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Vertebrates have both innate and adaptive immune mechanisms,
whereas other animal species rely solely on the protection afforded
by innate immunity. Elements of the innate immune system are evo-
lutionary ancient and have been strongly conserved throughout
evolution. Indeed, studies of the antimicrobial defenses of the fruit
fly Drosophila melanogaster have contributed decisively to our
understanding of mammalian innate immunity1. In addition to
having a cellular immunity based on phagocytosis of microorgan-
isms and encapsulation of larger foreign bodies, when infected, flies
produce antimicrobial peptides that act directly on invading
pathogens. In flies, the response to Gram-negative bacteria is con-
trolled mainly by the Imd pathway, which resembles the vertebrate
tumor necrosis factor pathway, whereas the response to fungal and
Gram-positive bacterial infections is mostly under the control of the
Toll pathway, in many ways analogous to Toll-like receptor (TLR)
signaling in mammals1–7. Toll and the vertebrate TLRs consist of an
extracellular domain that contains multiple leucine-rich repeats,
believed to be involved in ligand binding, and an intracellular
domain required for signaling, also found in the interleukin 1 recep-
tor, hence the name ‘Toll-IL-IR (TIR) domain’. TIR domains are in
fact evolutionary ancient protein modules found in defense-related
proteins in both plants and animals8. In animals they are present
both in cell surface receptors and in a class of adaptor proteins

required for signal transduction. For example, in flies, the TIR
domain protein DmMyD88 interacts with Toll and Toll-9 and as a
result is involved in the activation of several transcriptional targets,
including the gene encoding the antifungal peptide drosomycin9–11.
In mammals, TIR domain adapters include Mal (also called
TIRAP), required for TLR2 and TLR4 signal transduction12,13;
TICAM-1 (also called TRIF), which participates in TLR3-mediated
interferon-β induction14–16; and TRAM, which is specifically
required for signaling downstream of TLR4 (ref. 17). The last mem-
ber of this family, SARM (sterile α and armadillo motifs), is highly
conserved18 but has no known function in any organism19.

Although the innate immune defenses of D. melanogaster have
been the object of study for some 30 years, research into how a 
second powerful genetic model, the nematode Caenorhabditis ele-
gans, defends itself against infection began only recently. Despite
apparently lacking both Toll and Imd pathways20 as well as cellular
immune mechanisms (such as ‘professional’ phagocytes21), 
C. elegans does have an innate immune system of defense22,23. So
far, studies of the antimicrobial defenses of the nematode have con-
cerned the host response to bacterial pathogens and have demon-
strated a complex mechanism involving transforming growth
factor-β, insulin-like growth factor and mitogen-activated protein
kinase signaling pathways24.
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Both plants and animals respond to infection by synthesizing compounds that directly inhibit or kill invading pathogens. We
report here the identification of infection-inducible antimicrobial peptides in Caenorhabditis elegans. Expression of two of these
peptides, NLP-29 and NLP-31, was differentially regulated by fungal and bacterial infection and was controlled in part by tir-1,
which encodes an ortholog of SARM, a Toll–interleukin 1 receptor (TIR) domain protein. Inactivation of tir-1 by RNA interference
caused increased susceptibility to infection. We identify protein partners for TIR-1 and show that the small GTPase Rab1 and the
f subunit of ATP synthase participate specifically in the control of antimicrobial peptide gene expression. As the activity of tir-1
was independent of the single nematode Toll-like receptor, TIR-1 may represent a component of a previously uncharacterized,
but conserved, innate immune signaling pathway.

©
20

04
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
ei

m
m

un
ol

og
y



A RT I C L E S

NATURE IMMUNOLOGY VOLUME 5 NUMBER 5 MAY 2004 489

While investigating innate immunity in C. elegans, we sought to
find host genes that were upregulated after infection with the
nematophagous fungus Drechmeria coniospora25 using a published
microarray strategy22. We identified a family of conserved peptide
genes that are strongly upregulated after infection in a pathogen-
specific way and found that the expression of representative mem-
bers of this family was controlled in part by TIR-1, the nematode
ortholog of the human protein SARM.

RESULTS
Fungal infection induces peptide expression
The spores of the fungus D. coniospora attach to specific parts of the cuti-
cle of C. elegans (at the tip of the head and around the vulva and the tail25)
and then send out hyphal processes that penetrate the worm. This is fol-
lowed by a rapid proliferation of hyphae that spread through the host,
eventually killing it. To identify genes that were induced after infection,
we used cDNA microarray26 to compare the expression of nearly 8,000
genes in uninfected and infected worms at two time points (12 and 24 h)
before the worms started to die. Comparison with previous results22 that
identified C. elegans genes that were upregulated after 24 or 48 h of
infection with the Gram-negative bacterial pathogen Serratia
marcescens27 showed little overlap (data not shown). Only two genes
were strongly and reproducibly induced by both D. coniospora and S.
marcescens infection. One, induced after 48 h of S. marcescens infec-
tion22, encodes neuropeptide-like protein 29 (NLP-29), named because
of its limited sequence similarity with YGGWamide neuropeptides (shar-
ing YGGWG and YGGYG motifs)28. It is one of a family of nine such pep-
tides in C. elegans (NLP-24, NLP-25 and NLP-27–NLP-33). The second

gene upregulated by both bacterial and fungal
infection, the previously unnamed R09B5.3,
induced after 24 and 48 h of S. marcescens infec-
tion22, potentially encodes a peptide with a pri-
mary structure related to that of NLP-29 (Fig.
1a). Searches of the C. elegans genome allowed

us to predict the existence of a family of closely related peptides we have
called caenacins (cnc; R09B5.3 corresponds to cnc-2). Many of these nlp
and cnc genes were represented in our microarrays. Although expression
of cnc-3 and nlp-27 was not induced by S. marcescens22 or D. coniospora
infection (data not shown), we found an additional four peptide-encod-
ing genes that were induced after D. coniospora infection (Fig. 1, Table 1
and Supplementary Tables 1 and 2 online). The variation in the mea-
sured induction was similar to that reported for S. marcescens infection22

and reflects the intrinsic precision of the technique and a limited quanti-
tative variability in the response seen in independent infections.

Peptides of both the NLP and CNC classes would be predicted to be
secreted, as each class has a signal peptide at its N terminus. The
mature peptides are basic and are rich in glycine and aromatic amino
acids. Most of those we identified were distinguished by the presence
of the motif QWGYG just C-terminal to the predicted signal sequence
cleavage site. Peptides with a similar structure are also predicted to
exist in drosophila (Fig. 1b). These peptides could therefore represent
an evolutionary conserved aspect of innate immune defense.

NLP-31 is an antimicrobial peptide
To address the question of the biological activity of the induced NLP
and CNC peptides, we chose to study a representative member, NLP-
31, a small protein of 75 amino acids, including a pro-protein
sequence of 22 amino acids. We chemically synthesized the predicted
mature peptide of 53 amino acids and found that it had antifungal
activity against D. coniospora (Fig. 2) as well as a potent effect against
Neurospora crassa (minimum inhibitory concentration (MIC),
6.25–12.5 µM) and Aspergillus fumigatus (sporulation inhibition at 3.1

a
R09B5.2  (CNC-1)   QWGYNS--------------------YGYGNYGGYG--GYPMYGGYGMNGGYGG-G----GLLGMFLGKKK
R09B5.3  (CNC-2)   QYGYGG----Y-PGMMGGYG----G-Y-PGMMGGYGMRPYGM--GYGMGM--GGMGMYRPGLLGMLMGK
R09B5.8  (CNC-3)   QYGYGPMMGGYGPGMMGGYGPGMMGGYGPGMMGGYGP---GMMGGYGMSPMYGGYGMYRPGLLGMLLG
R09B5.9  (CNC-4)   QWGYGP----Y-----GGYG----GGY-PGMYGGYGMRPYGMYGGYGM-------GMYRPGLLGMLIGK
R09B5.10 (CNC-5)   QWGYNSY-GGYNS--YGNYG-----GYG----GGYN-------NGYGVNANLG------------VGGRGG

B0213.2 (NLP-27)    QWGYGGMPYG-GYGGMGGYGMG--GYGMGYRRRMWGSPYGG--YGGYGGYGGWG-----K
B0213.3 (NLP-28)    QWGYGG--YGRGYGGYGGYGRGM--YG-GYGRGMYGG-YGRGMYGG-----------WGK
B0213.4 (NLP-29)    QWGYGG--YGRGYGGYGGYGRGM--YG-GYGRGMYGG-YGRGMYGGYGR-GMYGG--WGK
B0213.5 (NLP-30)    QWGYGG--YGRGYGGYGGYGRGYGGYG----RG-YGG-YGRGMWG---R-P-YGGYGWGK
B0213.6 (NLP-31)    QWGYGG--YGRGYGGYGGYGRGYGGYG-GYGRG-YGG-YGRGMYGGYGR-P-YGGYGWGK
T19C4.7 (NLP-33)    QWGYGG-PYG-GYGG--GYGGGPWGYGGGWRRRHWGG-YGGGPWGGYGG-GPWGGY-YGK

b
B0213.6 (NLP-31)    QWGYGGYGRGYGG-YGGYGRGYGGYGGYGRG---YGGYGRGMYGGYGRP-YGGYGWGK
CG17738             QFGFGGPFGGFGGPFGGYG-GYGGLGGFGYGRPFYGGYGRPFYGGFGRPFYGG-GFGG

Y46E12A.1 (CNC-6) PKAPERGQLAQAEQVQGPYDVELDGADDAPHD-RSKRW-GGWGWGRPMWGG--GWG-RRGWG--
CG7738            LDDSENN-----DQVVGLLDVADQGANHANDGAREARQLGGWGGG---WGGRGGWGGRGGWGGR

Y46E12A.1 (CNC-6) GGWGRR-----GWGGYGGYGGYGWG---R
CG7738            GGWGGRGGWGGGWGGRGGWGGRGGGWYGR

Figure 1 Infection-induced peptides are members
of conserved families. Alignment of C. elegans
peptides that are upregulated by D. coniospora
infection and are presented in Table I (in bold and
underlined) with (a) other related peptides from
C. elegans and with (b) CG17738 and CG7738
from D. melanogaster. Complete predicted
sequences of the mature peptides are shown,
except for CG17738, for which the 30 N-terminal
residues have been omitted. Residues common 
to all or most of the aligned sequences are
highlighted in black or gray, respectively.

Table 1  Peptide-encoding genes induced after D. coniospora infection

Induction
12 h 24 h

cDNA Expression Gene I II III IV I II III IV

yk557f6 NE B0213.4 (nlp-29) 2.2 2.8 3.5 4.6 4.3 2.4 3.4 3.9

yk172g8 Hypodermis B0213.6 (nlp-31) 5.4 2.9 ND 4.9 4.4 1.1 ND 7.2

yk305h7 Hypodermis T19C4.7 (nlp-33) 7.3 4.0 3.3 6.1 6.5 2.2 4.3 1.3

yk308a12 NE R09B5.3 (cnc-2) 2.7 4.9 5.2 6.0 2.8 1.5 2.3 3.7

yk437g10 Hypodermis R09B5.9 (cnc-4) 8.7 2.3 6.9 8.2 2.5 8.4 4.3 10.2

yk411g7 NE Y46E12A.1 (cnc-6) 6.2 8.0 10.9 20.0 5.0 3.8 4.7 4.5

Data represent the ratio of expression between infected and uninfected animals in four independent experiments (I–IV) by microarray analysis (raw data, Supplementary Tables 1
and 2 online). Sequences and results of in situ hybridizations are at http://nematode.lab.nig.ac.jp/dbest/keysrch.html. NE, not expressed sufficiently to provide an analyzable
result; ND, not determined.
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µM). This amount of activity is close to that of the well studied
drosophila antifungal peptide drosomycin and is equivalent to that of
androctonin, an antimicrobial peptide found in scorpion blood29.
NLP-31 also had modest antibacterial activity against the Gram-
positive Micrococcus luteus and Gram-negative Escherichia coli (MIC,
5.7–11.4 µM and 22.7–45.4 µM, respectively). Although constitutively
expressed peptides of the defensin family with an in vitro antimicrobial
activity have been described in C. elegans30, our results indicate that
infection-inducible antimicrobial peptides exist in the nematode.

Specific in vivo induction of antimicrobial peptide genes
Given the demonstration of its in vitro antimicrobial activity, we
sought to further characterize the function and regulation of NLP-31
in vivo. In a previous study, transgenic worms expressing green fluo-
rescent protein (GFP) under control of the nlp-31 promoter were gen-
erated and analyzed. This pnlp-31::gfp reporter gene was expressed in
the hypodermis in adult worms28. By in situ hybridization (Table 1)
we confirmed this result. We also generated transgenic worms carry-
ing the pnlp-31::gfp reporter gene. The expression of pnlp-31::gfp in
the hypodermis in uninfected worms increased with age (data not
shown) and was increased after infection with D. coniospora (Fig. 3a)
but not after infection with S. marcescens (data not shown), consistent
with previous microarray analysis22.

We also generated transgenic worms expressing GFP under control
of the nlp-29 promoter. In the absence of infection, only very low GFP
expression was present in adult worms (Fig. 3b), in agreement with the
in situ hybridization data (Table 1). Fluorescence increased notably
when worms were infected with D. coniospora (Fig. 3b). In addition to
the general hypodermal expression, there was strong highly localized
expression of pnlp-29::gfp at the perivulval cells when spores adhered to
this region (Fig. 3c). There was a similar induction of reporter gene
expression in the hypodermis after infection with S. marcescens, but
there was no strong expression around the vulva (Fig. 3d). These results
show that C. elegans responds to infection in a pathogen-specific way.

Antimicrobial peptide gene expression is TLR independent
In flies, most of the known antifungal peptide genes are expressed under
control of Toll5,6, and Toll mutants are hypersensitive to fungal infec-
tion31. In C. elegans, there is a single TLR gene, tol-1, which is essential
for early development. Mutants homozygous for the tol-1(nr2033)
allele, which potentially encodes a truncated protein lacking the TIR
domain, are viable, however. Homozygous tol-1(nr2033) mutants are as
resistant as wild-type worms to D. coniospora32, suggesting that tol-1 is
not involved in antifungal defense in the worm. Nevertheless, we sought
to address directly the question of whether the expression of nlp-31
might be controlled by TOL-1. In the wild-type background, D.
coniospora infection produced an increase of approximately 2.5-fold in
fluorescence in worms carrying the pnlp-31::gfp reporter (Fig. 4a).
When the pnlp-31::gfp reporter construct was transferred by mating
into a tol-1(nr2033) mutant background, no difference in constitutive or
induced expression of pnlp-31::gfp resulted (Fig. 4a), suggesting that
nlp-31 expression is independent of TOL-1, the only TLR in C. elegans.

Antimicrobial peptide gene expression is dependent on TIR-1
Other classes of TIR domain proteins are important for intracellular
innate immune signaling pathways in plants and animals7,8,33. In C.
elegans, there is one gene other than tol-1 that could potentially encode a
TIR domain protein, F13B10.1 (ref. 32), which we have called tir-1.
Through cDNA sequencing, we found there are potentially five isoforms
of TIR-1: TIR-1A–TIR-1E (see Wormbase34: http://www.wormbase.
org). All the isoforms contain two sterile α-motif domains just N-
terminal to the TIR domain. With the exception of the shortest isoform,
TIR-1D, they also all contain armadillo-like repeats. TIR-1A has been
described as the direct homolog of the drosophila protein CG7915,
which we call DmTIR01 here, and the vertebrate protein SARM18.
Because no mutant was available for tir-1, we inactivated the expression
of tir-1 by RNA interference (RNAi) by feeding worms bacteria express-
ing a double-stranded RNA35 that targeted an exon common to all five
TIR-1 isoforms. We monitored the consequences of this inactivation on

– NLP-31 + NLP-31
Figure 2 NLP-31 has an in vitro antifungal effect. For tests of antifungal
activity with D. coniospora, because the fungus grows extremely slowly on
media plates, worms were infected with D. coniospora and when moribund
were individually ‘picked’ onto glass slides and placed in a drop of water with
(+) or without (–) the addition of NLP-31. Images were obtained after 24 h at
25 °C. Although sporulation of D. coniospora is inhibited by synthetic NLP-31
at a concentration of 20 µM (not shown), hyphal growth is fully inhibited at a
concentration of 200 µM (right) compared with no treatment (left).

a

b

c dUninfected

nlp-31

nlp-29

Uninfected

Infected

Infected

Figure 3 Infection upregulates the expression of pnlp:gfp reporter genes.
Comparison of the expression of (a) pnlp-31::gfp and (b) pnlp-29::gfp
reporter constructs in uninfected worms (left) and in worms 24 h after
infection with D. coniospora (right). (c) Strong localized induction of pnlp-
29::gfp expression associated with fungal spore attachment (arrowheads).
(d) Expression of a pnlp-29::gfp reporter construct in a representative worm
48 h after infection with S. marcescens.
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reporter gene expression and on the survival of worms after infection. In
uninfected worms expressing the pnlp-31::gfp reporter, inactivation of
tir-1 expression resulted in a diminution of GFP expression. Although
this effect could be seen after 24 h or 48 h of RNAi treatment (discussed
below), it could also be seen in F1 worms derived from parents that were
grown on the tir-1 RNAi bacteria and then 48 h after the fourth larva
(L4) stage, when pnlp-31::gfp expression in control worms was high
(Fig. 4a). In contrast, RNAi of tir-1 had no effect on the expression of an
unrelated reporter construct (pcol-12::gfp) that is also expressed in the
adult hypodermis (data not shown). This indicates that tir-1 acts specif-
ically as a positive regulator of nlp-31. Although a decrease in pnlp-
31::gfp expression was also apparent after infection in worms treated
with tir-1 RNAi (Fig. 4a), there was still some expression of the reporter
construct, as indeed there was in the absence of infection, suggesting
that tir-1 is not the only regulator of nlp-31 expression. Infection seems
not to interfere with the efficiency of RNAi, because when in similar
conditions GFP itself was directly targeted by RNAi, we found essentially
no fluorescence (data not shown).

As quantifying fluorescence by conventional means is relatively time
consuming, we also used a new technique that relies on an automated
nematode sorter that can measure the size and fluorescence of each indi-
vidual nematode in a population. We used the COPAS (complex object
parametric analysis and sorting) Biosort to quantify the effect of tir-1
RNAi on the constitutive and infection-induced expression of both the
pnlp-31::gfp and pnlp-29::gfp reporter genes, in this case after RNAi treat-
ment for 48 h starting with L4 worms (Fig. 4b,c). For pnlp-31::gfp, the
results obtained were consistent with those obtained with image analysis
(Fig. 4a). Additionally, whereas D. coniospora infection resulted in a five-
fold increase in the expression of pnlp-29::gfp, reduction in tir-1 activity

by RNAi notably diminished the constitutive and infection-induced
expression of pnlp-29::gfp (Fig. 4c). It seems therefore that tir-1 is an
important regulator of antimicrobial peptide expression in C. elegans.

TIR-1 activity is required for full resistance to infection
Inactivation of tir-1 in wild-type worms also resulted in a significant
decrease in their survival after infection with D. coniospora (P < 0.001;
Fig. 5a). The survival of wild-type worms after tir-1 RNAi was also
reproducibly and significantly shortened after infection with 
S. marcescens (P < 0.001; Fig. 5b). This effect on the survival of the
worms was specific and did not reflect a general sickness, as in the
absence of infection, worms treated with tir-1 RNAi lived as long as
control worms (data not shown). The resistance of C. elegans to infec-
tion is therefore controlled in part by tir-1.

Functional characterization of TIR-1 and its interactors
The experiments described above identify tir-1 as a gene important for
the defense of C. elegans against both bacterial and fungal infection. As
the individual promoter sequences within this large (20-kilobase)
complex genomic locus have yet to be characterized, we chose to study
the expression pattern of tir-1 in adults by in situ hybridization with
two independent cDNA probes common to all five transcripts. There
was strong expression in the hypodermis (Supplementary Fig. 1
online), where the inducible peptide genes are also expressed, suggest-
ing that tir-1 could act in a cell-autonomous way.

To characterize further the function of TIR-1, we used a yeast two-
hybrid screen to identify proteins that could physically interact with it.
In this screen we found TIR-1 itself, suggesting that the protein may
function as a homodimer. We also found an additional eight proteins

a b c

Figure 4 The tir-1 gene controls pnlp::gfp reporter gene expression in a TLR-independent way. (a) Quantification by image analysis of the expression of
pnlp-31::gfp in uninfected worms and in worms 24 h after infection with D. coniospora for control worms (WT), tol-1(nr2033) mutants (tol-1) or worms
treated with tir-1 RNAi (tir-1(RNAi)). Data represent mean (± s.e.m) for 17–26 worms. ***, P < 0.001; for each condition, the difference between
uninfected worms and those infected with D. coniospora is highly significant (unpaired t-test), as is the difference between control worms and worms
treated with tir-1 RNAi. (b) Quantification with the COPAS worm sorter of the expression of pnlp-31::gfp (left) and pnlp-29::gfp (right) in uninfected worms
and in worms 24 h after infection. Each dot represents an individual worm. Fluorescence and time of flight (TOF) are measured in arbitrary but constant
units. (c) Quantification with the sorter of the expression of pnlp-31::gfp and pnlp-29::gfp in uninfected worms and in worms 24 h after infection for
control worms and worms treated with tir-1 RNAi. Data are mean values (± s.e.m.) normalized to GFP expression in infected control worms (n > 35 in all
cases). ***, P < 0.001; for each condition, the difference between control worms and worms treated with tir-1 RNAi is highly significant (unpaired t-test).

a b
Figure 5 The gene tir-1 is required for the
resistance of C. elegans to infection. (a) Survival
of wild-type worms treated with RNAi against 
tir-1, tol-1 or (as a control) GFP and infected with
D. coniospora. Although there is no significant
difference between worms treated with tol-1 RNAi
or gfp RNAi, the decreased survival of worms
treated with tir-1 RNAi is highly significant 
(P < 0.001). (b) Survival of wild-type worms
treated with RNAi against tir-1 or (as a control)
GFP and infected with S. marcescens. The
decreased survival of worms treated with tir-1
RNAi is highly significant (P < 0.001).
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that could interact with TIR-1 in the yeast assay
(Table 2). Yeast two-hybrid screens can give
results that are not biologically relevant; there-
fore, we tested directly in vivo the effect of inac-
tivation by RNAi of genes encoding putative
TIR-1 interactors on the expression of the
pnlp-29::gfp and pnlp-31::gfp reporter genes.
We tested the consequences of abrogation of
the function of six genes and found two that
were required for the normal expression of the
reporter genes (Table 2). One, C39F7.4, corre-
sponds to rab-1, which encodes an ortholog of
the small GTPase Rab1, whereas the unnamed
R53.4 is predicted to encode the f subunit of
ATP synthase. The effect on GFP expression of
RNAi against either rab-1 or R53.4 was qualita-
tively similar for both pnlp-29::gfp (Fig. 6) and
pnlp-31::gfp (data not shown). Inactivation of
rab-1 by RNAi almost fully extinguished GFP
expression in both uninfected and D.
coniospora–infected worms (Fig. 6a,c). After RNAi with R53.4, there was
a distinct and significant decrease in the expression of the reporter
genes, but it was less notable than that with rab-1 RNAi (Fig. 6b,c),
being equivalent to that seen with tir-1 RNAi (Fig. 4c). As described
before36, RNAi with both rab-1 and R53.4 had pleiotropic effects and
caused sterility and/or embryonic and larval lethality, precluding assay
of their effect on the survival of worms after infection. Despite this, the
effect on the expression of pnlp-29::gfp and pnlp-31::gfp reporter genes
seemed to be specific, as there was no diminution of expression of the
unrelated reporter construct pcol-12::gfp (data not shown).
Furthermore, RNAi with C38D4.6, another essential gene36, had no
effect on reporter gene expression. The expression patterns of rab-1 and
R53.4 overlapped with that of tir-1 (Supplementary Fig. 1 online). It is
likely, therefore, that RAB-1 and R53.4 interact physically with TIR-1 in
vivo and are required for TIR-1 function. A review of the literature did
not provide any definite indication of how such interactions would con-
tribute to the control of nlp-29 and nlp-31; however, further investiga-
tion of this functional connection with TIR-1 is warranted.

DISCUSSION
The results presented here support the idea of the existence of infec-
tion-inducible antimicrobial peptides in the nematode. The struc-
turally similar peptides in flies are also likely to have antimicrobial
activity. The expression of CG7738, the drosophila homolog of

CNC-6 (Fig. 1b), is upregulated after fungal infection in the fly, pos-
sibly in a Toll-independent way5. These peptides may therefore rep-
resent a conserved but previously overlooked part of the innate
immune defense. In C. elegans, certain members of this peptide fam-
ily were proposed to be neuropeptides, and indeed many other mem-
bers of the nlp gene family are neuronally expressed28. It is possible
that some have both neuromodulatory and antimicrobial functions.
Neuropeptide Y and peptide YY, two structurally related peptides in
mammals that are expressed in peripheral noradrenergic neurons,
are also expressed in Langerhans cells in the epidermis37 and have a
broad spectrum of antimicrobial activities38. Further examples of
neuropeptides that have both antifungal and antibacterial properties
have been described39.

The importance of this peptide family in C. elegans defense against
infection is emphasized by the fact that the expression of certain mem-
bers is upregulated by two very different types of natural infection.
Overexpression of nlp-31 alone did not substantially increase the sur-
vival of worms after D. coniospora infection (data not shown). This is
perhaps not unexpected, given that in drosophila, constitutive expres-
sion of the antifungal peptide drosomycin in immunocompromised
flies does not restore resistance to natural fungal infection40. Similarly,
reducing nlp-31 expression by RNAi did not have a notable effect on
the survival of worms after D. coniospora infection (data not shown).
This reinforces the ideas that many factors help protect worms from

a b c

Figure 6 Both rab-1 and R53.4 influence nlp-29::gfp reporter gene expression. (a,b) Quantification of the consequences of (a) rab-1 and (b) R53.4
RNAi on the expression of pnlp-29::gfp in uninfected worms (left) and in worms 24 h after infection with D. coniospora (right) compared with that 
of control uninfected and infected worms. Fluorescence and time of flight (TOF) are measured in arbitrary but constant units. (c) Quantification of
the relative expression of pnlp-29::gfp in uninfected worms and in worms 24 h after infection for control worms and worms treated with rab-1 RNAi
or R53.3 RNAi. Mean values (± s.e.m.) from the data in a and b have been normalized to GFP expression in infected control worms (n > 60 in all
cases). ***, P < 0.001; for each condition, the difference between control worms and worms treated with RNAi is highly significant (unpaired t-test).

Table 2  Identification of TIR-1-interacting proteins

Growth on
RNAi

Interactor Gene name Orthologa LacZ 3-AT URA Library effectb

AD-C38D4.6 pal-1 CDX-4 + + – cDNA –

AD-C39F7.4 rab-1 Rab-1A + + – AD-ORFeome +

AD-F13B10.1 tir-1 SARM + + – cDNA +

AD-F22D3.1 ceh-38 One-cut domain + + – AD-ORFeome ND
family member 2

AD-R53.4 – ATP synthase f subunit – + + cDNA +

AD-T24B8.3 – Retinitis pigmentosa + + – cDNA –
GTPase regulator

AD-Y37E11AR.2 – Seven in absentia homolog 1 + + + cDNA –

AD-Y55F3BR.1 – DDX1 + + – cDNA –

AD-Y67H2A.5 – – + + – cDNA ND

Bait used was DB-TIR-1B. Sequences and additional information are at WorfDB47 (http://worfdb.dfci.harvard.edu). 3-
AT, 3-amino triazole; URA, uracil; ND, not determined.
aAdditional details and sequences are at http://www.wormbase.org. bExcept for tir-1, RNAi clones were from the Ahringer
RNAi library36. 
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infection and that altering the expression of just one effector will, in
general, not have substantial consequences on survival22.

One nlp gene (nlp-27) that is highly related in sequence to nlp-31
and is in close proximity to it in the genome was represented on our
microarrays, but its expression was not induced either by S.
marcescens22 or by D. coniospora (data not shown). Thus, three similar
genes (nlp-27, nlp-29 and nlp-31), presumably all encoding antimicro-
bial peptides, show unique profiles of induction after fungal and bac-
terial infection, suggesting that C. elegans is capable of distinguishing
between pathogens and of mounting an appropriate response. This
idea of specificity is reinforced by the different induction profiles for
cnc-2, cnc-3 and cnc-4 and by the fact that Cryptococcus neoformans
infection cannot upregulate nlp-31::gfp (R. May, personal communi-
cation). Furthermore, the expression of this reporter was not induced
by heat shock or starvation (data not shown).

Although C. elegans can mount a broad response to infection
involving increased gene expression throughout the hypodermis, our
results also show that very localized upregulation of defense genes is
also possible. At present, how C. elegans perceives infection is
unknown, but by analogy with other organisms it is reasonable to sur-
mise that this is based on specific recognition by a host receptor either
of a molecular component of the pathogen or of a ‘danger signal’
derived from host cells. In either case, this would be expected to then
trigger an intracellular signaling pathway leading to the upregulation
of defense genes. In many species, TIR domain–containing receptors
act as sentinels that detect infections and then interact with a class of
TIR domain adaptor proteins that act to transmit this signal. Our
results indicate that in C. elegans, TIR-1 is involved in the cellular
response to infection, whereas TOL-1 is not. Other than these two pro-
teins, there seem to be no other TIR domain proteins encoded by the
C. elegans genome; thus, these results suggest that TIR-1 is not coupled
to an upstream TIR domain protein. By extension, we would suggest
that the orthologs of TIR-1 in other species, including SARM in
humans, for which no function is known, may not be coupled to TIR
domain receptors. Indeed, results from preliminary experiments indi-
cate that DmTIR-1 does not participate in the classical Toll pathway
(J.L. Imler, personal communication). Given the considerable conser-
vation of well characterized signaling pathways between flies and
mammals, and the existence of direct mammalian orthologs of TIR-1,
these results raise the possibility of the existence of another conserved
innate immune signaling pathway in humans. In conclusion, our
results suggest that despite its relative simplicity, C. elegans has com-
plex mechanisms to react to infection and that the study of innate
immunity in C. elegans will complement the use of other, more estab-
lished model systems and will contribute to our understanding of
innate immune mechanisms in humans.

METHODS
Peptide synthesis and signal sequence prediction. Signal peptides were pre-
dicted with the SignalP server (http://www.cbs.dtu.dk/services/SignalP)41.
Automated solid-phase peptide synthesis was done on a Perseptive Biosystems
Pioneer automated peptide synthesizer. Amino acids were double coupled fol-
lowing standard Fmoc peptide synthesis techniques, and the peptide was ‘de-
protected’ by trifluoroacetic acid/water/phenol/triisopropylsilane (88:5:5:2;
volume/volume). The crude peptide was purified by high-performance liquid
chromatography on C-18 columns (reverse phase) and was characterized by
ESI-MS (electrospray ionization–mass spectrometry) and MALDI-TOF
(matrix-assisted laser desorption–ionization technique-time of flight).

Antimicrobial activity. Synthetic NLP-31 was dissolved and diluted in water
for antimicrobial assays. Activity against M. luteus, E. coli, N. crassa and 
A. fumigatus was assayed by a liquid growth inhibition test as described29. MIC

is expressed as an interval of concentrations, [a] – [b], where [a] is the highest
concentration tested at which the microorganism grew and [b] is the lowest
concentration that caused 100% growth inhibition.

Reporter gene constructs and generation of transgenic worms. The pnlp-31::gfp
reporter pCC11 contains 1.3 kilobases of genomic sequence upstream of the start
codon of pnlp-31 and five base pairs downstream. It was obtained by PCR amplifi-
cation with primers JEP290 and JEP289, containing restriction sites for PstI and
XbaI at the 5′ and 3′ ends, respectively, followed by cloning into pPD95.75.
Transgenic arrays were generated with standard techniques42. Transgenic animals
were identified by the dominant Roller phenotype conferred by co-injected plas-
mid pRF4 (which contains rol-6(su1006) DNA). Two independent lines, IG104
and IG105, were generated and showed induction by D. coniospora. Subsequent
experiments used IG104, which had a higher constitutive expression. The pnlp-
29::gfp reporter has been described28. In this case, the co-injected plasmid
pCG010.3 (punc-47::dsRed2) served as a marker of transgenesis.

RNAi constructs and strains. An RNAi vector insert targeting a common exon of
tir-1a–tir-1e was constructed containing 950 base pairs of genomic sequence
(amplified with primers JEP309 and JEP311), cloned into pGEM-Teasy
(Invitrogen) and excised with EcoRI. A vector insert targeting tol-1 was obtained
by purification of the 1,160–base pair EcoRI fragment contained within the
cDNA clone yk671d12. A vector insert targeting gfp was obtained by purification
of the 910–base pair EcoRI-HindIII fragment derived from pPD95.75. Vector
inserts were cloned into the EcoRI (for tir-1 and tol-1) or EcoRI-HindIII (for gfp)
restriction sites of pPD129.36, and the resulting plasmids, pCC14, PCC12 and
pCC13, respectively, were used to transform HT115 (DE3) cells. The sequences of
the primers are available on request. RNAi bacterial strains targeting C38D4.6,
C39F7.4, R53.4, T24B8.3, Y37E11AR.2, Y55F3BR.1 and Y67H2A.5 were obtained
directly from the Ahringer RNAi library36 and were used with insert verification.

Fungal infection and microarrays. Eggs from fer-15(b26ts) worms cultivated
at 15 °C were placed at 25 °C and were allowed to hatch in the absence of food.
Aliquots of 50 µl of the larvae synchronized in this way were transferred after
16–20 h to nematode growth medium agar plates spread with E. coli strain
OP50 and were cultivated at 25 °C until the mid-L4 stage, then were trans-
ferred to fresh plates seeded with OP50, with or without 1.25 × 108 D.
coniospora spores. After 4 h at 25 °C, the worms were collected and washed
three times in M9 buffer (3 g KH2PO4, 6 g Na2HPO4 and 5 g NaCl, dissolved in
1 mM MgSO4), then were transferred to fresh plates seeded with OP50 and
were incubated for 12 or 24 h at 25 °C. Total RNA was extracted with Trizol
(Gibco/BRL). Microarray analyses with cDNA arrays26 were done essentially
as described43 (Supplementary Tables 1 and 2 online).

Infection and RNAi. L4 worms were placed at 25 °C on RNAi plates (nematode
growth medium agar with isopropyl β-D-thiogalactopyranoside and carbeni-
cillin, as described44) spread with the appropriate RNAi bacterial strain. After
they laid eggs, the adults were removed and their progeny were left on the RNAi
plates until they were at the L4 or young adult stage. For bacterial infections, L4
worms were transferred in groups of ten to nematode growth media agar plates
seeded with S. marcescens strain Db11 or OP50, and their survival at 25 °C was
monitored as described27. For fungal infection, groups of 100 young adult
worms were transferred to RNAi plates that had at their centers a small spot of
bacteria to which had been added 5 × 106 D. coniospora spores (or not, for con-
trols). After 4 h at 25 °C, the worms were ‘picked’ to fresh RNAi plates with bac-
teria but without spores and were incubated at 15 °C. The survival of the worms
was monitored as described32. Each experiment was repeated at least once.
One-sided rank log tests in the Prism software package (GraphPad) were used
to assess the similarity between two groups.

Fluorescence quantification. For assay of the effect of RNAi on reporter gene
expression, for some experiments, transgenic strains were treated as described
above and GFP expression was quantified by image analysis with the
Metamorph package (Universal Imaging). Otherwise, L4 worms were placed at
25 °C on RNAi plates spread with the appropriate RNAi bacterial strain and
after 24 °C were infected with D. coniospora as described above, then were ana-
lyzed a further 24 h later with the Union Biometrica COPAS automated sorter
following the manufacturer’s instructions. The time of flight is a measurement
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of pulse width. A count of 100 corresponds to a pulse width of approximately
60 µs. As worms travel through the measurement cell at close to 4 m/sec, a
count of 100 would correspond to an individual of approximately 0.24 mm in
length. Each experiment was repeated at least once. When resistance to 
D. coniospora infection was measured in wild-type worms treated with tir-1
RNAi in this way, no difference was noted compared with control worms, in
contrast to the situation in which F1 worms were assayed with the protocol
described above (Infection and RNAi). This latter protocol cannot be applied
when RNAi produces sterility and/or embryonic and larval lethality.

Two-hybrid screen. A full-length tir-1b transcript was fused in-frame with the
coding sequence of the DNA-binding domain of Gal4 and was used in a yeast
two-hybrid screen system as described45. Two libraries fused to the activation
domain (AD) of Gal4, a cDNA library and the AD-ORFeome library46 were
screened and clones were assigned scores for LacZ expression, growth on
plates containing 20 mM 3-amino triazole and growth on plates lacking uracil.

ArrayExpress accession numbers. Microarray data, E-MEXP-19 and 
E-MEXP-20.

Note: Supplementary information is available on the Nature Immunology website.
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