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In response to infection, Caenorhabditis elegans produces an array of antimicrobial proteins. To understand the
C. elegans immune response, we have investigated the regulation of a large, representative sample of candidate
antimicrobial genes. We found that all these putative antimicrobial genes are expressed in tissues exposed to the
environment, a position from which they can ward off infection. Using RNA interference to inhibit the function of
immune signaling pathways in C. elegans, we found that different immune response pathways regulate expression of
distinct but overlapping sets of antimicrobial genes. We also show that different bacterial pathogens regulate
distinct but overlapping sets of antimicrobial genes. The patterns of genes induced by pathogens do not coincide
with any single immune signaling pathway. Thus, even in this simple model system for innate immunity, striking
specificity and complexity exist in the immune response. The unique patterns of antimicrobial gene expression
observed when C. elegans is exposed to different pathogens or when different immune signaling pathways are
perturbed suggest that a large set of yet to be identified pathogen recognition receptors (PRRs) exist in the
nematode. These PRRs must interact in a complicated fashion to induce a unique set of antimicrobial genes. We also
propose the existence of an “antimicrobial fingerprint,” which will aid in assigning newly identified C. elegans innate
immunity genes to known immune signaling pathways.

When infected by a pathogen, humans mount an immediate
innate immune response as well as a slower but more specific
adaptive immune response. The immediate response involves
infiltration of phagocytic and cytotoxic cells at the site of in-
fection and the release of antimicrobial compounds (25). The
innate immune system also contributes to the activation of the
adaptive immune response (20). Thus, innate immunity plays a
vital role in pathogen defense. However, misregulation of in-
nate immunity contributes to the pathogenesis of many human
diseases, including sepsis, asthma, and atherosclerosis (6).
While adaptive immunity is only present in vertebrates, many
aspects of innate immunity are conserved throughout the
animal kingdom.

The nematode C. elegans is susceptible to many of the patho-
gens that infect humans, including gram-positive Staphylococ-
cus aureus and gram-negative Serratia marcescens and Pseudo-
monas aeruginosa (28, 31, 45, 49, 52). Like most pathogens that
infect C. elegans, these three bacteria colonize the digestive
tract and ultimately kill the nematode. In contrast, other bac-
teria such as Escherichia coli and Bacillus subtilis are usually
not toxic to C. elegans (13). Many of the host genes involved in
pathogen defense in mammals also function in host defense of
C. elegans (3, 10, 35, 46). Similarly, many virulence genes used
by pathogens to infect C. elegans are also required for mam-
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malian infection (3, 8, 31, 39, 48, 50, 53-55, 57). Thus, C.
elegans has proven to be a useful and relatively simple model
with which to study innate immunity.

The C. elegans innate immune response consists of the pro-
duction of numerous antimicrobial proteins, many of which are
conserved in higher organisms. Many candidate antimicrobial
genes have been identified in the C. elegans genome (17, 40,
46). Previous data have demonstrated that the expression of
some of these genes is induced upon pathogen infection (7, 32,
41, 47, 56). Moreover, some of these putative antimicrobial
genes are regulated by signaling pathways involved in pathogen
defense in nematodes and mammals (7, 21, 36, 38, 56). To
better understand how these genes function in host defense, we
have undertaken a study of a large, representative sample of
candidate antimicrobial genes encoded in the C. elegans ge-
nome (Table 1).

To determine how these candidate antimicrobial genes are
regulated, we examined the effects of three known immune sig-
naling pathways on expression of these genes: the fir-1-nsy-1/
SARM-mitogen-activated protein kinase (MAPK) signaling
pathway, the dbl-1 transforming growth factor g (TGF-B) signal-
ing pathway, and the daf-2-daf-16 insulin-like signaling pathway
(10). Here we demonstrate that 14 different C. elegans candidate
antimicrobial genes are expressed in tissues exposed to the envi-
ronment, locations where they are well situated to fight off infec-
tion. Each of the three known C. elegans immune response path-
ways regulates a distinct but overlapping set of these genes. We
suggest that this unique “antimicrobial fingerprint” of each sig-
naling pathway will be useful for characterizing novel C. elegans
innate immunity genes in future studies. We also found that
different bacterial pathogens induce expression of unique subsets
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TABLE 1. C. elegans candidate antimicrobial genes characterized

Gene name Gene ID Gene description Expression pattern
lys-1 Y22F5A.4 Lysozyme Intestine, head neurons including one in amphid,
two phasmid neurons
lys-7 C02A12.4 Lysozyme Intestine, rectal gland cells, head neurons
lys-8 C17G10.5 Lysozyme Intestine, head and tail neurons
spp-1 T07C4.4 Saposin-like Intestine
spp-7 ZK616.9 Saposin-like Pharyngeal muscles (pm7), intestine (posterior >
anterior), head neurons
abf-1 C50F2.9 Homolog of the antibacterial factor ASABF Intestine, weak pharyngeal lumen, head neurons
from Ascaris suum including one in amphid
abf-3 F54B8.5 Homolog of the antibacterial factor ASABF Intestine, rectal gland cells
from Ascaris suum
clec-85 Y54G2A.6 C-type lectin Intestine
nip-29 B0213.4 Originally classified as neuropeptide-like Epidermal syncytia but not seam cells
protein
F55G11.4 F55G11.4 Contains similarity to Pfam domain PF02408
(CUB-like domain)
F08GS5.6 F08G5.6 Contains similarity to Pfam domain PF02408 Intestine, head neurons
(CUB-like domain)
dod-22 F55G11.5 Contains similarity to Pfam domain PF02408 Intestine, rectal gland cells, head neurons
(CUB-like domain)
F10A3.4 F10A3.4 Contains similarity to Pfam domain PF02408 Intestine, tail neurons
(CUB-like domain)
F54B11.11 F54B11.11 Contains similarity to Pfam domain PF02408
(CUB-like domain)
F55G11.7 F55G11.7 Contains similarity to Pfam domain PF02408 Intestine, rectal gland cells, head neurons
(CUB-like domain) including one in amphid, a phasmid neuron
KO08D8.5 KO08DS8.5 Contains similarity to Pfam domain PF02408 Intestine, rectal gland cells, head neurons

(CUB-like domain)

of antimicrobial genes to fight off infection. The pattern of patho-
gen-induced antimicrobial production depends on multiple im-
mune signaling pathways. This implies that there are numerous,
highly specific pathogen receptor mechanisms present in C.
elegans that have yet to be identified.

MATERIALS AND METHODS

Construction of candidate antimicrobial::gfp fusion strains. Promoter::gfp fu-
sions were engineered using the PCR fusion technique described by Hobert (19)
using primers listed in Table S1 in the supplemental material. Briefly, primer 1
and a primer that was the reverse complement of primer 3 were used to amplify
the promoter for the individual antimicrobial genes from genomic DNA. This
generated promoter DNA fused to a small piece of gfp. Likewise, primer 3 and
a primer unique to gfp (5'-CCACTGAGCCTCAAACCCAAACCTTCTTCCG-
3") were used to amplify gfp from plasmid pPD95.67 (Addgene). This product
contained gfp with a portion of the unique promoter at the 5’ end. These DNA
products were pooled, and the complete promoter::gfp fusions were amplified by
PCR using primer 2 and a second gfp primer (5'-CTTTCTTGCATCGTGCTC
ATCAATACTTGTG-3'). The identity of each promoter fusion was verified by
DNA sequencing. In general, gfp was fused in frame directly downstream of the
second or third codon of each gene, except for the abf-1 fusion. Unlike the other
candidate antimicrobial genes, abf-1 has a large intron that we hypothesized
could contain a regulatory sequence, so gfp was fused in frame to the exon shortly
after the large intron. All 14 gfp fusions were injected into pha-1(e2123) animals
at a concentration of 50 ng/pl using PBX (pha-1") as a coinjection marker (16).
Stable transgenic lines were selectively maintained at 23°C. A minimum of two
independent lines were examined for each fusion.

GFP expression patterns were visualized using differential interference con-
trast optics and fluorescence microscopy. To quantitate total nematode fluores-
cence, the COPAS Biosort (Union Biometrica) was used. All 14 gfp strains
expressed green fluorescent protein (GFP) that was visible by microscopy; how-
ever, only nine strains were bright enough to score reliably using the COPAS
Biosort. Thus, GFP localization data are presented for all 14 GFP fusions, but
COPAS Biosort data are only presented for the nine brightest gfp fusions. As a
control for the RNA interference (RNAi) experiments, a gfp fusion under the
control of the non-immune-regulated scm promoter was used (S. Alper and C.

Kenyon, unpublished data). To determine whether the gfp fusions were ex-
pressed in chemosensory neurons, the animals harboring the gfp fusions were
stained by dye filling using Dil, which labels some chemosensory neurons (18). In
cases where previous expression data were available (either as a gfp fusion or in
situ data), our expression data were consistent with those data (7, 24, 32; http:
/lwww.wormbase.org).

RNAI of antimicrobial::gfp nematodes. RNAi was performed in liquid culture
in a 96-well format, largely as described previously (2). Briefly, frozen stocks of
E. coli RNAI bacteria were inoculated into LB medium supplemented with 80
pg/ml ampicillin plus 10 pg/ml tetracycline. After incubation overnight at 37°C,
double-stranded RNA (dsRNA) production was induced by the addition of 2
mM IPTG (isopropyl-B-p-thiogalactopyranoside) (final concentration). After
four hours, the bacteria were recovered by centrifugation and suspended in 1/4
of the volume of nematode growth (NG) medium supplemented with 80 pg/ml
ampicillin and 2 mM IPTG. This medium (50 pl) was added to the wells in a
96-well plate. Nematode eggs (10 pl) isolated by bleaching (100 to 200 eggs) (59)
were then added to the wells. Plates were covered with Breathe Easy film (USA
Scientific) and assayed three days later on the COPAS Biosort. The control
RNA:i strain and the daf-2(RNAI) strain were from reference 9; all other RNAi
strains were from MRC Geneservice (23). The identities of the bacterial RNAi
constructs were verified by DNA sequencing.

Fluorescence was assayed using the COPAS Biosort (Union Biometrica),
which reports time of flight (nematode length) and green fluorescence (GFP-
induced fluorescence) for each individual animal. Three types of data analysis
were performed after an initial filtering of the data to remove obvious outliers.
First, overlay plots of fluorescence versus time of flight were generated to visu-
alize expression of test RNAi-treated animals compared with control RNAi-
treated animals (as depicted in Fig. 2A). Second, using boxplots as depicted in
Fig. 2C, fluorescence was compared between animals of similar sizes (typically
measuring 200 to 400 in arbitrary COPAS Biosort time-of-flight units). Third,
mean expression values as a percent of control mean RNAI bacteria treatment
were calculated for each sample, as depicted in Fig. 3. The scripts used for data
analysis are available upon request.

Real-time RT-PCR to measure antimicrobial RNA production in mutant nem-
atodes. Nematodes were maintained as described previously (59). Strains used in
real-time reverse transcriptase (RT)-PCR experiments were N2 (wild type),
CF1038 daf-16(mu86) 1, VC390 nsy-1(0k593) 11, AU3 nsy-1(ag3) 11, RB1085
tir-1(0k1052) 11, LT121 dbl-1(wk70) V, and NU3 dbl-1(nk3) V (27, 30, 37, 51).
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The strains were grown on high-growth plates, and eggs were isolated by bleach-
ing (59). Eggs were then transferred to T-175 flasks containing 10 ml NG
medium supplemented with 2 mM IPTG, 80 p.g/ml ampicillin, and the control E.
coli RNAI strain as a food source. After growing for two days at 23°C, nematodes
were harvested by centrifugation, frozen in liquid nitrogen, and stored at —80°C.
RNA was isolated from the nematodes as described previously (42). Real-time
RT-PCR was performed on an ABI 7900 instrument using a QIAGEN Quantitect
real-time RT-PCR kit according to the manufacturer’s instructions. Primers used for
the PCR are listed in Table S1 in the supplemental material. The total RNA
concentration was normalized using mic-1 (myosin light chain) expression (primers
shown in Table S1 in the supplemental material). Similar data were observed when
act-1 (actin) was used for RNA normalization (data not shown). Antimicrobial gene
expression in the mutant nematodes was compared to wild-type N2 nematodes as a
reference using the ddCt method. Each strain was analyzed in triplicate.

Real-time RT-PCR to measure antimicrobial RNA production in nematodes
exposed to pathogens. CF512 [fer-15(b26) I1; fem-1(hc17) IV] (12) eggs were isolated
by bleaching and then plated on NG medium plates seeded with E. coli strain OP50.
Eggs were allowed to hatch and were subsequently grown for two days at 25°C, a
temperature at which these nematodes are sterile. Nematodes were then collected in
M9 medium, washed with M9 supplemented with 10 pg/ml tetracycline, washed
several times with M9 without supplement, and then plated. In the gram-negative
experiments, synchronized CF512 animals were plated onto NG plates containing
either E. coli strain OP50, S. marcescens strain IGX2 (11, 28), or P. aeruginosa strain
PA14 (31, 44, 52). For the gram-positive experiments, the synchronized CF512
animals were plated onto brain heart infusion plates containing either the B. subtilis
strain PY79 (60) or the S. aureus strain NCTC 8325 (22, 49) (except for the control
experiment shown in Fig. 5C, in which S. aureus was grown on NG medium plates).
After the indicated incubation (24 h in Fig. 5 or 12, 24, 36, or 48 h in Fig. S1 in the
supplemental material), nematodes were processed and RNA production was mea-
sured by real-time RT-PCR as described above for the mutants. In these experi-
ments, two additional duf-141 family members were examined by real-time RT-PCR
that were not investigated in our GFP experiments.

For the experiment in which mutant nematodes were exposed to pathogenic
bacteria (see Fig. 6), exposures were carried out for 24 h on solid media as described
in this section and not in liquid media as described in the previous section.

RESULTS

Choice of candidate antimicrobials for investigation. To in-
vestigate the C. elegans antimicrobial response, we fused the
promoters of fourteen putative antimicrobial genes to gfp and
generated transgenic lines with these fusions (see Materials
and Methods and Table S1 in the supplemental material). The
C. elegans genome contains numerous candidate antimicrobial
genes, including homologs with established roles in host de-
fense. These include 10 homologs of lysozyme (lys-1 to lys-10),
20 genes encoding saposin-like domains that are also present
in NK-lysins and granulysins (spp-1 to spp-20), six genes some-
what similar to vertebrate defensins (abf-1 to abf-6), and a
recently identified family of genes similar to nip-29 (17, 40).
We engineered gfp fusions to three lysozymes (lys-1, lys-7, and
lys-8) that were previously implicated in innate immunity in C.
elegans, because they were either induced by S. marcescens
infection (all three) or regulated by the insulin signaling path-
way (lys-7 and lys-8) (32, 38). Likewise, we fused gfp to the
promoter for spp-1, which is also reported to be regulated by
the insulin signaling pathway (38). spp-7, abf-1, and abf-3 were
chosen randomly to represent each antimicrobial gene family.
We also fused gfp to nlp-29, which was identified as a gene
induced by S. marcescens and the fungal pathogen Drechmeria
coniospora (7, 32).

NLP-29 and SPP-1 (4, 7) have demonstrated antimicrobial
activity. The three lysozyme genes, spp-7, and the two abf genes
are homologs of genes with demonstrated antimicrobial func-
tion. In contrast, other candidate antimicrobial genes that we
have chosen to examine are in families induced by pathogen
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FIG. 1. C. elegans candidate antimicrobial genes are expressed in
tissues exposed to the environment. Panels A to J depict representative
fluorescence micrographs of the indicated GFP fusion-bearing strains
(panels C and H are overlays of fluorescence and Nomarski micro-
graphs). Strong intestinal gfp expression is observed in panels A (mid-
body view), B, C, E, and G (anterior to mid-body view), and D and F
(posterior view). Weak intestinal gfp expression and strong pharyngeal
gfp expression are observed in panel I. Panel J is a close-up view of the
pharyngeal expression in panel I. White arrows point to rectal gland gfp
expression in panels D and F or to pharyngeal expression in panel I.
Panels K, L, and M are confocal microscopy images of the posterior
part of the same nematode expressing lys-1::gfp. Panel K depicts gfp
expression (green), panel L depicts animals filled with the dye Dil,
which labels some chemosensory neurons (red), and panel M depicts
the overlap (yellow), demonstrating that this gfp fusion is expressed in
two chemosensory phasmid neurons. Anterior is to the left and ventral
is down in all images. A complete summary of the gfp expression data
for all 14 antimicrobial:;gfp fusions is presented in Table 1.

infection, but their precise antimicrobial function is poorly
understood. These include clec-85, a member of the C-type
lectin family (32). C. elegans C-type lectins are hypothesized to
play a role in pathogen recognition or clearance (40). Another
family of genes whose precise function is unknown but which is
induced by infection encodes a protein family containing Pfam
domain PF(02408, formerly known as the domain of unknown
function number 141 (we refer to this family as the duf-141
family). Several members of this family are also reported to be
regulated by the insulin signaling pathway (32, 38, 41). We
fused gfp to the promoter for five of these genes. For simplicity,
we refer to all 14 gfp fusions as antimicrobial::gfp fusions,
although the precise functions of members of the duf-141 fam-
ily are still uncertain.

C. elegans antimicrobial genes are expressed in tissues ex-
posed to the environment. In the presence of the standard
laboratory E. coli strain OP50 (59), thirteen of these fourteen
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FIG. 2. Use of the COPAS Biosort to assay changes in antimicrobial::gfp expression. Nematodes harboring either the lys-7::gfp fusion (panels
A to C) or the clec-85::gfp fusion (panels D to F) were treated with the indicated dsRNA as described in Materials and Methods. Panels A, B, D,
and E are overlay graphs comparing the indicated RNAI test treatment (orange dots) to control-treated animals (blue dots). Each dot represents
a single animal. The x axis represents the time of flight (TOF), or length of each animal in arbitrary units, and the y axis represents total
fluorescence in arbitrary units. Panels C and F are boxplots, displaying the median fluorescence (white horizontal bar) and the 25th and 75th
percentiles of fluorescence (lower and upper limits of each boxplot, respectively). (-) indicates a control RNAI treatment.

antimicrobial::gfp fusions were expressed in the C. elegans in-
testine, a position where they would come into contact with
ingested pathogens (Fig. 1A to G and I and Table 1). The
pattern of this expression was largely uniform throughout the
intestine, except in the case of spp-7, in which gfp expression
was much stronger in the posterior intestine than in the ante-
rior. spp-7 was also strongly expressed in several cells in the
pharynx (primarily in the pm7 pharyngeal muscle cells), an-
other organ in the digestive tract (Fig. 1I and J and Table 1).
Although the intensity of gfp expression in the digestive tract
was by far the strongest expression in all these antimicrobial::gfp
strains, expression was also observed in other cells. This in-
cludes some head and tail neurons, including chemosensory
neurons that are exposed to the environment, and the rectal
gland cells, which are thought to secrete substances into the
digestive tract (http://www.wormatlas.org) (Fig. 1D, F, and K
to M and Table 1).

nlp-29 was the only gene that was not visibly expressed in the
intestine. Instead, as reported previously (7), it was expressed
in the epidermal syncytia (but not the epidermal seam cells)
(Fig. 1H and Table 1), the outermost cell layer in the nema-
tode.

C. elegans antimicrobial genes are regulated by known immune
signaling pathways. Interestingly, all the antimicrobial::gfp fu-
sions that we generated were expressed in the presence of the

nonpathogenic strain of E. coli, OP50, often quite strongly.
This raised the possibility that although OP50 is normally not
toxic to C. elegans, it might be inducing an immune response.
To test this hypothesis and to investigate the regulation of
antimicrobial production in the nematode, we inhibited known
immune response pathways using RNAi and examined the
effect on antimicrobial production. To do this, we used E. coli
that expressed dsRNA corresponding to genes in three known
C. elegans immune signaling pathways: fir-I and nsy-1 in the
SARM-MAPKKK pathway, dbl-1 in the TGF-B pathway, and
daf-2 and daf-16 in the insulin signaling pathway. tir-1, nsy-1,
dbl-1, and daf-16 mutant animals are all more susceptible to
infection and are predicted to have a weaker antimicrobial
response. daf-2 mutants, on the other hand, are more resistant
to pathogens and are expected to have a stronger antimicrobial
response. E. coli expressing these dsSRNAs were fed to nema-
todes that carried the antimicrobial::gfp fusions, and fluores-
cence was measured to determine the effect on antimicrobial::gfp
production.

As a control, E. coli expressing daf-16 dsRNA were fed to
animals carrying the lys-7::gfp fusion. Previous microarray data
indicated that daf-16" is required for expression of lys-7 (38).
In keeping with this result, we found that inhibition of daf-16
by RNAI inhibited lys-7::gfp expression (Fig. 2A and C). In
daf-2 mutant animals, daf-16 is constitutively active and lys-7 is
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FIG. 3. Use of RNAI to investigate the role of known immune
signaling pathways in the regulation of antimicrobial gene expression.
Nine different antimicrobial::gfp strains and one control::gfp strain
were treated with one of the four indicated RNAI bacteria, and fluo-
rescence was measured using the COPAS Biosort. In parallel, these gfp
strains were treated with a control bacterial strain that was expected to
have no effect on gfp expression. Mean fluorescence for each strain and
each treatment was then calculated and normalized relative to the
control RNAI bacteria treatment. GFP fluorescence is plotted as the
percentage of this control treatment. Each assay was performed a
minimum of four times.

overexpressed (38). When daf-2 was inhibited by RNAI,
lys-7::gfp expression increased (Fig. 2B and C). Thus, as ex-
pected, we can observe opposing effects of daf-2 and daf-16 on
lys-7 expression.

Inhibition of tir-I by RNAI inhibits the expression of two
antimicrobial genes, nlp-29 and nlp-31 (7). When we used
RNAI to inhibit tir-1 or nsy-1 in animals bearing the clec-85::gfp
fusion, we found that expression of clec-85::gfp was strongly
inhibited (Fig. 2D to F). Thus, wild-type tir-1 and nsy-1 are
required for proper expression of this candidate antimicrobial
gene, in keeping with their proposed role in host defense.

We next examined the effect of inhibition of each of the
three different immune signaling pathways on nine of our
antimicrobial gene fusions and on a control gfp fused to a
promoter not involved in immunity. The other five
antimicrobial::gfp fusions, while bright enough to assay by flu-
orescence microscopy, were too weak to assay on the COPAS
Biosort used to quantitate nematode fluorescence and were
therefore not used in this assay. Inhibition of each immune
pathway affected a different subset of antimicrobial genes (Fig.
3). For example, inhibition of nsy-/ by RNAI led to a strong
reduction in expression of lys-1, lys-8, clec-85, and dod-22, as
assayed by reduced GFP fluorescence, but had a much more
moderate or no effect on expression of the other gfp fusions.
Interestingly, inhibition of tir-1, which is thought to act up-
stream of nsy-1 (5, 29), had an almost identical effect (compare
Fig. 3A to B), causing strong inhibition of lys-1, lys-8, clec-85,
and dod-22 expression and a much more moderate effect on
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the other genes. We also found that nip-29::gfp fluorescence
exhibited a moderate decrease when either nsy-1 or tir-1 were
inhibited (data not shown), consistent with previous work (7).
However, the level of this fluorescence was very close to back-
ground on the COPAS Biosort.

Inhibition of dbl-1 by RNAI had a different effect on anti-
microbial gene expression. clec-85 expression was strongly de-
creased when dbl-1 was inhibited by RNAi (Fig. 3C). Inhibition
of dbl-1 by RNAI also caused a much more moderate decrease
in expression of the three lysozyme genes and dod-22 (Fig. 3C).
Thus, the pattern of genes regulated by dlb-1 overlaps with but
is distinct from those regulated by nsy-1 and tir-1.

Inhibition of daf-16 by RNAIi had a very different effect,
causing the strongest inhibition of lys-7::gfp expression and
weaker inhibition of several other genes including lys-8 and
clec-85 (Fig. 3D).

To verify the RNAI data generated with our antimicrobial::gfp
fusions, we examined RNA production in available mutant
animals using real-time RT-PCR. Wild-type and mutant ani-
mals were grown in liquid culture in the presence of E. coli, and
RNA was isolated. Real-time RT-PCR was then used to ex-
amine antimicrobial RNA levels in different wild-type or mu-
tant animals. In general, antimicrobial RNA production was
decreased in mutant nematodes in a pattern analogous to that
seen in the RNAI experiments using the antimicrobial::gfp
animals (Fig. 4). For lys-1, lys-8, clec-85, nlp-29, and the duf-141
genes dod-22 and KO08DS8.5, RNA levels were decreased in
animals harboring mutations in either of two alleles of nsy-1.
Expression of the two defensin-like genes abf-1 and abf-3 and
the two saposin-containing genes spp-I/and spp-7 was not de-
creased. The pattern of genes affected by the #ir-7 mutation was
also similar to the pattern of those regulated by #ir-1(RNAI),
with lys-1, lys-8, and clec-85 expression all strongly reduced in
the tir-1 mutant background.

Consistent with the RNAI data, clec-85 RNA levels were
strongly decreased in nematodes harboring either of two mu-
tations in the TGF-B homolog dbl-1 (Fig. 4C). All three ly-
sozyme RNAs also exhibited a very moderate decrease in dbl-1
mutant animals, similar to that observed with the dlb-1(RNAi)
data; the other antimicrobials tested did not exhibit a consis-
tent decrease in the two different alleles of dbl-I mutant ani-
mals tested (Fig. 4C).

The daf-16 mutant animals exhibited a strong decrease in
lys-7 expression, which was consistent with the RNAI data, as
well as decreased expression of several other genes, particu-
larly the three duf-141 family genes (Fig. 4D). lys-8 and spp-1
RNA levels exhibited much more moderate decreases in daf-16
mutant animals. Interestingly, several duf-141 family members
that were positively regulated by daf-16" in both assays were
reported to be negatively regulated in previous microarray
experiments (33, 38, 56). This is likely due to the fact that our
experiments were carried out in an otherwise wild-type back-
ground where DAF-16 is minimally active, whereas the prior
experiments were performed in a daf-2 mutant background in
which DAF-16 is hyperactive.

Different pathogens induce expression of different antimi-
crobial genes. To explore the effects of different pathogenic
bacteria on C. elegans antimicrobial gene expression, we ex-
posed animals to the gram-negative pathogens S. marcescens or
P. aeruginosa (using E. coli as a control) and the gram-positive
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FIG. 4. Use of real-time RT-PCR to measure antimicrobial RNA in immune pathway mutant nematodes. The indicated nematode strains were
prepared and collected. RNA was purified from each strain, and antimicrobial gene expression was assayed by real-time RT-PCR using mlc-1 to
normalize RNA concentration. Expression was measured relative to the wild-type strain N2, which was grown in parallel. Depicted on the graph
are the means of three independent experiments. Panel A depicts two different mutant variants of nsy-/ animals compared to the wild type. Panel
B depicts tir-1, panel C dbl-1, and panel D daf-16. Expression levels that were significantly different from the wild type (P < 0.05) are indicated
with an asterisk (P values were calculated using one-sample ¢ tests). As indicated by the arrowheads in panel C, expression of abf-3 (432% and 329%
in wk70 and nk3 alleles, respectively) and F55G11.7 (311% and 565% in wk70 and nk3 alleles, respectively) was off scale in this figure.

pathogen S. aureus (using B. subtilis as a control) and then
examined antimicrobial RNA levels using real-time RT-PCR.
Exposure to either S. marcescens or P. aeruginosa resulted in
similar but not identical patterns of antimicrobial gene induc-
tion (Fig. 5A). Some of the strongest genes induced by both
gram-negative bacteria were members of the duf-141 gene
family, in particular dod-22, F55G11.7, and KO8D&.5. Expres-
sion of nlp-29 and clec-85 was also induced by both pathogens,
although more weakly. In contrast, the expression of several
genes, including lys-7 and spp-1, was actually stronger on E. coli
than on the pathogens. The two gram-negative pathogens did
not have identical effects, since several other genes such as
lys-1 and the duf-141 gene F55G11.4 were induced by P. aerugi-
nosa but not S. marcescens. In fact, expression of the duf-141
gene F10A3.4 was moderately induced on P. aeruginosa but
repressed on S. marcescens. Experiments in which gene induc-
tions by pathogen were monitored over time suggest that the
differences in gene induction by P. aeruginosa and S. marc-
escens are largely due to a difference in magnitude of the
response, although different temporal patterns of induction
were observed as well (see Fig. S1 in the supplemental mate-
rial).

In contrast, the gram-positive pathogen S. aureus induced
expression of a different set of genes (Fig. 5B). Again, the
strongest effects were on the duf-141 gene family, although the
duf-141 family members induced by S. aureus (F10A3.4 and
F54B11.11) were distinct from those induced by the gram-

negative pathogens. Several other genes exhibited weak induc-
tion by S. aureus (spp-1, lys-7, abf-3, and nlp-29) and quite a few
were down-regulated on S. aureus, including several genes that
were induced by gram-negative bacteria.

Because gram-positive infection experiments of C. elegans
are typically performed on richer media than are gram-nega-
tive infection experiments, we also examined the expression of
the duf-141 gene family in nematodes exposed to S. aureus
grown on NG medium (the less-rich medium used to grow
gram-negative pathogens) and used E. coli as a control. The
pattern of duf-141 genes induced under these nonstandard
gram-positive infection conditions was similar but not identical
to that observed when S. aureus was compared to B. subtilis on
rich medium but was distinct from the pattern of induction
caused by gram-negative pathogens (Fig. 5C).

The pathogen-mediated induction of C. elegans antimicro-
bial genes is regulated by known immune signaling pathways.
To determine the effect of known immune signaling pathways
on pathogen-mediated antimicrobial gene expression, we ex-
amined the effects of three different gram-negative bacteria (E.
coli, S. marcescens, and P. aeruginosa) on nematodes harboring
mutations in either nsy-1, dbl-1, or daf-16. For this analysis, we
used real-time RT-PCR to monitor expression of the three
duf-141 genes that were most strongly induced by gram-nega-
tive pathogens; we also examined pathogen-induced expres-
sion of the two genes that were regulated by all three immune
signaling pathways in the presence of E. coli: clec-85 and lys-8.
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FIG. 5. Different pathogens induce the expression of different an-
timicrobial genes in C. elegans. Nematodes were incubated in the
presence of different bacteria as described in Materials and Methods.
RNA was prepared, and antimicrobial gene expression was assayed by
real-time RT-PCR using mlc-1 to normalize RNA concentration. Ex-
pression of the antimicrobial genes on gram-negative pathogens was
normalized relative to E. coli. Expression of antimicrobials on the
gram-positive pathogen was normalized relative to B. subtilis (B) or E.
coli (C). Expression levels that were significantly different from control
(P < 0.05) are indicated with an asterisk (P values were calculated
using one-sample ¢ tests). lys-1, clec-85, and F55G11.7 were the only
genes whose expression was significantly different between the two
gram-negative treatments (P < 0.05; ¢ test). As indicated by the ar-
rowheads in panel A, expression of dod-22 (775%) and F55G11.7
(>10,000%) in the presence of P. aeruginosa was off scale in this figure.

Interestingly, the effects of daf-16 and dbl-1 were more mod-
erate in the presence of E. coli when the experiment was
carried out on solid media (Fig. 6A and B) compared to liquid
media (Fig. 4C and D), but all three pathways were required
for full pathogen-mediated induction of clec-85 and lys-8 ex-
pression (Fig. 6A and B). Thus, all three pathways modulate
clec-85 and lys-8 expression, regardless of the bacterial inducer.
The duf-141 gene dod-22 was strongly regulated by nsy-1 and
daf-16 but not dbl-1 when exposed to any of the three gram-
negative bacteria (Fig. 6C). Similarly, all three pathways ex-
erted differing effects on the regulation of F55G11.7 and
KO08D8.5 expression in the presence of different bacteria (Fig.
6D and E). Thus, these three signaling pathways affect not only
the “basal” antimicrobial expression in the presence of non-
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pathogenic E. coli but also the “induced” antimicrobial expres-
sion when the nematodes are exposed to either S. marcescens
or P. aeruginosa.

DISCUSSION

To more fully understand the C. elegans immune response,
we have undertaken a study of a representative set of candi-
date antimicrobial genes to identify patterns in their regula-
tion. Our results indicate that all the candidate antimicrobial
genes examined are expressed in tissues that are potentially
exposed to environmental pathogens, in agreement with their
proposed function in host defense. The primary route of in-
fection for most C. elegans pathogens is through the intestine
(3, 48), and not surprisingly, all but one of the antimicrobials
that we examined exhibited expression in the digestive tract
(intestine and/or pharynx). The exception was nip-29, which
was expressed in the epidermis. nlp-29 was originally identified
because of its role in defense against the fungal pathogen D.
coniospora (7). D. coniospora hyphae invade through the C.
elegans epidermis; thus, nlp-29 is expressed in a position where
it can fight off that infection. Other sites where some of our
antimicrobial genes are expressed include cells near the anus
and chemosensory neurons, both of which are sites exposed to
the environment, and are therefore locations where a defense
against pathogens is necessary. Because homologous antimi-
crobial genes were sometimes expressed in different sets of
cells, it is possible that they may serve distinct functions in host
defense.

Interestingly, all of the antimicrobial::gfp fusions were ex-
pressed in the presence of E. coli, which is usually not patho-
genic to C. elegans (although E. coli can be toxic to C. elegans
under certain special conditions or late in life) (12, 13, 15).
Previous C. elegans studies used DNA microarrays to investi-
gate gene regulation in response to infection and compared
nematodes exposed to pathogens with nematodes exposed to
nonpathogenic E. coli (7, 32, 41, 47, 56). However, because C.
elegans does not usually encounter E. coli, its food source in the
laboratory, in its native soil environment, it is possible that E.
coli exposure itself could be inducing immune response genes.
Consistent with this hypothesis, inhibition of the immune re-
sponse pathways affected the expression of numerous antimi-
crobial genes. We also note that inhibition of f#ir-1 inhibits not
only nlp-29 expression in the presence of pathogens but also
the “basal” level of expression in the presence of E. coli (7).
Moreover, we found that although some antimicrobial genes
were induced when exposed to pathogens, some actually ex-
hibited stronger expression in the presence of the nonpatho-
genic E. coli or B. subtilis control strains. Therefore, it is rea-
sonable to think of E. coli as just one more bacteria to which C.
elegans can sense and respond.

Several immune response signaling pathways have been
identified in C. elegans. The best characterized pathway is the
MAPK signaling pathway, which affects survival when nema-
todes are exposed to any of numerous pathogens. Previous
data suggested that tir-1 functions through the nsy-1 MAPK
pathway (5, 29). Moreover, tir-1 was shown to regulate two
antimicrobial peptides, including nlp-29 (7). Here we show that
many candidate antimicrobial genes are regulated by fir-1 and
nsy-1 (Fig. 7). Notably, this pathway does not regulate all
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FIG. 6. Role of immune pathways in regulation of pathogen-induced antimicrobial gene expression. The four indicated nematode strains [N2
(the wild type), nsy-1(0k593), dbl-1(nk3), daf-16(mu86)] were exposed to either E. coli, S. marcescens, or P. aeruginosa, RNA was isolated, and
antimicrobial gene expression was monitored using mlc-1 to normalize for RNA concentration. Expression was measured relative to the wild-type
N2 strain grown on E. coli. Note the change of scale for P. aeruginosa in panel E. Depicted are the results of three independent experiments.

antimicrobial genes. Instead, the two genes in this pathway
regulate an identical subset of the antimicrobial genes tested.
The unique set of antimicrobial genes regulated by this path-
way, or the tir-1 nsy-1 pathway “antimicrobial fingerprint,” is
distinct from that regulated by the other immune response
pathways tested and may be useful in characterizing novel
innate immunity genes and assigning them to known pathways.
Consistent with this hypothesis, we have identified several
novel genes in a genomic screen for antimicrobial gene regu-
lators that have an “antimicrobial fingerprint” identical to tir-1

tir-1 - nsy-1
(MAPK) Pathway daf-16
~ " Insulin
Signaling
Pathway

dbl-1/TGFf Pathway

FIG. 7. A model for the regulation of antimicrobial gene expres-
sion in C. elegans. Depicted in the Venn diagram are the genes regu-
lated by each of the three immune signaling pathways in C. elegans.
The data are a summary of the RNAi and real-time RT-PCR data.
Genes that lie within two or three circles are regulated by multiple
pathways. The four genes in the circle at the lower right were consti-
tutively expressed and were not strongly regulated by any of the im-
mune signaling pathways tested.

and nsy-1 (S. Alper, J. H. Freedman, and D. A. Schwartz,
unpublished data).

The RNAIi data using our gfp fusions and the real-time
RT-PCR data using mutants showed comparable results.
There were a few cases where the antimicrobial expression was
decreased more strongly by mutations than by RNAI, such as
for the duf-141 gene KO8DS8.5 when nsy-1 was inhibited. RNAi
reduces gene function but may not eliminate it entirely. Per-
haps KO8DS.5 is less sensitive than other antimicrobial genes
to the decrease in nsy-1 activity caused by RNAi. Only when
nsy-1 activity is completely absent in mutant animals is
KO08DS8.5 expression reduced. Nevertheless, the agreement be-
tween the two assays is remarkably strong.

dbl-1 mutant animals are more susceptible to some patho-
gens, and several antimicrobial genes are reported to have
altered expression in dbl-1 mutant animals, as determined us-
ing microarrays (32, 36). The set of genes regulated by dbl-1 in
our study overlaps with but is distinct from those regulated by
the fir-1 nsy-1 pathway (Fig. 7).

The daf-2 pathway regulates the rate of aging in C. elegans,
with daf-2 mutant animals living longer than wild-type animals
(26). The long life span of these daf-2 mutant animals depends
on the activity of the downstream transcription factor daf-16
(26). daf-2 mutant animals are resistant to a wide variety of
stresses, including pathogens, and this stress/pathogen resis-
tance is also dependent on daf-16 (14). We identified several
antimicrobial genes that were regulated by daf-16 (Fig. 7).
Again, although there is overlap in the genes regulated by this
signaling pathway and the two other pathways, the pattern of
antimicrobial genes regulated by the insulin signaling pathway
is still unique.

We find that a distinct set of genes is also induced by dif-
ferent pathogenic bacteria. The two gram-negative pathogens
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induced a similar but not identical set of antimicrobial genes.
In contrast, the gram-positive pathogen tested induced a com-
pletely different set of genes. This pathogen-mediated gene
induction required the same signaling pathways that were re-
quired for the “basal” antimicrobial gene expression present
when nematodes were grown on E. coli. Not only were differ-
ent genes induced by all three pathogens, but the genes in-
duced cannot be assigned to any one genetic signaling pathway.
Because no single pathway is activated by any given pathogen,
this suggests that C. elegans can distinguish between different
pathogens and activate multiple pathways that interact at some
level to turn on the appropriate set of antimicrobial genes. In
higher organisms, pathogen recognition receptors (PRRs) are
thought to recognize a unique set of pathogenic compounds
(termed pathogen-associated molecular patterns, or PAMPs)
(34). The identities of the specific PAMPs recognized by C.
elegans remain unclear, although Salmonella lipopolysaccha-
ride has been identified as one potential PAMP (1). The iden-
tity of the C. elegans PRRs is still unclear, although our data as
well as previously published microarray data (7, 21, 32, 41, 47,
56) suggest the existence of numerous PRRs that can uniquely
identify different pathogens to induce a differential response.
The most obvious candidate, fol-1, the only Toll-like receptor
in C. elegans, plays a role in a pathogen avoidance response,
but it does not affect pathogen susceptibility (43). Although the
identity of the PRRs in C. elegans remains elusive, the com-
plicated, highly specific response that we observed suggests
that several exist. It remains to be seen whether these PRRs
are similar to those used in higher organisms. However, the
downstream immune signaling components identified in C.
elegans so far are homologous to immune genes that function
in higher organisms. It therefore seems likely that novel genes
identified in C. elegans will play a role in immunity in higher
organisms as well.

Although we have only examined several members of se-
lected antimicrobial gene classes, we can draw some general
conclusions based on our results and others reported in the
literature. Different antimicrobial gene families exhibit distinct
patterns of regulation in response to different pathogens. For
example, we showed that different members of the duf-141
gene family are induced by each of the three pathogens and
that this pattern is distinct from those family members induced
by Microbacterium nematophilum (7, 32, 41, 47, 56). Likewise,
different pathogens induce different members of the lysozyme
family: lys-7 is induced by S. aureus, lys-1 and lys-8 are very
weakly induced by S. marcescens (32) and more strongly in-
duced by P. aeruginosa (as is lys-2) (47), and lys-3, lys-7, and
lys-8 are induced by M. nematophilum (41). Different members
of the C-type lectin family and the nlp-29 family are also
induced by different pathogens (7, 32, 41, 47, 56). In contrast,
the two defensin-like genes and the two saposin genes that we
studied exhibited less change in response to pathogens and
were not strongly regulated by any of the three immune sig-
naling pathways, suggesting that their expression could be con-
stitutive. As observed in higher organisms, we see some anti-
microbial genes with inducible expression and some without.

We have identified many novel targets in each of the three
signaling pathways tested. We note that two genes, clec-85 and
lys-8, are regulated by all three signaling pathways. Therefore,
clec-85::gfp and lys-8::gfp will be useful screening tools to iden-
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tify novel innate immunity signaling genes or PRRs in C.
elegans.

Innate immunity has traditionally been described as a rela-
tively nonspecific response (in contrast to the highly specific
adaptive immune response). More recently, a large body of
work has demonstrated that far more specificity exists in the
innate response than originally believed, and this response is
critical to many aspects of host defense (58). Strikingly, even in
the “more modest” C. elegans innate immunity model system,
which lacks many of the cellular mechanisms of defense
present in higher organisms, we can observe this complexity
and specificity in response at the level of antimicrobial gene
regulation.
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