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Innate immunity is an ancient defense system used by both verte-
brates and invertebrates. Previously characterized innate immune
responses in plants and animals are triggered by detection of patho-
gens using specific receptors, which typically use a leucine-rich repeat
(LRR) domain to bind molecular patterns associated with infection.
The nematode Caenorhabditis elegans uses defense pathways con-
served with vertebrates; however, the mechanism by which C. el-
egans detects pathogens is unknown. We screened all LRR-containing
transmembrane receptors in C. elegans and identified the G protein-
coupled receptor FSHR-1 as an important component of the C. elegans
immune response to Gram-negative and Gram-positive bacterial
pathogens. FSHR-1 acts in the C. elegans intestine, the primary site of
exposure to ingested pathogens. FSHR-1 signals in parallel to the
known p38 MAPK pathway but converges to regulate the transcrip-
tional induction of an overlapping but nonidentical set of antimicro-
bial effectors. FSHR-1 may act generally to boost the nematode
immune response, or it may function as a pathogen receptor.

host-pathogen interactions � leucine-rich repeat

The evolutionarily ancient innate immune system is the critical
first line of defense against microbial infection of vertebrate and

invertebrate animals (1). In addition to providing an initial rapid
response to pathogen attack, the innate immune system activates
the adaptive immune system in jawed vertebrates (2). Innate
immunity includes both constitutive and inducible defenses. In
general, an inducible innate immune response can be broken down
into 3 stages (3). First, the invading pathogen is recognized by host
germline-encoded pattern recognition receptors (PRRs). Next, this
information is processed and transmitted via the activation of
signaling pathways. Finally, these signaling cascades lead to upregu-
lation of antimicrobial effectors.

The soil nematode Caenorhabditis elegans is a tractable model for
studying innate immunity. Numerous powerful molecular genetic
tools are available that facilitate the identification and character-
ization of components of the innate immune system. Infection of C.
elegans with several bacterial and fungal pathogens has shown that
both host response pathways and pathogenic virulence factors are
conserved, indicating the relevance of this host-pathogen model to
other metazoans (4, 5).

Forward and reverse genetic analyses have identified several
signaling pathways required for the C. elegans response to diverse
pathogens. Of central importance is a p38 MAPK pathway, which
consists of a core cassette of NSY-1/MAPKKK, SEK-1/MAPKK,
and PMK-1/MAPK regulated by the upstream Toll/IL-1 adaptor
TIR-1 (6–8). The p38 pathway also plays a key role in the defense
against pathogens in both insects and mammals and is thought to
represent an ancient component of metazoan innate immunity (9).
A second conserved pathway that has a dramatic effect on the
innate immune system in worms is the insulin/insulin-like growth
factor (IGF) pathway (10). The DAF-2 insulin/IGF receptor acti-
vates AGE-1/PI3K, leading to the phosphorylation and cytoplasmic
sequestration of the FOXO transcription factor DAF-16 and the
activation of a hyperimmune state (11, 12).

Recent microarray experiments have identified a large number of
genes that are transcriptionally induced by C. elegans in response to

pathogen exposure (13–16). Many of these pathogen-response
genes encode proteins that have in vitro antimicrobial activity or are
homologous to known antimicrobial factors in other species. A
subset of these putative antimicrobial effectors is regulated by the
p38 MAPK signal transduction cascade, demonstrating a direct link
between a specific immune signaling pathway and the induced
response to pathogen infection (15).

Despite significant advances in understanding the signal trans-
duction and subsequent antimicrobial effector response to patho-
gen attack, the PRRs responsible for detecting this attack and
triggering a response in C. elegans have not yet been identified.
Toll-like receptors (TLRs) are the canonical transmembrane PRRs
in mammals, and the C. elegans genome does contain a single TLR
homolog, TOL-1 (2, 5). Initial studies with TOL-1 indicated that it
was not required for resistance against several pathogens tested
(17). However, subsequent studies have suggested that it is impor-
tant for resistance against the Gram-negative bacterium Salmonella
enterica, preventing invasion of this pathogen into the pharynx (18).
However, the tissue in which TOL-1 is acting to confer resistance
against Salmonella and its mechanism of action are unclear. TOL-1
may or may not be a PRR, but it cannot be the only PRR in C.
elegans, given that tol-1 mutants are not sensitive to infection by
most pathogens that have been tested. Plants and some metazoans,
including mammals, also have cytosolic PRRs referred to as nu-
cleotide oligomerization domain (NOD) proteins (2). However, no
NOD-like proteins are encoded in the C. elegans genome. Thus, we
sought to identify alternate candidate C. elegans PRRs.

One distinguishing feature of the majority of PRRs known in
other species, including the mammalian TLRs and NOD/CLRs, is
that the ligand-binding domain of these receptors comprises mul-
tiple leucine-rich repeats (LRRs) (19). We hypothesized that C.
elegans may also use LRR domains in pathogen pattern recognition.
To test this, we undertook a screen of candidate LRR receptors.
Here we report the identification and characterization of the
LRR-containing G protein-coupled receptor FSHR-1 as a putative
C. elegans immune receptor. We found that FSHR-1 is a critical
component of the C. elegans innate immune response that acts in
parallel to both the insulin and p38 MAPK pathways. FSHR-1
regulates transcription of a set of putative antimicrobial effectors that
are induced by pathogen infection. Tissue-specific knockdown and
tissue-specific misexpression experiments indicate that FSHR-1 func-
tions in the C. elegans intestine, the major site of pathogen exposure.

Results
The FSHR-1 Receptor Is Required for C. elegans Immunity. To deter-
mine whether C. elegans uses LRR-containing cell-surface recep-
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tors in pathogen recognition, we tested all C. elegans genes that are
predicted to contain both an extracellular LRR domain and at least
1 transmembrane domain for a role in the innate immune response.
We removed the function of each candidate gene via RNAi and
exposed the worms to the bacterial pathogen Pseudomonas aerugi-
nosa strain PA14.

Of the 14 candidate LRR receptors in the C. elegans genome, only
1, encoded by the gene C50H2.1, located on chromosome V, was
found to affect the response to PA14 when its function was inhibited
by RNAi. Animals subjected to C50H2.1 RNAi are significantly
more sensitive (P � 0.01) to killing by PA14 (Fig. 1A). C50H2.1
encodes FSHR-1, a glycopeptide hormone receptor homologue.
FSHR-1 is the sole C. elegans member of the LRR-containing class
of G protein-coupled receptors (LGR), represented in mammals by
the follicle-stimulating hormone, thyroid-stimulating hormone, and
luteinizing hormone receptors. The extracellular domain of
FSHR-1 contains 9 LRRs, which are �40% similar to the corre-
sponding region on mammalian LGRs. FSHR-1 has a 7-pass
transmembrane domain and unusually large C-terminal cytoplas-
mic tail. C. elegans FSHR-1 has known roles in germline develop-
ment and in the function of cholinergic synapses in the nervous
system (20, 21).

The existing deletion allele fshr-1(ok778) recapitulates the RNAi
phenotype: ok778 mutant homozygotes are sensitive to pathogenic
PA14 (Fig. 1B). The ok778 deletion removes most of the LRR
domain and all 7 transmembrane domains. The fshr-1(ok778) allele
is a genetic null: transheterozygotes of ok778 and nDf31, a deletion
spanning the entire fshr-1 genomic region, have the same pathogen
sensitivity phenotype as ok778 homozygotes (Fig. 1C).

In addition to their defect in a response to the Gram-negative
pathogen P. aeruginosa PA14, fshr-1(ok778) mutants are also more
sensitive than wild-type worms to killing by the Gram-positive

bacteria Staphylococcus aureus and Enterococcus faecalis (Fig. 1 D
and E). Importantly, fshr-1(ok778) mutant worms do not have a
reduced lifespan on Escherichia coli strain OP50, which is relatively
nonpathogenic under the conditions tested (Fig. 1F). Thus, the sensi-
tivity phenotype of fshr-1(ok778) is not caused by nonspecific sickness.
Rather, FSHR-1 is specifically required for the C. elegans innate
immune response to Gram-negative and Gram-positive pathogens.

FSHR-1 Acts in Parallel to p38 MAPK and Insulin Pathways. The p38
MAPK pathway and the insulin/IGF pathway are important signal
transduction pathways involved in the defense of C. elegans against
P. aeruginosa PA14 (6, 7, 10). To test whether the receptor FSHR-1
is a member of either of these known pathways, we examined the
phenotype of double mutants with fshr-1(ok778) and members of
each pathway.

daf-2 encodes the insulin/IGF receptor. In contrast to the en-
hanced sensitivity of fshr-1 mutants, daf-2 mutants have enhanced
resistance to killing by PA14. We found that daf-2(e1368ts); fshr-
1(ok778) double mutants have an immunity phenotype that is
intermediate between either of the single mutants (Fig. 2A). The
degree of resistance/sensitivity of the double mutants depends on
the length of time the worms are shifted to the daf-2 restrictive
temperature before exposure to pathogens (e.g., worms that are
preshifted to the restrictive temperature for 4 h are less resistant
than worms preshifted for 8 h). The double mutants are neither as
sensitive to killing by PA14 as fshr-1 single mutants nor as resistant
to killing as daf-2(e1368) single mutants (P � 0.001). This additive
phenotype suggests that FSHR-1 and DAF-2 act in parallel path-
ways. daf-2 mutations also extend lifespan and constitutively acti-
vate dauer formation. However, daf-2(e1368); fshr-1(ok778)
double-mutant worms have the same dauer formation and longev-
ity phenotypes as daf-2(e1368) single mutants at the restrictive

Fig. 1. FSHR-1 is required for innate immunity.
(A and B) fshr-1 (RNAi) or fshr-1(ok778) mutant
worms are sensitive to killing by pathogenic P.
aeruginosa PA14 relative to wild-type control
worms. (C) fshr-1(ok778)/nDf31 heterozygotes
are just as sensitive to PA14 as fshr-1(ok778)
homozygotes. Parent nDf31/� worms (actual ge-
notype: nDf31/nT1[qIs51]) and sibling fshr-
1(ok778)/� worms (actual genotype: fshr-
1(ok778)/nT1[qIs51]) are not sensitive to PA14.
(D–F) fshr-1(ok778) mutants are sensitive to kill-
ing by pathogenic S. aureus and E. faecalis but
not to E. coli OP50.
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temperature [Fig. S1 and data not shown], suggesting that the effect
of an fshr-1 mutation on daf-2 mutants is specific to immunity.

The p38 MAPK PMK-1 is required for the C. elegans response
to PA14, and pmk-1(km25) mutant worms are sensitive to killing by
PA14, similar to fshr-1(ok778) mutants. pmk-1(km25); fshr-
1(ok778) double mutants are even more sensitive than either single
mutant (Fig. 2B). Because a null pmk-1(km25) mutation modestly
but significantly enhances (P � 0.01) the null phenotype of fshr-
1(ok778), these 2 genes likely act in parallel. Loss of function of tir-1
or nsy-1, which act upstream of pmk-1 in the p38 MAPK pathway,
also significantly enhances (P � 0.005) the fshr-1(ok778) null
phenotype (Fig. 2C). These data suggest that FSHR-1 cannot signal
in a simple linear pathway with the p38 MAPK pathway. The
simplest explanation is that the entire p38 MAPK pathway signals
in parallel to the FSHR-1 receptor. However, it is also possible that
FSHR-1doesact in thep38MAPKpathway. If so, theremustbeat least
1 additional receptor that regulates p38 MAPK and at least 1 additional
signaling pathway acting downstream of FSHR-1 to account for the
additive phenotype in the fshr-1; pmk-1 double mutants.

FSHR-1 Regulates a Set of PA14-Response Genes. Microarray analysis
has defined a set of genes whose transcription is upregulated by C.

elegans upon infection with PA14, many of which encode putative
secreted antimicrobial factors (15). A subset of these PA14-
response genes depends on the PMK-1 p38 MAPK pathway for
their induction in the presence of pathogens. Of these, some also
depend on PMK-1 for their basal expression in the absence of
pathogens and are designated class A genes by Troemel et al. (15).
Those genes that depend on PMK-1 for their induction but not their
basal expression on nonpathogenic OP50 are designated class C.
The remaining PA14-response genes, whose transcriptional induc-
tion in the presence of pathogens is independent of the p38 MAPK
pathway, are presumably regulated via at least 1 as-yet-unknown
signaling pathway. Of these, class B genes are defined as those
whose basal expression on nonpathogenic OP50 depends on
PMK-1, despite the fact that their induction on pathogenic PA14
does not. Finally, class D genes do not depend on PMK-1 for either
their induction or basal expression.

To determine whether, like PMK-1, FSHR-1 regulates PA14-
response genes, we used quantitative (q)RT-PCR to measure the
transcriptional induction of 10 of these genes representing the 4
classes described above in fshr-1(ok778) mutants infected with
PA14. Five of the 10 PA14-response genes tested (F56D6.2,
C17H12.8, K08D8.5, F49F1.6, and F55G11.2) depend on PMK-1 for
their full induction upon infection (class A or class C). Three of
these 5 PMK-1-dependent genes (F56D6.2, C17H12.8, and
F49F1.6) are induced by PA14 at least 10-fold less in fshr-1(ok778)
mutant worms than in wild-type worms (P � 0.0001), indicating that
they require FSHR-1 for their full induction in response to infection
(Fig. 3A). The remaining 2 PMK-1-dependent genes tested also
partially depend on FSHR-1 for their induction, but the effects of
a fshr-1(ok778) mutation are more modest (P � 0.005). It is
interesting to note that the effect of an fshr-1(ok778) mutation on
the induction of each of these 5 PMK-1-dependent genes is not as
great as the effect of a pmk-1(km25) mutation, consistent with the
observation that pmk-1(km25) mutant worms are more sensitive to
killing by PA14 than are fshr-1(ok778) mutant worms (Fig. 2B).
Additionally, for genes such as F49F6.1 and F55G11.2, whose
induction is partially reduced but not completely eliminated in both
pmk-1(km25) and fshr-1(ok778) single-mutant worms, double-
mutant pmk-1(km25); fshr-1(ok778) worms have even less induc-
tion than either single mutant. This result is consistent with the
additive pathogen sensitivity phenotype between these 2 mutations
that is described above (Fig. 2B) and supports the conclusion that
FSHR-1 and PMK-1 function in parallel signaling pathways.

The remaining 5 PA14-response genes tested (C32H11.12,
F35E12.5, F01D5.5, F53E10.4, and C49G7.5) do not depend on
PMK-1 for their induction upon infection (class B or class D). Three
of these 5 PMK-1-independent PA14-response genes (F35E12.5,
F53E10.4, and C49G7.5) are also independent of FSHR-1 because
their induction upon exposure to PA14 is not significantly affected
in fshr-1(ok778) mutants (Fig. 3A). The induction of F01D5.5
expression upon PA14 exposure, however, is similar in wild-type
and pmk-1(km25) mutants but is substantially reduced in fshr-
1(ok778) mutants (P � 0.001), indicating that the induction of this
gene is independent of PMK-1 but dependent on FSHR-1. Like-
wise, C32H11.12 induction is independent of PMK-1 but modestly
reduced in fshr-1(ok778) mutants (P � 0.005); thus, C32H11.12
partially depends on FSHR-1 for its induction in the presence of
PA14. These data suggest that FSHR-1 and PMK-1 regulate the
induction of largely overlapping but nonidentical sets of PA14-
response target genes.

By definition, the PA14-response genes described above are
expressed at lower basal levels in worms that have not been exposed
to pathogen but instead have been fed exclusively nonpathogenic
OP50. PMK-1 also controls the basal expression in the absence of
pathogen exposure of a subset of these genes (class B or class D)
(15). The set of genes whose basal expression is regulated by PMK-1
partially overlaps the set of genes whose pathogen induction is
regulated by PMK-1 (15).

Fig. 2. FSHR-1 acts in parallel to DAF-2 and the p38 MAPK pathway. (A) daf-2
and fshr-1 single and double mutants were raised at 15 °C and then shifted to the
restrictive temperature of 25 °C 4 h before exposure to PA14. (B and C) Loss of
components of the p38 MAPK pathway, either by genetic mutation (pmk-1) or
RNAi (tir-1 and nsy-1), enhances the pathogen sensitivity of fshr-1(ok778) null
mutants. Experiments with pmk-1 and fshr-1 single and double mutants were
repeated 5 times, and in all cases the double mutants were significantly more
sensitivethaneithersinglemutant(P�0.014outof5times;P�0.051outof5times).
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To determine whether PMK-1 and FSHR-1 regulate the basal
expression of similar sets of genes, we used qRT-PCR to measure
the relative expression of each of the 10 selected PA14-response
genes in wild-type and mutant worms grown on OP50 in the
absence of infection. Five of the 10 genes tested (C17H12.8,
F56D6.2, C32H11.12, K08D8.5, and F35E12.5) require PMK-1 p38
MAPK for their basal expression (class A or class B): wild-type
worms fed nonpathogenic OP50 express each of these genes at a
dramatically higher level than pmk-1(km25) mutant worms fed
OP50 (Fig. 3B). The remaining 5 genes tested (F01D5.5, F55G11.2,
F49F1.6, C49G7.5, and F53E10.4) do not require PMK-1 for their
basal expression because there is not a substantial difference
between transcript levels in wild-type and mutant worms fed OP50
(class C or class D). In contrast, FSHR-1 is not required for
activating the basal expression of any of the 10 genes tested. Basal
transcription in 8 of the 10 genes is not significantly different
between wild-type and fshr-1(ok778) mutant worms. F49F1.6 and
C17H12.8 may be repressed by FSHR-1 in the absence of pathogen
because each gene was expressed at significantly lower levels in
wild-type worms than in fshr-1(ok778) mutants (P � 0.01). There-
fore, FSHR-1 and PMK-1 have distinct effects on the basal tran-
scription of PA14-response genes.

FSHR-1 Acts in the Intestine. FSHR-1 is expressed in several somatic
tissues, most strongly in the intestine and neurons (20, 21). We
hypothesized that FSHR-1 carries out its role in the C. elegans
innate immune response in the intestine, given that this tissue comes
into direct contact with any pathogenic bacteria the worm has
eaten. The C. elegans strain rde-1(ne219); kbIs7 permits RNAi-
mediated knockdown of gene expression only in the intestine but
not in other tissues (Materials and Methods, Fig. S2 A and B and SI
Materials and Methods). RNAi of fshr-1 in worms of this genetic
background thus removes FHSR-1 function specifically in the
intestine. Intestinal-specific fshr-1 RNAi results in a strong patho-
gen sensitivity phenotype (P � 0.001), similar to systemic fshr-1
RNAi, indicating that FSHR-1 function is required in the intestine
for its role in innate immunity (Fig. 4A).

To determine whether intestinal FSHR-1 is also sufficient for its
immune function, we expressed wild-type fshr-1(�) from the con-
trol of endogenous ( fshr-1), neuronal (ric-19), or intestinal (ges-1)
promoters and tested the ability of each transgene to rescue a
fshr-1(ok778) mutation. Expression of fshr-1(�) from either the
endogenous or the intestinal ges-1 promoter fully rescues the
pathogen sensitivity of fshr-1(ok778) null mutants (Fig. 4B). Four
additional independent lines of ges-1::fshr-1 also fully rescue fshr-
1(ok778) (Fig. S3A). Interestingly, expression of fshr-1(�) in neu-
rons weakly suppresses the sensitivity of fshr-1(ok778) mutants (Fig.
4B). This weak neuronal suppression may indicate an immune role
for FSHR-1 in neurons, or it may be nonspecific. For example, most
of the worms expressing fshr-1(�) in neurons produce virtually no
embryos when they are fed PA14; in contrast, control worms and
worms expressing fshr-1(�) under the control of the fshr-1 or ges-1
promoters produce large quantities of embryos. Sterility has been
shown to cause significant pathogen resistance in C. elegans (22), so
it is possible that the apparent sterility caused by neuronally
expressed fshr-1(�) may lead to the partial suppression of fshr-
1(ok778) pathogen sensitivity, rather than a more specific role for
neuronal FSHR-1 in pathogen defense. Regardless of whether
FSHR-1 can function in the neurons, the strong suppression of the

Fig. 3. FSHR-1 regulates PA14-response genes. (A and B) qRT-PCR was used to
analyze the relative transcription of PA14-response genes in wild-type and mu-
tant worms fed OP50 or PA14. Error bars represent SEM for 3 independent
biologic replicates. (A) Fold induction was calculated as the ratio of normalized
expression on PA14 divided by expression on OP50. *Genes with greater than
5-fold reduction in their induction in fshr-1(ok778) mutant worms relative to
wild-type worms with P � 0.01. **Genes with greater than 10-fold reduction in
their induction in fshr-1(ok778) mutants relative to wild-type with P � 0.01. (B)
Foldchangeinbasalexpressionwascalculatedastheratioofwild-typeexpression
to mutant expression in worms fed OP50. Troemel et al. (15) reported that
F01D5.5 was regulated basally by PMK-1, but in our experiments the difference
did not reach statistical significance. *Genes with greater than 5-fold lower basal
expression in wild-type worms relative to fshr-1(ok778) mutants. **Genes with
greater than 10-fold lower basal expression in wild-type worms relative to fshr-
1(ok778) mutants.

Fig. 4. FSHR-1 expression in the intestine is necessary and sufficient for
pathogen resistance. (A) Intestinal-specific RNAi of fshr-1 causes worms to be
as sensitive to PA14 as systemic RNAi of fshr-1. (B) Wild-type FSHR-1 expressed
from endogenous or intestinal promoters fully rescues the fshr-1(ok778)
mutant phenotype. FSHR-1 expressed from a neuronal promoter only partially
rescues the mutant phenotype.
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fshr-1(ok778) null phenotype by intestinally expressed fshr-1(�)
indicates that FSHR-1 is acting in the intestine. Therefore, FSHR-1
function in the intestine is both necessary and sufficient for its role
in the C. elegans innate immune response.

Discussion
We have identified a novel role for the G protein-coupled receptor
FSHR-1 in the innate immune response of C. elegans. Analyses of
the pathogen sensitivity of single and double mutants indicate that
the FSHR-1 receptor does not act in a simple linear pathway with
either the p38 MAPK or insulin signaling pathways and thus likely
defines a novel pathway or branch in the C. elegans innate immune
network. FSHR-1 is required for the induction of a set of putative
antimicrobial effectors upon exposure to PA14, indicating that the
FSHR-1 signal is responsive to the presence or absence of pathogen.
Surprisingly, this set of PA14-response genes whose induction
depends on FSHR-1 is very similar but not identical to the set of
genes whose induction depends on the p38 MAPK PMK-1. We
propose a model in which FSHR-1 and p38 MAPK signal in parallel
to each other but converge on a common set of target effector genes
in response to attack by pathogenic PA14 (Fig. 5). Unlike p38
MAPK, FSHR-1 does not activate the basal expression of any
pathogen-response genes tested and may in fact negatively regulate
some of them. Although FSHR-1 is produced in multiple tissues
and has multiple roles in the worm, it performs its innate immune
function in the intestine.

FSHR-1 was identified by screening 14 C. elegans genes by RNAi
that encode proteins predicted to contain both an extracellular
LRR domain and at least 1 transmembrane domain for suscepti-
bility to P. aeruginosa. Of these 14 genes, only fshr-1 RNAi resulted
in enhanced P. aeruginosa-mediated killing. Subsequently, fshr-1
RNAi and an fshr-1 null allele were tested and found to also be
susceptible to S. aureus and E. faecalis. It is possible that some of the
other LRR transmembrane proteins also function as putative
immune receptors, and these are now being tested with a variety of
pathogenic bacteria and yeasts.

How does FSHR-1 act in the intestine to promote pathogen
resistance? One possibility is that FSHR-1 acts in a regulatory role,
generally enhancing the ability of the intestine to respond to
pathogen attack. FSHR-1 might act as a hormone receptor in this

scenario, receiving hormone signals from other tissues. The canon-
ical ligand bound by members of the class of G protein-coupled
receptor to which FSHR-1 belongs is the heterodimeric glycopep-
tide hormone FSH�/� (23). Worms do not have an identifiable
FSH� subunit, and the gene that most closely resembles a FSH�
subunit does not, in our preliminary studies, seem to play an
important role in C. elegans innate immunity. An intriguing possi-
bility is that FSHR-1 may be activated by a noncanonical host ligand
in response to an upstream signal from a PRR.

Another possibility is that FSHR-1 is a PRR and thus is respon-
sible for the initial sensing of infection in C. elegans. FSHR-1 acts
in the intestine, a tissue that is the primary site of infection and in
which it has the potential for direct contact with pathogens. PRRs
can sense infection by binding directly to a pathogen, by recognizing
pathogen-produced virulence factors, or by recognizing the damage
these virulence factors cause to host tissues (24). fshr-1 mutants are
sensitive to killing by at least 1 Gram-negative pathogen and 2
Gram-positive pathogens. The surface architecture of Gram-
negative and Gram-positive bacteria is quite distinct, but there are
shared components. If FSHR-1 does directly recognize these
pathogens or their products, it must either bind a factor conserved
among diverse pathogens or have a very low specificity that enables
it to recognize multiple ligands. There is precedent for promiscuous
pathogen receptors: the scavenger-like receptor Eater, which is
required for the Drosophila innate immune response, directly binds
Gram-positive and Gram-negative bacteria as well as yeast (25).
Alternatively, FSHR-1 could detect pathogens indirectly by binding
host-derived byproducts of the damage caused by infection. If
FSHR-1 were a PRR, it would be the first example of a G protein-
coupled receptor functioning as a pathogen receptor in any animal.

Localization of the FSHR-1 protein could help distinguish be-
tween these scenarios. FSHR-1 is expressed in the neurons and
intestine, but its subcellular localization has not been dissected (20,
21). If FSHR-1 acts as a regulatory receptor that detects a systemic
signal and triggers or enhances the intestine’s response, we would
predict that FSHR-1 would localize more basolaterally within the
intestinal cells. In contrast, if FSHR-1 is a PRR that is an initial
sensor of intestinal infection, we would predict that FSHR-1 would
localize apically, where it would be more directly exposed to
pathogens. Further studies will be necessary to distinguish between
these possibilities.

The mammalian FSH receptor (FSHR) is expressed on ovarian
granulosa cells, where it activates production of the critical steroid
hormone estradiol and regulates gametogenesis (26). Tantalizing
new evidence suggests that these granulosa cells may have some
immune-related functions (27). No canonical immune cells are
present in ovarian follicles; however, granulosa cells in the follicle
respond to exposure to E. coli by suppressing estradiol production,
suggesting that pathogens may somehow be recognized by this
tissue. The TLR4/CD14/MD-2 receptor complex, which when
present on immune cells recognizes LPS from Gram-negative
bacteria such as E. coli, is also expressed by granulosa cells, although
these proteins have not yet been shown to be required for the
granulosa cell response to E. coli. Because FSHR regulates estradiol
production in granulosa cells, it is tempting to speculate that FSHR
could also play a role in the recognition and/or response to
pathogens in follicular granulosa cells.

In addition to its well-characterized role in the mammalian
gonad, recent studies have revealed a role for FSHR in the
mammalian skeletal system (28). FSHR is expressed in precursor
and differentiated osteoclasts, multinucleate cells of the monocyte-
macrophage lineage. FSHR stimulates the formation and function
of osteoclasts, which are responsible for decalcifying and degrading
bone matrix. A close connection between the vertebrate skeletal
and immune systems has long been known (29). Not only are
hematopoietic immune cells generated in the bone marrow, but also
many regulatory molecules and mechanisms are shared between
these 2 systems. It would be interesting to test whether mammalian

Fig. 5. A model for a C. elegans innate immune network. (A and B) This model
shows the integration of signaling from 3 known innate immune pathways. (A)
Each pathway regulates the induction of a set of effectors in response to P.
aeruginosa. The FSHR-1 and p38 MAPK pathways regulate partially overlapping
setsofpathogen-responsegenes.Specificexamplesof targetgenesmentioned in
this work are listed for each category. (B) These signaling pathways also regulate
the basal expression in the absence of pathogen of several genes. Examples
mentioned here are listed for each category.
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FSHR in osteoclasts provides yet another link between skeletal
regulation and immunity.

We report here that FSHR-1 acts in the intestine as part of the
C. elegans innate immune response. It is not known whether FSHR
is expressed in the mammalian intestine. Just as an unexpected role
for FSHR in the skeletal system has recently been discovered, it will
be interesting to determine whether FSHR could act in the mam-
malian intestine in addition to its best-characterized role in the
gonads.

Materials and Methods
C. elegans Strains. C. elegans strains were maintained at 20 °C, unless otherwise
noted, as previously described (30). The fshr-1 deletion allele ok778 was gener-
ated by the Oklahoma Medical Research Foundation Knockout Consortium and
outcrossed to wild-type N2 worms 4 times. To determine whether ok778 is a null,
heterozygous nDf31/fshr-1(ok778) worms were generated by crossing AU102
nDf31/nT1[qIs51(myo-2::gfp)] hermaphrodites with fshr-1(ok778) males. Non-
Green progeny must therefore be nDf31/ok778 transheterozygotes and were
tested for their sensitivity to PA14. Parent nDf31/nT1 and green sibling fshr-
1(ok778)/nT1 worms were used as controls. AU131 pmk-1(km25); fshr-1(ok778)
and AU132 daf-2(e1368); fshr-1(ok778) strains were generated via standard
genetic techniques. To test the intestinal sufficiency of FSHR-1, the transgenic
strains AU175 fshr-1(ok778); agEx43[fshr-1(�)], AU209 fshr-1(ok778);
agEx52[ric-19::fshr-1(�)], and AU218 fshr-1(ok778); agEx58[ges-1::fshr-1(�)]
were generated. agEx43 comprises a genomic fshr-1 PCR fragment containing 4
kb of sequence upstream of the start site, the entire ORF, and 1 kb of sequence
downstream of the stop codon. agEx52 comprises 1.2 kb of upstream ric-19
regulatory sequence fused via PCR to the fshr-1 ORF and 1 kb downstream
sequence. agEx58 comprises 3 kb of upstream ges-1 regulatory sequence fused
via PCR to the fshr-1 ORF and 1 kb downstream sequence. Each PCR product was
injected at a concentration of �10 ng/�L into fshr-1(ok778) worms with a
myo-2::Mcherry coinjection marker. For technical reasons, the fshr-1 ORF used in
these arrays contains endogenous introns. It is possible that regulatory elements
are contained in these introns and may drive expression in unintended tissues;
however, the introns alone are not sufficient for expression of functional FSHR-1
(Fig. S3B).

RNA Interference. RNAi bacterial clones were obtained from the Ahringer and
Vidal RNAi libraries (31–33). Bacteria were grown to saturation in LB � 50 �g/mL
carbenicillin, spreadon6-cmRNAiplates [nematodegrowthmedium(NGM)�25
�g/mLcarbenicillin�5mMisopropyl�-D-thiogalactopyranoside],andincubated
at 25 °C for 48 h (34). Synchronized L1 larvae were placed on each plate and

incubated at 20 °C for 40 h. L4 larvae or young adult worms were used in
immunity assays. The strain VP303 rde-1(ne219); kbIs7[nhx-2::rde-1, rol-6] was
graciously provided by K. Strange for use in intestine-specific RNAi (35). RDE-1 is
required for RNAi, so worms mutant for rde-1 are refractory to RNAi. kbIs7 is an
integrated transgene containing rde-1(�) expressed from an intestinal-specific
promoter, thereby rescuing the rde-1(ne219) mutant phenotype exclusively in
the intestines.

Immunity and Longevity Assays. P. aeruginosa strain PA14 killing assays were
performed at 23 °C, unless otherwise noted, as previously described (36). Five-
fluoro-2�-deoxyuridine (FUDR; 75 �g/mL) was added to the assay plates to reduce
the growth of progeny. To test the immunity or longevity phenotypes of any
strains containing daf-2(e1368ts), all worms in the experiment were raised to the
L4 stage at the permissive temperature of 15 °C, shifted to the restrictive tem-
perature of 25 °C for 4 h, and transferred to PA14 killing plates or OP50 lifespan
plates at 25 °C. Killing assays with S. aureus strain NCTC8325 and E. faecalis strain
mmH594 were performed at 23 °C and 25 °C, respectively (36). Lifespan assays
were performed at 23 °C, unless otherwise noted, on NGM plates containing 75
�g/mL FUDR seeded with E. coli strain OP50. Data from immunity and longevity
assays were statistically analyzed as previously described (36). Briefly, a log-rank
analysis was used to calculate mean survival for each population of worms. The
mean survival values were compared via a 2-tailed Student’s t-test.

Quantitative RT-PCR. QuantitativeRT-PCRwasperformedaspreviouslydescribed
(15), with primer sequences graciously provided by E. Troemel. All C. elegans
strains tested were grown in parallel, and 3 independent biologic replicates were
tested, in duplicate, for each primer set. Statistical analysis was performed using
Prism(GraphPad).Thenormalizedvalues for inductionorbasalexpressionfor the
3replicateswerecomparedusinga1-sample t-test. Stronginductiondependence
was defined as at least a 10-fold difference in induction between wild-type and
mutant worms with P � 0.01. Moderate induction dependence was defined as at
least a 5-fold difference between wild-type and mutant worms with P � 0.01.
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