk?7), exhibited the Dar pheno-
type in response to S. cerevisiae. These effects are analogous to
the Dar response of nematodes with M. nematophilum infec-
tions, suggesting that the ERK MAPK pathway is required for
the tail deformities while the JNK MAPK pathway is not.

To study the contribution of these MAPK pathways to the
survival of the host worm upon exposure to yeast, we con-
ducted survival assays. This assay measured the survival of
mutant worms compared to wild-type worms when exposed to
S. cerevisiae. Survival of wild-type worms exposed to yeast
versus E. coli was also monitored. Worm mutants were grown
on E. coli to evaluate their general health. Our data indicated
that the mek-2 mutant that was unable to exhibit the Dar
response also showed enhanced susceptibility to yeast killing
compared to wild-type C. elegans on yeast (P < 0.001, Gehan-
Breslow test) (Fig. 3B). By contrast, the jnk-/ mutant that
showed no defect in its Dar phenotype also showed no differ-
ence in survival compared to wild-type C. elegans on yeast and
in fact appeared to be less susceptible than wild type (P =
0.055, Gehan-Breslow test) (Fig. 3C). Wild-type C. elegans
showed a slight yet significant reduction in survival on S. cer-
evisiae compared to E. coli (P < 0.008, Gehan-Breslow test).
The direct correlation between survival of the worm mutants
and the severity of their Dar response (Fig. 3A, compared to B
and C) suggests that the Dar response might be a protective
phenotype. To address this we observed the extent of intestinal
distention (or constipation) in worms exhibiting the Dar phe-
notype compared to worms that did not show the Dar re-
sponse. We used the RFP-marked yeast strain for visualization
(Table 1). We found that wild-type worms exhibiting the Dar
phenotype accumulated less yeast in their intestine, thus en-
hancing survival (Fig. 3D to G). Together these results suggest
that the ERK MAPK pathway is important for the Dar re-
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FIG. 3. An active ERK MAPK pathway is required for the DAR phenotype and survival of worms upon yeast infection. (A) Worm mutants
jnk-1(gk7) of the JINK MAPK pathway and mek-2(n1989) of the ERK MAPK pathway were exposed to wild-type yeast, and the DAR phenotype
was scored on day 4. The mek-2(n1989) mutants, but not jnk-1(gk7) mutants, showed decreased Dar compared to the wild-type N2 worms.
Differences between mek-2(n1989) or jnk-1(gk7) and wild type were statistically significant. Values for mek-2(n1989) and jnk-1(gk7) were
significantly different from wild-type values (¥, P < 0.01; **, P < 0.001; ANOVA). (B and C) Survival curves for the mek-2(n1989) and jnk-1(gk7)
mutants indicate that mek-2(n1989) mutant worms were more susceptible to yeast than wild-type worms (P < 0.001, Gehan-Breslow test). The
Jjnk-1(gk7) mutants survived just as long as their wild-type counterparts. (D to G) Worms showing Dar accumulated less yeast, at both the anterior
and posterior regions compared to worms without Dar. Wild-type nematodes were exposed to RFP-marked, wild-type yeast and photographed on
day 5. The experiment was done three times, and 20 to 25 worms were observed in each experiment. (D to E) Anterior region of the worm; (F
and G) posterior end of the worm. Panels E and G show worms with Dar.

sponse and protecting the worms from S. cerevisiae infection.
Although the exact defensive mechanism is not clearly under-
stood, a similar observation was noted for M. nematophilum
infection of C. elegans (22, 38).

Fungal resistance to oxidative stress is required to establish
disease. In order to use this pathogenesis assay to identify
fungal virulence factors, we used a candidate gene approach in
which yeast gene-specific deletion mutants were tested for
their ability to induce the Dar phenotype in C. elegans.

We chose Yapl and its paralog, Yap2, for this study because
these genes have been shown to be important in host-pathogen
interactions of plant and human fungal pathogens (2, 31, 40). It
has been shown that Yapl is activated in conidial germ tubes of
Cochliobolus heterostrophus, a fungal pathogen of maize, at the

earliest stage of plant infection and persists during infection (31).
Furthermore, overexpression of CAPI (the C. albicans ortholog
of YAPI) confers resistance to the popular clinical antifungal
fluconazole, an azole derivative (1). However, until this study no
one had demonstrated that Yapl, or its orthologs, is required for
pathogenesis. Yap1 has been recognized as a likely candidate for
antimycotic drug development because it is a fungus-specific tran-
scription factor of the AP-1 family that is involved in multidrug
resistance (2, 31, 40). It also regulates oxidative stress responses in
fungi, as the mutants show lack of growth in the presence of
reactive oxygen species (13, 52). Otherwise there are no apparent
growth defects in yapIA and yap2A mutants. Therefore, we chose
to test yapIA and its paralog yap2A in our pathogenesis assay.
C. elegans exposed to either yapIA or yap2A mutants failed
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FIG. 4. Yapl, Yap2, and Sodl are required for fungal virulence. The Dar phenotype was scored on day 4 in nematodes exposed to yapIA,
yap2A, and yap4A mutants (A) or sodIA, pdrIA, or pdr15A mutants (B) and compared to E. coli or the isogenic wild-type yeast strains. Values for
yaplA, yap2A, yap4A, or sod1A were significantly different from wild-type values (¥, P < 0.01; #*, P < 0.001; ANOVA). The pdriA and pdrl5A
mutants were not significantly different from the wild type (P > 0.01, ANOVA). (C) Production of ROS was monitored using Amplex Red reagent
in wild-type and bli-3 (alleles ¢767 and n529) mutant worms exposed to S. cerevisiae in the presence or absence of DPI. Each experiment was
performed in duplicate and repeated three times. Worms treated similarly with E. coli were used as controls.

to exhibit the Dar phenotype (Fig. 4A). As a control we
showed that a mutant with a mutation in a related transcription
factor, Yap4, did exhibit the Dar phenotype (Fig. 4A). These
results strongly support previous observations in bona fide
fungal pathogens that Yapl plays a key role in the infection
process. These studies suggest that Yapl and its paralog, Yap2,
may be important virulence factors.

In addition to the regulation of oxidative stress responses,
Yapl plays a role in regulating multidrug resistance genes (1,

2). To define which aspect of Yapl is required to evoke the
Dar response we tested mutants that were defective in one or
the other response but not both. The specific mutants tested
were superoxide dismutase (sod/A) and pleiotropic drug resis-
tance (pdrlA and pdrl5A) genes using the same pathogenesis
assay. The physiological role for Sod1 is to guard cells against
oxidative damage by neutralizing reactive oxygen species, and
the mutants show normal growth except when in the presence
of reactive oxygen species (6, 11, 33). Pdrl, like Yapl, is a
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FIG. 5. The yeast yapIA and sodIA mutants are able to cause Dar disease in the C. elegans bli-3(e767) mutant. The bli-3(e767) gene encodes
a dual oxidase (CeDuox1) which contains an NADPH oxidase motif that has been implicated in ROS production in phagocytes. C. elegans
bli-3(e767) mutants were exposed to yapI A and sod1A mutants, and the isogenic wild type was included as a control. The Dar response was scored
on day 4 and compared to that in wild-type worms that were exposed to the yeast yapIA and sod1A mutants and wild-type counterparts.

transcription factor and regulates resistance to a variety of
drugs, while PDRI5 encodes an ATP binding cassette trans-
porter of the plasma membrane implicated in general cellular
detoxification (15, 25, 48-50). Like yapIA and yap2A mutants,
sodIA mutants failed to elicit the Dar response, while pdriA
and pdrl5A mutants were indistinguishable from their wild-
type counterparts (Fig. 4B).

These experiments demonstrate that the fungus-specific
transcription factors Yapl and Yap2 are required to elicit the
Dar response. These proteins mediate oxidative stress re-
sponses and drug resistance. Using mutants defective in only
one of these two pathways made it unlikely that multidrug
resistance is required for virulence; we believe that the inability
of Yap mutants to tolerate oxidative stress compromises their
ability to elicit Dar. Furthermore, these results suggest that
fungi must be able to neutralize ROS in order to cause disease.
This presents a testable hypothesis that this requirement stems
from the fact that C. elegans produces ROS when it is infected
with S. cerevisiae.

Worms produce reactive oxygen species in response to a
fungal infection. ROS have been shown to play an important
role in pathogenesis and defense. Human phagocytes are
known to produce ROS when fighting infections (5). It has
recently been shown that C. elegans produces ROS when in-
fected with bacteria (12, 36), presumably as a part of its de-
fense mechanisms. Worms also produce lipofuscin, a marker of
oxidative stress, in intestinal cells as they age (20), and lipo-
fuscin is produced earlier in development when young worms
are infected with a pathogen that elicits ROS production (12).
We tested the hypothesis that young worms exposed to yeast
produce more ROS by measuring relative amounts of ROS
produced in worms exposed to yeast compared to worms
reared on bacteria. We used a commercially available bio-
chemical assay (Amplex Red peroxidase kit; Molecular
Probes) to test ROS produced by the worms in response to
pathogenic attack (12). Hydrogen peroxide produced by the
host oxidizes the substrate, Amplex Red, to form a red prod-
uct. Here we show that worms exposed to yeast produced more
ROS than the control population grown on E. coli (Fig. 4C).
Furthermore, we showed that ROS production can be chemi-

cally compromised using DPI, a specific inhibitor of NADPH
oxidase activity that does not inhibit peroxidase (7). ROS pro-
duction in phagocytes is catalyzed by an NADPH oxidase (5),
and DPI has recently been shown to inhibit production of ROS
in nematodes in response to pathogenic attack (12). Worms
exposed to yeast that are treated with DPI oxidize Amplex Red
only as well as unexposed worms (Fig. 4C), suggesting that
DPI-mediated inhibition of the NADPH oxidase activity im-
pedes the ability of the worm to produce ROS. These results
directly implicate NADPH oxidase activity in the host response
to fungal infection and suggest that such an activity might
constitute a protective response against yeast infection. These
observations prompted us to look for C. elegans proteins that
contain a domain similar to the mammalian NADPH oxidase
domain, gp9Iphox.

Homology searches revealed that an NADPH oxidase motif
is present in the coding sequence of the bli-3 (blister-3) locus.
In the encoded protein, the gp91”"** motif is juxtaposed with a
peroxidase domain in a single polypeptide; hence, it is referred
to as a dual oxidase (CeDuoxl) (17, 29, 44). Therefore we
tested the hypothesis that CeDuox1 is responsible for gener-
ating an environment of elevated ROS.

Mutant worms that are unable to produce ROS are suscep-
tible to S. cerevisize. Two mutations, bli-3(¢767) and bli-
3(n529) have been identified in the gene encoding CeDuox1
(44). The mutant phenotypes of these strains recapitulate
those produced by RNAi of CeDuox1 (17). Using the Amplex
Red assay described above we showed that both mutant alleles
of bli-3 produced less ROS when exposed to yeast (Fig. 4C).
We hypothesized that mutant yeast that are sensitive to ROS,
and hence unable to induce Dar in a wild-type nematode host,
would be able to do so in a bli-3 mutant worm. To address this
we tested the bli-3(e767) mutant allele in our pathogenesis
assay. The bli-3 gene encodes the dual oxidase (CeDuoxl1) that
we believe is involved in creating an environment of elevated
ROS. Yeast yapI A and sod1A mutants that are unable to evoke
the Dar response in wild-type worms are competent to induce
Dar in bli-3 mutant worms (Fig. 5). Furthermore, the bli-3
mutant displays the Dar disease earlier, after 3 days, in contrast
to the wild type, which typically shows Dar only after 4 days.
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No Dar phenotype was observed when wild-type N2 and the
bli-3 mutant were grown on E. coli as a control (data not
shown). These results strongly support the interpretation that
worms exposed to yeast generate a burst of ROS via the action
of the bli-3 gene product, CeDuoxl, that inhibits the ability of
yeast to induce Dar. In the absence of this defensive response,
even the yapIA and sodlAyeast mutants can induce Dar.

We have used genetic and biochemical approaches on both
sides of the host-pathogen equation in a pathogenesis assay to
demonstrate a role for ROS in the host defense against fungal
pathogenesis. We have identified Yapl and its homolog, Yap2,
as factors which may be used as targets for antifungal drug
development. We have also identified CeDuox1 as a modulator
of host responses to yeast infections. Studies such as the cur-
rent one have the potential of conducting unbiased, whole-
genome screens to identify novel fungal virulence factors and
will greatly enhance our knowledge of host defense mecha-
nisms in response to fungi.

DISCUSSION

Our studies have demonstrated that ROS play a central role
in mediating host-pathogen interactions in our model. Using
our novel pathogenesis assay with S. cerevisiaze as a model
pathogen and C. elegans as the model host, we found that yeast
can infect worms, resulting in intestinal distension, a deformity
in the postanal region (DAR phenotype), and death of the host
nematode. In this study we show that ROS play an important
role in fungal pathogenesis and host defense. The C. elegans
bli-3 gene encodes a dual oxidase known to have mammalian
homologs capable of producing ROS. Our results show that
two bli-3 mutants with point mutations in the peroxidase do-
main (44) do not produce hydrogen peroxide in the Amplex
Red assay. This may seem surprising, because classically, su-
peroxide produced by NADPH oxidase is converted to hydro-
gen peroxide by dismutation and then to antimicrobial oxi-
dants by peroxidase. According to this model, a mutation in the
peroxidase domain would not be expected to alter production
of the hydrogen peroxide. However, it has been suggested that
the peroxidase domain of the dual oxidases catalyzes dismuta-
tion as well as production of antimicrobial oxidants (30). In
that case, a mutation in the peroxidase domain might well
cause a decrease in hydrogen peroxide production. Alterna-
tively, a mutation in the peroxidase domain may alter the
topology of the oxidase domain and decrease its activity. Fur-
ther studies of the dual oxidases will be required to understand
the details of their catalytic mechanisms.

Our working model (Fig. 6) is based on the following results.
In C. elegans the dual oxidase, CeDuox1, encoded by bli-3 is
responsible for creating an environment of elevated ROS in
response to the presence of yeast. Yeast mutants such as yaplA
and sodIA that are sensitive to oxidizing environments are
unable to evoke the Dar response in wild-type worms but are
able to induce it in bli-3 mutants. Based on our data we predict
a mechanism in which the nematode produces ROS in re-
sponse to yeast. The Yapl and Sodl gene products of the
invading fungus must neutralize these ROS before they can
cause Dar. CeDuoxl is expressed in the cuticle (17), and our
data predict that it should also be active in the intestinal lumen
of the worms. In the future, in situ localization of CeDuox1 can
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FIG. 6. Working model for the role of ROS in early events in host
defense and fungal pathogenesis.

be used to further test our hypothesis. Mammals also express
the Nox family oxidases, which include the Duox enzymes, in
epithelial tissues, including the intestine (18, 28), and evidence
is mounting that these enzymes are involved in host defense
(30).

C. elegans has successfully been used as a model host for
several microbial pathogens. Likewise, S. cerevisiae has proved
its worth as a prototype for fungal pathogens. This is the first
study that demonstrates a pathogenic interaction between
these two powerful genetic model organisms. The advantages
of being able to study both the host and pathogen genetically
have been noted previously (39). The present study demon-
strates how insights from one side of the host-pathogen inter-
action can be used to suggest experiments that can inform what
is going on on the other side of the interaction.

This is exciting because in principle, such a study can be
extended to the whole genome using existing methodologies. S.
cerevisiae is the only fungal species with a systematic single-
gene deletion library. This assay will enable us to conduct a
high-throughput, unbiased, whole-genome screen to identify
fungal virulence factors. Promising genes and pathways iden-
tified may be targeted for antifungal drug development. On the
host side, there are plasmid libraries available containing
RNAI constructs that downregulate single transcripts in C.
elegans. Our pathogenesis assay will allow us to screen such a
library and identify host factors that may be different from
those identified in bacterial interactions.

Fungal infections are hard to treat because chemicals that
are toxic to fungi are also often harmful to human patients.
Thus, genes that are unique to fungi are potential targets for
antifungal agents. It has previously been suggested that Yapl,
a fungus-specific transcription factor, is involved in pathogen-
esis (2, 31, 40); however, it has not been shown to be required
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for pathogenesis. We use this pathogenesis assay to demon-
strate that Yapl and Yap2 are required to elicit a potentially
protective host response, the Dar phenotype. This key obser-
vation, along with the finding that Yapl is a fungus-specific
transcription factor, makes it a likely target for broad-spectrum
antimycotic drug development.
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