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Summary
Background—In many animals, the epidermis is in permanent contact with the environment and
represents a first line of defense against pathogens and injury. Infection of the nematode
Caenorhabditis elegans by the natural fungal pathogen Drechmeria coniospora induces the
expression in the epidermis of antimicrobial peptide (AMP) genes such as nlp-29. Here, we tested
the hypothesis that injury might also alter AMP gene expression and sought to characterize the
mechanisms that regulate the innate immune response.

Results—Injury induces a wound-healing response in C. elegans that includes induction of
nlp-29 in the epidermis. We find that a conserved p38-MAP kinase cascade is required in the
epidermis for the response to both infection and wounding. Through a forward genetic screen, we
isolated mutants that failed to induce nlp-29 expression after D. coniospora infection. We identify a
kinase, NIPI-3, related to human Tribbles homolog 1, that is likely to act upstream of the MAP2K
SEK-1. We find NIPI-3 is required only for nlp-29 induction following infection and not following
wounding.

Conclusions—Our results show that the C. elegans epidermis actively responds to wounding and
infection via distinct pathways that converge on a conserved signaling cassette that controls the
expression of the AMP gene nlp-29. A comparison between these results and MAP kinase signaling
in yeast gives insights into the possible origin and evolution of innate immunity.

Introduction
The nematode C. elegans responds to bacterial infection by up-regulating the expression of
genes encoding antimicrobial proteins [1–5]. Although it is not known how infection is
recognized in C. elegans, several conserved signaling pathways are involved in controlling this
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innate immune response [6]. Among them, a p38 mitogen activated kinase (MAPK) pathway,
involving the MAPK PMK-1, the MAPK kinase (MAPKK) SEK-1 and the MAPKK kinase
(MAPKKK) NSY-1 is important for the resistance of C. elegans to infection by the Gram-
negative bacterium Pseudomonas aeruginosa [7]. This pathway lies downstream of the TIR
domain adapter TIR-1, ortholog of the human protein SARM [8]. In addition to a role in host
defense, the TIR-1/NSY-1/SEK-1 cassette is also important for neuronal development.
Interestingly, while the cassette acts downstream of the calcium/calmodulin-dependent kinase
UNC-43 during development [9], unc-43 is not required for resistance to P. aeruginosa [7].

In contrast to our current understanding of the response of C. elegans to bacterial infection, we
know little about its anti-fungal innate immune defenses. One model pathogen is the nematode-
specific fungus Drechmeria coniospora. Conidia of D. coniospora attach via adhesive knobs
to the nematode cuticle and then form appressorial structures from which penetration tubes
emerge. These pierce the cuticle and develop into trophic hyphae that traverse the epidermis,
eventually colonizing the entire worm [10]. This natural fungal infection leads to the induction
of a number of genes that encode conserved glycine- and tyrosine-rich antimicrobial peptides
(AMPs) annotated as neuropeptide-like proteins (NLPs). We showed previously that the
induction of two of these, nlp-29 and nlp-31 requires tir-1 [11]. How tir-1 is activated by fungal
infection is unknown and it is unclear whether up-regulation of nlp gene expression is a
consequence of pathogen recognition or part of a response to cellular damage associated with
infection.

In the current study, we discovered that the C. elegans epidermis is capable of responding to
physical injury. This response includes a wound healing mechanism and induction of nlp-29
and nlp-31 expression. We show that the up-regulation of AMP gene expression upon infection
can be genetically separated from that upon injury, but that both responses converge on a
common p38 MAPK pathway. Our results give insights into the possible origins and evolution
of innate immunity.

Results
An in vivo reporter system for monitoring innate immune responses

To begin dissecting the innate immune response of C. elegans to fungal infection, we generated
a strain carrying an integrated transgene (frIs7) with two constructs, the pnlp-29::GFP green
fluorescent reporter that is induced upon infection in the epidermis [11], and a pcol-12::dsRed
red fluorescent reporter that is expressed constitutively in the epidermis, starting from the late
L1 stage. The latter provides an internal control for the functional integrity of the epidermis
and non-specific transgene silencing (Figure 1A,B). The analysis of large populations with the
COPAS Biosort™ revealed a continuous distribution of fluorescence levels (Figure 1 C,D).
While in a typical infection, the mean level of red fluorescence varied by less than 15% between
non-infected and infected populations, for green fluorescence there was between a 3- and 8-
fold increase (Figure 1C). Within a population, the green/red fluorescence ratio often spanned
more than an order of magnitude, with a standard deviation exceeding 150% of the average in
some cases. Even if the distribution is not Gaussian, the mean value for the fluorescence ratio
is close to the median (Figure 1D) and therefore can be taken as a representative measure of
reporter gene expression within the population. As discussed below, the individual variability
in reporter gene expression, is no different from that measured for many quantitative
phenotypes.

Physical injury induces nlp-29 expression
Infection of C. elegans by D. coniospora involves a breach of the cuticle and disrupts epidermal
cell integrity [10]. We therefore investigated whether physical wounding of the cuticle and
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epidermis was sufficient to induce innate immune responses within the epidermis.
Microinjection is a routine method to produce transgenic nematodes. Typically, an individual
worm, immobilized on an agar pad, is pierced with a fine needle controlled by a
micromanipulator. While large breaches in the epidermis cause an eversion of the internal
tissues, when correctly performed, this procedure leaves no obvious mark (Suppl. Figure 1A).
We found that wounding the epidermis in this way resulted in characteristic autofluorescent
scars that formed rapidly and were visible for several days at the wound site. When we pricked
the epidermis of adult animals on agar plates, by hand using microinjection needles, often no
obvious damage was seen, although sometimes, a small amount of internal material leaked out.
In both cases, wounding the epidermis provoked similar autofluorescent scars (Figures 2A–B
& 3D–G).

We examined the survival of wounded worms under normal culture conditions. Although some
10% of the wounded worms died within two days after being injured, the remaining worms
died at a rate that paralleled that of uninjured worms (Suppl. Figure 1B). The wounded worms
also moved normally and showed no other outward signs of trauma. This suggests that wound
healing efficiently restores normal physiology.

To cause more precise damage of epidermal cells, we used femtosecond laser pulses focused
on the apical surface of the epidermis to create small wounds (Suppl. movie 1). Such laser
wounding generally did not cause leakage of internal cytoplasm or fluid, but nevertheless
resulted in scars 2–5 μm in diameter (Figure 2C), smaller but otherwise similar to those seen
after needle wounding. Laser wound sites accumulated autofluorescent material within seconds
of damage (Figure 2D; Suppl. movie 2).

Through ultrastructural analysis of laser wounds, we found that a continuous cuticle layer was
re-established within 24 h of damage, suggesting that laser wounding causes a disruption of
the epidermis and cuticle that is later repaired. At wound sites, we consistently observed
thickening of basal layers of cuticle (Figure 2E–H) suggesting that wounds trigger local
secretion of basal cuticle components as part of the barrier repair process.

Both needle and laser wounds induced pnlp-29::GFP expression with a similar time-course.
GFP fluorescence was detected within 1 hour of injury, sustained for several hours and then
declined (Figure 3A–G). While most experiments were conducted under standard culture
conditions in the presence of bacteria, similar results were obtained when we wounded worms
on bacteria-free plates (Suppl. Figure 1C). To our knowledge, these are the first indications
that C. elegans is able to respond transcriptionally to physical injury.

Defects in the epidermis induce nlp-29 expression
We wondered whether mutants with a defect in the cuticle or epidermis would also show a
changed level of pnlp-29::GFP expression. Worms carrying a dominant mutation in the cuticle
collagen gene rol-6 exhibited a strong constitutive expression of green fluorescence (results
not shown). In C. elegans, almost all of the epidermis is a single multinucleate syncytium called
hyp7. When we looked at pnlp-29::GFP expression in eff-1 mutant animals that exhibit
abnormal hyp7 cell fusions [12,13], we also saw a high level of GFP expression, often most
intense in non-fused cells (Figure 3H,I). Thus developmental defects and tissue damage lead
to the up-regulation of AMP expression.

A conserved p38 MAPK pathway controls AMP gene expression
We have previously shown that infection-induced expression of pnlp-29::GFP is severely
compromised upon RNAi of tir-1 [11]. By performing RNAi on the different tir-1 isoforms
(Suppl. Figure 2), we established that tir-1b is required for the infection-induced expression
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of nlp-29, as well as for the response of C. elegans to wounding (Figure 4A). Accordingly, in
mutant worms homozygous for tir-1 loss-of-function alleles which affect only the tir-1a, c and
e isoforms, but not tir-1b or d, we observed no change in constitutive or induced expression
of pnlp-29::GFP, whereas in the tir-1(tm3036) mutant, which affects all isoforms, induction
of pnlp-29::GFP was blocked (Figure 4B–C,Suppl. Figure 2). tir-1 acts upstream of the nsy-1/
sek-1/pmk-1 p38 pathway to control resistance to the intestinal pathogen P. aeruginosa [8].
We therefore assayed the effect of abrogation of these genes on the expression of pnlp-29::GFP.
In nsy-1, sek-1 or pmk-1 mutants there was a marked decrease in pnlp-29::GFP expression
following both infection and wounding (Figure 4C–E, results not shown).

During neuronal development, the tir-1/nsy-1/sek-1 cascade acts genetically downstream of
the CaMK II unc-43 [9,14]. We found that pnlp-29::GFP expression and induction after
infection was unaltered in an unc-43 loss-of-function mutant (Figure 4F). Thus, just as it is not
required for the response to P. aeruginosa infection [7], unc-43 appears not to be involved in
the response to D. coniospora. Similarly, abrogation of unc-16, which encodes a scaffold
protein that interacts with SEK-1 [15], had no effect on constitutive or infection-induced
expression of pnlp-29::GFP. Further, jkk-1, kgb-1 or jnk-1 that are elements of JNK MAPK
cascades that play an important role in the response of C. elegans to stress [16,17] were found
to be dispensable for pnlp-29::GFP expression (Figure 4F and data not shown). In a mek-1
mutant background, there was a partial reduction in the induction of pnlp-29::GFP (Figure 4F).
Therefore, mek-1, which encodes a MKK7 homolog, may have a role in the activation of
pmk-1, as previously described in the context of P. aeruginosa infection [16]. The predominant
pathway controlling pnlp-29::GFP expression does, however, involve the NSY-1/SEK-1/
PMK-1 cassette.

The p38 MAPK pathway acts cell-autonomously in the epidermis
The p38 pathway acts cell-autonomously during neuronal development [18] and in the adult
intestine to protect C. elegans from oxidative stress [19]. We tested whether the p38 pathway
is required in the epidermis to control AMP gene induction. Expressing sek-1 in the epidermis
under the control of the col-12 promoter was more than sufficient to restore pnlp-29::GFP
expression in a sek-1 mutant (Figure 4G). When the transgene was transferred to a wild-type
background, the transgenic animals had an increased constitutive and induced fluorescence,
while in a pmk-1 background, there was essentially no observable fluorescence (Figure 6F).
These results strongly suggest that SEK-1 and by extension the entire p38 pathway acts cell-
autonomously in the epidermis to control AMP expression.

A genetic screen for genes controlling nlp-29 expression
We next screened for mutants that had a normal level of pcol-12::dsRed expression but that
were unable to activate pnlp-29::GFP expression after infection (see Experimental Procedures).
From an initial screen of 10,000 haploid genomes, we recovered six Nipi (No Induction of
Peptide after Drechmeria Infection) mutants. The six nipi mutations are recessive and were
assigned to five complementation groups. Of the five, four affected pnlp-29::GFP expression
following both infection and wounding (Figure 5A; NP, unpublished data). The mutants nipi-1
(fr1 and fr3) LGIV, nipi-2(fr2) LGX and nipi-3(fr4) LGX showed the most penetrant
phenotypes. Complementation tests with available mutants suggested that these 3 nipi mutants
do not correspond to known components of the C. elegans p38 MAPK pathway.

nipi-3 a Tribbles-like kinase is required in the response to infection
We focused on nipi-3(fr4), in which the infection-induced up-regulation of pnlp-29::GFP was
essentially abolished, but that still responded strongly to injury (Figure 5A). As expected, in
nipi-3 mutants we observed an abrogation of nlp-29 mRNA induction upon infection but not
wounding, as measured by qRT-PCR (Figure 5B). We found that the expression of a second
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AMP gene, nlp-31, which is induced by D. coniospora infection [11], was also up-regulated
upon wounding. Only the infection response was affected in the nipi-3 mutant (Figure 5B).
These results suggest that nipi-3(fr4) is specifically involved in regulating the transcriptional
response to infection.

We identified nipi-3 as K09A9.1, predicted to encode a protein serine/theronine kinase (Figure
5D). When compared to human proteins, NIPI-3 is most similar to Tribbles homolog 1 (TRIB1/
hTribbles), especially in the kinase domain (residues 237–461; Figure 5E). Among C.
elegans proteins, NIPI-3′s most extended similarity is to the uncharacterized hypothetical
protein ZK524.4 and to UNC-43. The region of conservation between NIPI-3 and UNC-43
spans part of the kinase domain and some 100 C-terminal residues (Suppl. Figure 3A). The
nipi-3(fr4) mutation is in the kinase domain changing a conserved hydrophobic residue to an
asparagine (I307N; Figure 5D&E). The mutated residue is spatially separate from the substrate
binding pocket, catalytic site, ATP-binding and activation loops (Suppl. Figure 3B).

nipi-3 mutants also exhibited a temperature-sensitive Dpy phenotype: at 25°C nipi-3 mutants
were 20% shorter on average than wild-type worms (Suppl. Figure 4). Reintroduction of a 3.6
kb wild-type genomic DNA fragment comprising the coding and 5′ and 3′ sequences fully
rescued the nipi-3(fr4) mutant phenotypes (Figure 5D, 6E; Suppl. Figure 4). Abrogation of
nipi-3 function through RNAi recapitulated the effects on pnlp-29::GFP expression seen in a
nipi-3(fr4) mutant (Figure 5C) and did not provoke any other obvious phenotype (e.g.
embryonic or larval lethality, uncoordinated movement). Taken together these results suggest
the fr4 mutation causes a loss of nipi-3 function.

To assay for a direct role of nipi-3 in controlling fungal resistance, we compared the survival
of wild-type and mutant worms after D. coniospora infection. There was a significant reduction
in the resistance of the nipi-3 mutants, as well as in pmk-1(km25) and tir-1(tm3036) mutants.
These mutants also had a reduced lifespan on the E. coli strain OP50 (Suppl. Figure 5). This
precludes definitively assigning a role in anti-fungal resistance to nipi-3.

Using a GFP transcriptional reporter construct, we found that nipi-3 is expressed in the
epidermis as well as in the pharynx and intestine, in a subset of head neurons and motoneurons,
and in the PLM and CAN neurons (Figure 6A–D, results not shown). When nipi-3 was
specifically expressed in the epidermis, under the control of the col-12 promoter, the induction
of pnlp-29::GFP after infection was restored to wild-type levels in a fraction (ca. 1/5) of the
transgenic worms. On the other hand, intestinal expression of nipi-3, under the control of the
mlt-2 promoter, completely failed to rescue the mutant phenotype (Figure 6G–N; Suppl. Figure
6). Thus, nipi-3 is a new component of innate immune signaling in C. elegans and acts in the
epidermis to control AMP expression after infection.

NIPI-3 bears some similarity to UNC-43, a kinase required for establishing the unique identity
of the two AWC chemosensory neurons [14]. Unlike unc-43, nipi-3 is not required for
asymmetric gene expression in the AWC neurons (data not shown). UNC-43 forms a complex
with TIR-1 and NSY-1 and signals through SEK-1 [9]. In the presence of the pcol-12::sek-1
transgene, the level of constitutive expression of pnlp-29::GFP in a nipi-3 mutant background
was elevated, and similar to that in wild-type worms. In contrast, in a pmk-1 mutant background,
the level of expression was much lower (Figure 6F). These results imply that nipi-3 does not
act downstream of sek-1. After infection, in the nipi-3;pcol-12::sek-1 strain there was a two-
fold increase in the expression of pnlp-29::GFP. As discussed below, these results are
consistent with nipi-3 acting upstream of sek-1.
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Discussion
Continuous Distribution of a Quantitative Signalling Readout

The use of the Biosort allows the level of fluorescent reporter gene expression to be measured
in single worms. We observed large differences in pnlp-29::GFP expression between infected
individuals. This may in part reflect variation in the precise course of the infection, determined
among other things by the density and location of spore attachment, and the initial level of
AMP expression. The individual variation recorded for the constitutive expression of
pnlp-29::GFP in uninfected worms may be surprising, especially since C. elegans is a self-
fertilizing hermaphrodite species, and the individuals in a population are genetically identical.
Other studies, measuring the expression of other C. elegans reporter genes with the Biosort
have revealed a similar range of expression levels [20,21]. This type of stochastic variation
appears to be a widespread phenomenon. Even in yeast, a wide range of values is seen for the
expression of the same gene in different individual cells under identical conditions [22,23]. In
yeast, noise in expression levels generally scales with protein abundance. Exceptions to this
rule are the stress response proteins, induced under stressful conditions [24]. It has been
proposed that this phenotypic variability might enable cells to adapt better to changing
environments [25]. It is possible that the observed variability in pnlp-29::GFP expression also
plays an adaptive role. Despite this variability, and regardless of any function, the
pnlp-29::GFP transgene constitutes a useful tool for dissecting innate immune signalling
pathways.

An epidermal wounding response in C. elegans
We used the pnlp-29::GFP reporter to demonstrate for the first time that C. elegans responds
to physical injury of the epidermis by up-regulating AMP gene expression. Since we show
elsewhere (Pujol et al. submitted) that increased AMP gene expression renders C. elegans more
resistant to infection, this mechanism may help worms counter septic injuries that occur in
nature. It has been recently shown that in mammalian skin AMP gene expression is induced
by sterile injury [26]. Thus protection of the epidermis from infection in such high-risk
situations may be a conserved aspect of animal physiology. In Drosophila, clean wounding
causes melanization at the wound site [27]. The C. elegans genome encodes tyrosinases that
may be evolutionarily related to the prophenoloxidases responsible for melanin biosynthesis
in invertebrates [28]. But when we injured the epidermis of C. elegans, we observed no obvious
melanin deposition, but rather the almost immediate accumulation at the wound site of
autofluorescent material, followed by the repair of the extracellular matrix of the barrier
epithelium. Possible triggers for these wound healing and innate immune responses, include
rupture of the epidermal apical plasma membrane, or the disruption of contacts between the
epidermis and cuticle.

The response to fungal infection is distinct from the epidermal wounding response
While the repair of the barrier epidermis itself can be considered as an innate immune response
in that it protects the organism from opportunistic infection, the isolation of the nipi-3(fr4)
mutant shows that in C. elegans separable signalling cascades control gene expression after
infection and wounding. Thus this strong loss of function mutant shows a limited induction of
the two AMP genes nlp-29 or nlp-31 after infection but a near-normal induction of the same
two genes following wounding. In the presence of artificially high levels of sek-1, even in a
nipi-3 background, there is sufficient activation of the pathway to lead to high expression of
pnlp-29::GFP after infection. Since in the pmk-1;pcol-12::sek-1 strain, there is no such elevated
pnlp-29::GFP expression even after infection, it would appear that the p38 MAPK is a key
regulator of nlp-29, and consequently that nipi-3 acts through this pathway.
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Conservation of MAPK signaling modules
Although the responses to D. coniospora and injury can be genetically distinguished, they do
converge on the TIR-domain adapter protein TIR-1B and downstream p38 MAPK pathway
components. Taken together with the results of our epistasis experiments, this suggests that
nipi-3 acts upstream of tir-1. By analogy with the role of UNC-43 in neurons [9], we speculate
that NIPI-3 functions as a direct activator of TIR-1B in the epidermis. This would imply that
an infection-associated signal exists upstream of NIPI-3. Whatever the mechanisms involved
in triggering the infection-specific epidermal response in C. elegans, it is striking to note that
the same signaling cassette (TIR-1/NSY-1/SEK-1) is used in at least three different contexts
(Figure 7). This parallels the situation in the yeast Saccharomyces cerevisiae, wherein the
NSY-1-like MAP3K Ste11p acts in three different biological processes [29]. Interestingly,
Ste11p, and Ste50p, its upstream partner possess SAM domains, like TIR-1 (Figure 7). Indeed,
close inspection of the NSY-1 sequence reveals that it contains a divergent SAM domain,
within a larger conserved motif, present in the vertebrate proteins, ASK1 and ASK2 (Suppl.
Figure 7). Importantly, in mice, upon stimulation by lipopolysaccharide, ASK1 selectively
activates the p38 pathway [30]. Moreover, ASK1 regulates the expression of β-defensins and
LL37, AMPs produced by human epidermis, in a p38-dependent manner [31]. These findings
suggest that SAM domains may have played an ancestral role in innate immune signaling that
was complemented by the recruitment of TIR domain-containing proteins. Additionally, our
results give strong support to the idea that part of vertebrate innate immunity has its origins in
MAPK signaling pathways that arose early in evolution to conserve cellular homeostasis. The
finding that NIPI-3, a protein kinase with a catalytic domain that is most similar to the human
Tribbles homolog 1 is involved in the response to infection is particularly interesting since this
protein has been identified as acting in the p38 pathway in vertebrates [32,33], thus extending
the number of proteins potentially involved in this conserved signaling cascade.

The activation of nlp-29 and nlp-31 by wounding suggests that in C. elegans, as perhaps in
vertebrates [34], tissue damage triggers an innate immune response. The nipi-3 gene, however,
defines a genetically distinct response to infection. Our results thus support the existence of a
pathogen-specific reaction, in addition to a non-specific protective response. Both share
components of a p38-signaling cascade; the former may have evolved more recently. In
conclusion, the current work advances our knowledge of host defenses in the nematode C.
elegans and contributes to the debate on the origins and evolution of innate immunity.

Experimental Procedures
nipi-3 isolation, cloning and rescue

We mutagenized wt;frIs7 worms with EMS using standard procedures [35]. Synchronized F2
worms were infected at the L4 stage with D. coniospora. After 24 h at 25°C, we screened,
either automatically with the Biosort, or visually and manually, for worms that failed to show
an elevated level of GFP expression after D. coniospora infection. nipi-3(fr4) was mapped
through standard genetic and SNP mapping by analysis of 360 recombinants with the strain
CB4856, to a 145 kb region left of lin-15 on LGX, containing 21 predicted genes. Sequencing
of the gene K09A9.1 revealed a single point mutation in nipi-3 mutants, a T to A transition
(flanking sequences TGAAAACGACGTGATGAGTA and
CTACCAAAAGGTTGTGGAGA). A full-length cDNA was generated and sequenced from
wild-type worms, leading to a modification of the gene structure predicted in Wormbase
(WS180), see Genbank accession number EU043523. The nipi-3(fr4) allele changes an
isoleucine to an asparagine at position 307 of the predicted protein sequence. To confirm the
identity of nipi-3, the K09A9.1 gene with 1426 bp upstream and 1753 bp downstream was
amplified by PCR with the primers JEP963 and JEP964 and microinjected (at 5 ng/μl with 80
ng/μl pBunc-53::GFP [36]) into nipi-3(fr4);frIs7 mutant worms. Two independent lines IG581
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nipi-3(fr4);frIs7;frEx195 and IG580 nipi-3(fr4);frIs7;frIs10 were generated; the latter is a
spontaneous integrant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The pnlp-29::GFP reporter is induced by Drechmeria coniospora
Control wt;frIs7 worms (A) and worms 24 h after infection (B). Red and green fluorescence
is visualized simultaneously. C Quantification of fluorescence of infected (yellow) and non-
infected (blue) worms. The mean values for green and red fluorescence (in arbitrary, but
constant units for each colour) for the uninfected and infected populations were 59 and 287
(green) and 331.5 and 295.0 (red), respectively. D Continuous distribution of fluorescence
levels in the population. The analysis of large numbers of individuals revealed a continuous
distribution of fluorescence levels, with the median value for the fluorescence ratio (green/red)
being close to the mean (triangles). Although there was an extremely broad range of values for
individuals (from 4 to 589, and 11 to 700 in arbitrary units for 1369 non-infected and 1232
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infected worms, respectively, in this experiment), leading to high standard deviations (157%
and 54% of the mean values, respectively; shown as error bars with the mean at the median
position), and noise (variance/mean2, 2.4 and 0.3, respectively). Due to the nature of the
distribution, standard deviations are not an informative parameter and are not shown on
subsequent figures using the Biosort.
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Figure 2. Needle and laser wounding of the epidermis cause scar formation and local cuticle
synthesis
A–D Epidermal scars in wild type (N2) 60 h after needle wound (A,B) and immediately after
femtosecond laser wound (C,D); DIC image (panels A, C) and epifluorescence (GFP long pass
filter, panels B,D). The autofluorescent material accumulates at the wound immediately (see
Suppl. Movies). Scale 10 μm. E–H Ultrastructural analysis of scar and cuticle synthesis at
epidermal wounds. The lateral epidermis just ventral to the alae was damaged internally by
aiming for the PLM axonal process (in the zdIs5 strain) and cutting it with MHz femtosecond
laser. F–H wounded and unwounded (E) sides of the same animal 24 h post wounding. The
innermost (basal) layer of cuticle (b) is immediately adjacent to the epidermis hyp7 and is
approximately 100 nm thick in unwounded epidermis (b, coloured in inset, E). Surrounding
the electron dense material of the scar, the basal layer is up to 20 times thicker than in
unwounded cuticle, and contains ribosome-sized electron dense particles (inset, H). Images
are all from one animal, sections in F, G, and H are 1.3 μm apart (schematic in inset, G). Scale
bar 2 μm.
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Figure 3. Epidermal damage induce pnlp-29::GFP
An individual wt;frIs7 worm before (A) and 2 h after needle wounding (B). C An individual
that has been wounded with a laser 5 h previously is lying above a mock-wounded worm. D–
G An individual worm viewed by DIC (D) or epifluorescence (E) microscopy just after needle
wounding. The arrowhead marks the wound site. The same worm 3 hours (F) or 24 hours (G)
after wounding. H & I Part of the epidermis of an eff-1(hy21);frIs7 worm. One unfused hyp7
cell shows strong GFP fluorescence (I). With the exception of D (DIC) and H (epifluorescence
using a red filter to visualize pcol-12:DsRed only), in all images, red and green fluorescence
are visualized simultaneously.
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Figure 4. nlp-29 induction after infection and injury is dependent on the TIR-1B/p38 pathway
Quantification with the Biosort of the normalized fluorescence ratio of worms carrying the
frIs7 transgene. A RNAi was used to target the different tir-1 isoforms, and fluorescence
measured 24 h post-infection (yellow) or 6 h after wounding (green) and compared to control
worms (blue). B Mutants affecting the long tir-1 isoforms (ok1052) and (gk264) have an
essentially wild type phenotype. C–F Different mutants were analyzed after infection and
wounding: sek-1(ag1), sek-1(km4), nsy-1(ky397), pmk-1(km25), mek-1(ks54), jkk-1(km2),
unc-16(ju146) and unc-43(n498n1186). G Over-expression of sek-1 in the epidermis, under
the control of the col-12 promoter provokes high fluorescence ratios in sek-1 mutants. The
number of worms in each sample is given in parentheses.
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Figure 5. nipi-3 encodes a kinase required for the induction of nlp-29 and nlp-31 after infection but
not after wounding A
Quantification with the Biosort of the normalized fluorescence ratio of transgenic worms
carrying the frIs7 transgene 24 h post-infection (yellow; left panel) or 6 h after wounding
(green; right panels) in wt, nipi-2(fr2) and nipi-3(fr4) mutant worms compared to controls
(blue). B Quantification by qRT-PCR of nlp-29 and nlp-31 mRNA in wild-type and nipi-3
mutant worms after infection (yellow and orange, respectively) or wounding (green and lime,
respectively). C Quantification with the Biosort of the normalized fluorescence ratio of
wt;frIs7 worms 24 h post-infection (yellow) or 6 h after wounding (green) compared to controls
(blue), following mock RNAi or RNAi of nipi-3. D Structure of the nipi-3 locus. The location
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of the fr4 mutation is shown relative to the exon/intron structure of nipi-3; the red shading in
4 exons represents the kinase domain. Grey boxes represent the predicted 5′ and 3′-most exons
of the neighbouring upstream and downstream genes, respectively. The first line below the
gene indicates the extent of the genomic fragment used to rescue the mutant phenotype; the
next line (labelled RNAi), that used for RNAi and the third line, the promoter region used to
drive the expression of GFP in the reporter construct. E The nipi-3 gene encodes a protein with
similarity to human Tribbles homolog 1 (TRIB1). Part of the predicted amino acid sequence
of the NIPI-3 is compared to that of human Tribbles homolog 1 (TRIB1; accession number
AAH63292). The N-terminal region outside the kinase domain is underlined; the site
corresponding to the nipi-3 mutation is marked by an asterisk. Identical residues are boxed in
black, similar residues in grey, using Hofmann and Baron’s Boxshade.
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Figure 6.
A–D Fluorescence images of pnipi-3::GFP transgenic worms showing expression in the
intestine, head neurons and motoneurons in a L1 larva (A), in the epidermis in a 3-fold embryo
(B). In the adult head (C) and tail (D), expression is seen in the epidermis (arrow) and intestine
(arrowhead), as well as a subset of neurons. Scale bar 10 μm. E, F Quantification with the
Biosort of the normalized fluorescence ratio of worms carrying the frIs7 transgene following
infection (yellow) compared to controls (blue). wt and nipi-3(fr4) mutants, with or without the
rescuing transgene containing nipi-3 under its own promoter (E). wt, nipi-3(fr4) and pmk-1
mutants, with or without the transgene containing sek-1 under the control of the col-12 promoter
(F). G–N Images of uninfected (G, H, I, J) or infected (K, L, M, N) worms carrying the frIs7
transgene in the wt (G, K) and nipi-3 background (H–L), and in some cases a second transgene
driving expression of nipi-3 in the epidermis (I, M) or intestine (J, N). The worms shown in
(M) are representative only of the rescued worms (see Suppl. Figure 6).
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Figure 7.
Multiple signals converge on a p38 MAPK signaling cassette conserved between C. elegans
(left panel) and budding yeast (right). NIPI-3 may function analogously to UNC-43 as an
activator of TIR-1, specifically in the response to infection.
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