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Abstract 
The apical extracellular matrix acts as crucial barrier, and communicates with the epidermis to 
trigger protective responses following injury or infection. In  C. elegans, we previously showed 
that mutants lacking cuticle furrows exhibit persistent immune activation (PIA). In a genetic 
suppressor screen, we identified spia-1 as a key gene downstream of furrow collagens and 
upstream of immune signaling. spia-1 expression oscillates during larval development, peaking 
between each moult together with precuticle and cuticule components. It encodes a secreted 
precuticular protein that transiently localizes to furrows. It shares a novel cysteine-cradle 
domain (CCD-aECM) with other aECM proteins, predicted to bind proteins with an exposed 
hydrophobic α helix. SPIA-1 is proposed to act as a sensor of cuticle damage, mediating immune 
activation in response to furrow loss and might be part of a checkpoint during the establishment 
of the new cuticle. This research reinforces the notion of an intricate interplay between cuticle 
integrity and epidermal immune activation in  C. elegans. 
 
Introduction 
 
All multicellular organisms must protect themselves from injury and pathogens.  C. elegans lacks 
an adaptive immune system and motile immune cells. It relies instead on its epithelial barriers 
to defend against environmental threats. This makes it a powerful model to address the 
question of how epithelial cells detect damage. In  C. elegans, the skin is characterized by a rigid 
but flexible apical extracellular matrix (aECM), known as the cuticle, that surrounds a single 
syncytial epidermal layer. The cuticle serves not only as a protective barrier against 
environmental insults but also as a dynamic interface that communicates crucial signals to the 
underlying epidermal tissue. We have previously described how cuticle damage sets off a series 
of responses in the epidermis. These can be triggered by physical injury, infection with the 
fungus D. coniospora, or during the cycling process of moulting. This highlights the organism's 
ability to mount a protective transcriptional response aimed at maintaining tissue integrity and 
combating potential threats (Pujol et al. 2008a; Ewbank and Pujol 2016; Martineau et al. 2021; 
Aggad et al. 2023). 
 

In addition to these stimuli, mutants lacking furrows have emerged as a valuable model 
for studying the interplay between cuticle integrity and epidermal immune activation. 
Mutations in any of the six collagens that form periodic furrows in the cuticle (DPY-2, DPY-3, 
DPY-7, DPY-8, DPY-9, DPY-10) exhibit a persistent immune activation (PIA), similar to the 



response triggered by moulting, physical injury or skin infection. Crucially, this immune 
response involves the activation of the pivotal p38 MAPK/PMK-1 signalling pathway and the 
downstream SNF-12/SLC6 transporter and STAT-like transcription factor STA-2 (Pujol et al. 
2008b; Dierking et al. 2011; Dodd et al. 2018). During infection or injury, the most upstream 
components known are the Damage Associated Molecular Pattern (DAMP) receptor DCAR-1, a 
GPCR, and the Gα protein GPA-12 (Zugasti et al. 2014). While loss of STA-2 or SNF-12 fully 
abrogates the induction of an immune response in furrow collagen mutants, inactivation of 
DCAR-1 only reduces it partially (Zugasti et al. 2014). We therefore proposed that a parallel 
mechanism must link monitoring of furrow collagens to the activation of the immune response 
in the epidermis. 
 

To gain deeper insights into how cuticle damage is sensed by the epidermis, we 
conducted a targeted genetic screen to identify genes acting downstream of furrow collagens 
and upstream of, or in parallel to, GPA-12. It leveraged the observation that worms expressing 
a gain-of-function form of GPA-12 (GPA-12*) in the adult epidermis exhibit constitutively high 
levels of antimicrobial peptide (AMP) gene expression ((Ziegler et al. 2009); Figure 1A). Notably, 
one suppressor allele identified in this screen harbours a mutation in the gene spia-1 
(Suppressor ofPersistent Immune Activation). This gene encodes a small nematode-specific 
secreted protein sharing a C-terminal domain with four other  C. elegans proteins, including 
DPY-6, a mucin-type protein with a conserved role in cuticle deposition (Sun et al. 2022). The 
structured core of the common C-terminal domain (named CCD-aECM) is formed by 
evolutionary conserved cysteine interactions and predicted to allow potential homomeric and 
heteromeric interactions. Our expression and genetic analyses suggest that SPIA-1 functions as 
a secreted aECM protein, transiently localized to the furrow before each moult, potentially 
relaying information about the state of the furrow collagens to the underlying epidermis. 
 
Results & Discussion 
 
Identification of spia-1 as a suppressor of a constitutive immune response 

We previously showed that an immune response characterised by the induction of 
expression of the antimicrobial peptide (AMP) gene nlp-29 is activated in the  C. elegans 
epidermis in response to wounding and infection (Pujol et al. 2008a; Zugasti et al. 2014; Dodd 
et al. 2018; Taffoni et al. 2019; Martineau et al. 2021). Interestingly, mutants in furrow 
collagens, which lack the furrow structure (“furrow-less mutants”) (Essmann et al. 2016; Aggad 
et al. 2023), also have a persistent immune activation (PIA) (Pujol et al. 2008b; Zugasti et al. 
2014, 2016), in parallel to constitutively active detoxification and hyperosmotic responses 
(Dodd et al. 2018). The fact that these 3 responses are induced by the absence of furrows, yet 
differ in their signalling and effectors, led to the suggestion that a cuticle-associated damage 
sensor coordinates these 3 responses (Dodd et al. 2018). 

To identify this potential damage sensor, we have run a pilot suppressor screen, 
designed to identify only the upstream components of the pathway leading to the induction of 
the immune response in furrowless mutants. The screen relies on the observation that a 
constitutively active form of GPA-12 (GPA-12*) provokes a PIA by activating the p38/PMK-1 – 
STA-2 pathway and on the use of a conditional promoter that is only active in the adult 
epidermis (Lee et al. 2018). In addition to a construct expressing GPA-12* uniquely in the adult 
epidermis, the strain IG1389 that we designed and constructed, has the well-characterised 
nlp-29 promoter driving GFP expression (nlp-29p::GFP) and a control DsRed transgene 



constitutively expressed in the epidermis (Pujol et al. 2008a). In this strain, the nlp-29p::GFP 
reporter is not expressed in larvae but only in the adult, due to the expression of GPA-12* 
(Figure 1A). When any of the six furrow collagen genes, including dpy-7, is inactivated by RNAi 
in this strain, worms exhibit a high level of GFP at all developmental stages (green larvae-green 
adults) (Figure 1A-B). Inactivating any gene acting downstream of GPA-12, like pmk-1 or sta-2, 
completely abolishes the expression of nlp-29p::GFP at all stages (red larvae-red adults; the so-
called Nipi phenotype (Pujol et al. 2008a)) (Figure 1B). 

We mutagenized the strain IG1389 using EMS, then transferred synchronised F2 
progeny onto dpy-7 RNAi plates at the L1 stage and screened for mutants that suppressed the 
PIA phenotype at the L3-L4 larval stage. These individuals were then monitored into adulthood. 
In many alleles, the PIA phenotype was also blocked at the adult stage. Complementation tests 
allowed us to identify new alleles of components of the known p38 MAPK pathway including 
snf-12(fr189) and sta-2, validating our screen. In a subset of mutants, the PIA phenotype that 
had been suppressed in L3-L4 worms was again apparent in adults, triggered by the activation 
of GPA-12 (red larvae-green adult). These alleles were potentially the most interesting as they 
would be expected to affect signalling upstream of, or in parallel to, gpa-12. One candidate 
fr179 had a very clear phenotype and was further characterized. We called it spia-1 for 
Suppressor of Persistent Immune Activation (Figure 1B). The spia-1(fr179) strain was 
backcrossed with the premutagenised strain lacking gpa-12*, relying on the suppression of 
nlp-29p::GFP induction upon dpy-7 RNAi for the selection of spia-1(fr179) progeny. We 
confirmed that the fr179 mutation abrogates the PIA phenotype produced by RNAi inactivation 
of any of the six furrow collagen genes but it does not suppress the associated short size (i.e. 
the DPY phenotype; Figure 1C). These results define spia-1(fr179) as a suppressor of PIA 
phenotype, acting downstream of furrow collagens and upstream of, or in parallel to, GPA-12. 

The underlying molecular lesion was then characterised by mapping through whole 
genome sequencing (WGS) of a pool of backcrossed spia-1(fr179) (Doitsidou et al. 2010; Labed 
et al. 2012). The spia-1(fr179) worms carry a mutation in a splice donor site of the gene F09F9.2 
(hereafter spia-1), predicted to result in a transcript with a frameshift and the introduction of a 
premature stop codon leading to a truncated protein of 133 aa. To validate that the inactivation 
of F09F9.2 was responsible for the suppressive phenotype, we first abrogated spia-1 by RNAi 
inactivation in dpy-7 mutants and showed that it suppressed the constitutive activation of 
nlp-29p::GFP (Figure S1). We then generated by CRISPR a deletion of 710 bp in spia-1 with a 
modification of bp 789 (C -> T) to create a premature stop codon, resulting in a truncated SPIA-1 
protein of 26 aa (Figure 1E). spia-1(syb7920) suppressed the constitutive activation of 
nlp-29p::GFP in a dpy-7 mutant (Figure 1F). Moreover, the constitutively-induced immune 
response could be rescued in the spia-1(fr179) background with an extra-chromosomal array 
bearing the spia-1 gene with 1.2 kb of upstream sequence (Figure 1G). These results together 
demonstrate unequivocally that spia-1 is required for the constitutive immune response in 
furrow-less mutants. 
 



 
 

Figure 1. Mutation in spia-1 suppresses furrow collagen AMP induction 
(A) Design of the suppressor screen. The strain used has the frIs7 transgene, i.e both a transcriptional reporter of 
AMP gene (nlp-29p::GFP) and a control DsRed transgene constitutively expressed in the epidermis. Under standard 
growth conditions, only the control transgene is expressed and worms are red at all stages (left). RNAi inactivation 



of any furrow collagen gene, like dpy-7, lead to the expression of nlp-29p::GFP in a PMK-1/STA-2 dependent 
manner: worms appear “green” at all stages (middle). The strain we used for the suppressor screen additionally 
bears the frIs30 construct to express a gain of function of GPA-12 in the epidermis, only from the young adult 
stage. In this strain, inactivation of a gene downstream of GPA-12 completely eliminates the expression of nlp-
29p::GFP in both larvae and adults (Nipi phenotype (Pujol et al. 2008a)), whereas inactivation of any gene acting 
upstream (A) of, or in parallel (B/C) to, GPA-12 inhibits the expression of nlp-29p::GFP in the larvae but is rescued 
by the activation of GPA-12 in the adults (red larvae, green adults, right). Red and green fluorescence were 
visualized simultaneously in all following images. (B) Quantification of relative green fluorescence in worms 
carrying frIs7 with the Biosort: the frIs30 (green), spia-1(fr179);frIs30 (orange) and snf-12(fr189);frIs30 (red) strains 
upon dpy-7 RNAi, in L4 and young adults stage (n >70). (C-D) spia-1(fr179) suppresses the induction of nlp-29p::GFP 
in young adult worms after RNAi inactivation of furrow collagen genes. wt and spia-1(fr179) carrying the frIs7 
transgene were treated with the indicated RNAi bacteria, with sta-1 used as a control (see Mat&Methods). (C) 
Representative images of young adults, scale bar, 200 µm. (D) Quantification of relative green fluorescence (left 
panel) and the length of the worms (right panel) with the Biosort (n >70). (E) Structure of the spia-1 genomic locus. 
The location of the fr179 mutation is indicated with an arrowhead, the extent of the syb7920 deletion is shown 
with a red line. Exons are shown as black boxes, introns as solid lines. UTR are represented as white boxes, the 
blue region shows the sequence encoding the signal peptide of spia-1. (F) Wild-type or dpy-7(e88); frIs7 young 
adults, with or without the spia-1(syb7920) deletion. The spia-1(syb7920) deletion also suppresses the induction 
of the nlp-29p::GFP transgene in dpy-7 mutants. (G) The suppression of the immune response in spia-1 mutants is 
rescued by the spia-1 gene. Level of nlp-29p::GFP induction following dpy-7 RNAi is analysed in wt, spia-1(fr179), 
and spia-1(fr179) frEx632[pSO23(spia-1p::spia-1::3UTR spia-1; myo-2p::mCherry] strains. Top, quantification of the 
relative green fluorescence with the Biosort (n >40). Bottom, representative images, scale bar, 500 µm.  
 
spia-1 encodes a secreted protein with a novel cysteine-cradle domain 

SPIA-1 is predicted to encode a secreted nematode-specific protein of 165 aa with no 
previously known function (Davis et al. 2022). Its C-terminal region is annotated by Panther 
database with a signature PTHR37435 that has no associated function and identified only in 
nematodes (Thomas et al. 2022; Davis et al. 2022). This Panther family includes 5 other secreted  
C. elegans proteins, DPY-6, a mucin-like hydrogel-forming protein (Sun et al. 2022) and 4 other 
uncharacterised nematode specific proteins: F01G10.9, F13B9.2, Y34B4A.10 and F33D4.6 
(Figure 2A). These proteins have different lengths and contain regions with a compositional bias 
suggesting they may be largely intrinsically disordered. Their common and most conserved part 
is located toward the C-terminus and predicted by AlphaFold2 to adopt a globular structure 
composed of four α-helices (Jumper et al. 2021). The latter are arranged in two nearly 
orthogonal pairs, with two helices of one pair packed at both edges of the other and thus 
creating a cradle-shaped domain. This globular domain contains 4 invariant cysteines that 
define a sequence motif C1-(X)22-C2-(X)7-P-(X)3-C3-(X)9-C4. The cysteine residues are predicted to 
form two disulfide bonds connecting the α-helices with C1 bonding C4 and C2 bonding C3 (Figure 
2B) (Jumper et al. 2021). These disulfide bonds are likely to play a structural role and be essential 
for the maintenance of the cradle-like shape of the domain. They also support the formation of 
a highly hydrophobic groove that is probably involved in binding of an unknown interaction 
partner, or alternatively, in dimerisation (Figure 2C and 2D). Interestingly, in the AlphaFold2 
model of Y34B4A.10 (uniprot ID:Q8WSP0), an N-terminal α-helix of the protein itself docks into 
this groove. The residues that constitute this groove are also semi-conserved suggesting they 
may be important for function (Figure 2B). Owing to its features, this domain was named 'aECM 
cysteine-cradle domain' (short name CCD-aECM) and its sequence diversity was added to the 
Pfam database (Mistry et al. 2021) as a new entry PF23626. 
 



 
Figure 2. SPIA-1 is a secreted protein containing a novel cysteine-cradle domain 
(A) Blast search retrieved 5  C. elegans proteins that share a common CCD-aECM domain in their C-terminal region. 
This domain contains 4 invariantly spaced cysteines predicted to form two disulfide bridges. Their formation is 
likely to stabilise the CCD-aECM domain tertiary structure and to be essential for function. Thus they define the 
evolutionary most conserved feature of this domain. (B) Homologues of SPIA-1 CCD-aECM domain were identified 
in nematodes. Sequence logo derived from the Pfam (PF23626) SEED alignment shows residues conserved across 
nematode homologues, some of which are likely to have a structural role while others may be essential for 
function. The relative size of the residue letters indicate their frequency in the aligned sequences of the Pfam SEED. 
(C) AlphaFold2 prediction of the full length SPIA-1 protein, left, and prediction of the CCD-aECM domain of SPIA-1. 
The SPIA-1 CCD-aECM domain is shown in cartoon colored by rainbow with the side-chains shown as sticks. The 
cradle-like shape of the domain allows binding of a hydrophobic α helix. (D) The CCD-aECM hydrophobic groove 
can potentially engage in heteromeric or homomeric interactions. AlphaFold2 prediction of Y34B4A.10 is shown 
as both cartoon and surface models with the predicted bound N-terminal helix shown in cyan. Residues from this 
α helix that are predicted to engage in hydrophobic interactions are shown as sticks. AlphaFold2 multimer predicts 
dimeric SPIA-1 CCD-aECM with an ipTM score ~0.6 (moderate confidence score) in which one of the helices forming 
the cradle of one molecule docks into the hydrophobic groove of the other. 
 

spia-1 is expressed in the epidermis and its expression oscillates during larval stages 
During larval development, moults happen 4 times, every 7–8 hours at a temperature of 

25°C. Genome-wide transcriptomic studies have revealed the rhythmic activity of thousands of 
genes that align with the moulting cycle. A large proportion of the cycling genes have been 
shown to be expressed in the epidermis and suggested to be required for the formation of the 



new cuticle. The transcripts for SPIA-1 and related proteins are part of these rhythmic 
oscillations, along with those for pre-cuticle and cuticle components and AMPs (Figure 3A) 
(Meeuse et al. 2020, 2023). Interestingly, there is a repeated pattern of oscillations in each 
cycle, which ends with ecdysis, defining a stereotypical peak phase for each transcript as 
described previously (Meeuse et al. 2020, 2023). Analysing the data from (Meeuse et al. 2020, 
2023), we observed that one of the first genes to start to oscillate in the early L1 is dpy-6. It 
encodes a protein that in addition to the CCD-aECM, and similarly to mucins, is enriched with 
tandem repeats of serine and threonine residues that are likely subject to glycosylation; the 
resulting glycosylation sites when hydrated can form hydrogels. The early function of DPY-6 in 
cuticle morphogenesis would be interesting to explore further. We analysed the peak phase of 
genes that are known to be important for cuticle morphogenesis and organised them relative 
to dpy-6. All 5 genes encoding a CCD-aECM domain cycle just after the pre-cuticle genes let-653 
and fbn-1, with F01G10.9 peaking together with the pre-cuticle genes noah-1/2 & lpr-3 and the 
6 furrow Dpy collagens dpy-2, dpy-3, dpy-7, dpy-8, dpy-9, dpy-10, followed by spia-1, F13B9.2, 
F33D4.6 and Y34B4A.10. These are then followed by the non-furrow collagens like dpy-4, -5, -
13. The cycle is closed by AMPs including nlp-29 that have been proposed to be induced to 
protect the epidermis while the old cuticle is shed (Martineau et al. 2021) (Figure 3B). The 
observation that spia-1 and its paralogues cycle at the beginning of the new cuticle synthesis 
with precuticle and furrow collagen genes suggest a role in patterning the new cuticle, including 
a very early role for dpy-6.  

Targeted DamID (TaDa) studies are consistent with SPIA-1 expression in the syncytial 
epidermis hyp7 in larval stages (Katsanos et al. 2021). In adult-specific single cell RNAseq, spia-1 
is also found expressed in cephalic and inner labial socket and phasmid sheet cells (Ghaddar et 
al. 2023). A transcriptional reporter confirmed that spia-1 is expressed in the main epidermal 
cell and socket cells but is not visible in other epithelial cells like the seam cells, nor in the vulval 
cells (Figure 3C-G). The expression starts in embryos at the 2-fold stage, which is the time when 
the pre-cuticle starts to be assembled (Figure 3C) (Cohen and Sundaram 2020; Birnbaum et al. 
2023). The transcriptional reporter might be missing some of the endogenous regulation, but it 
includes 1.2 kb of upstream genomic sequence that harbors several transcription factors 
binding motifs, including NHR-23 that is important for oscillatory gene expression in epithelial 
cells (Gerstein et al. 2010; Davis et al. 2022; Johnson et al. 2023). Taken together these 
observations suggest that the spia-1 gene is expressed in epidermal cells; the oscillating 
expression of spia-1 during larval development is consistent with a role in cuticle 
morphogenesis. 

 
Figure 3. spia-1 and all CCD-aECM genes are oscillatory expressed between each molt 
(A) AMP and aECM gene expression oscillates between each moult, data from (Meeuse et al. 2020). (B) Between 
each molt, a time line of gene expression is represented, with dpy-6 starting each cycle, data from (Meeuse et al. 
2020). (C-G) Expression pattern of spia-1 transcript in worms carrying the frEx631[pSO22(spia-1p::GFP), 
myo-2p::mCherry] transgene. Representative confocal images of (C) 2-fold embryo, (D) L1 larva, (E) adult head, 
arrow points to the sheath cell, arrowhead to a neurone (F) L4 larva, (G) L4 vulva. Grey color in (G) was acquired 
with a transmitted detection module; scale bar, 10 µm. 
 



 
 
SPIA-1 is transiently localized to aECM periodic furrows 

We tagged the SPIA-1 protein by insertion of GFP in 3 different positions, at the N-
terminus after the signal peptide, at the C-terminus before the stop codon, or internally before 
the CCD-aECM. Only the internally tagged SPIA-1::sfGFP behaved as a functional protein, able 
to rescue the PIA phenotype when expressed transgenically in mutants (Figure 4A). 
SPIA-1::sfGFP started to be visible in late embryonic stages in association with the furrows and 
then seemed to be internalised and degraded,reappearing before each moult (Figure 4B). This 
dynamic behaviour is similar to that exhibited by several precuticular components (Gill et al. 
2016; Birnbaum et al. 2023). We conducted a precise temporal analysis throughout the L4 larval 
stage, using vulval shape as a proxy for developmental timing (Mok et al. 2015), as previously 
described (Cohen et al. 2020; Katz et al. 2022; Aggad et al. 2023). The precuticular lipocalin 
LPR-3 was shown to be only transiently present during the L4 stage, being secreted from the 
L4.3 stage onwards, and observed in an annular pattern between L4.4 to L4.7 (Forman-Rubinsky 
et al. 2017; Katz et al. 2022). In a double labelled mCherry::LPR-3, SPIA-1::sfGFP strain, SPIA-1 
started to be visible at the L4.4 stage, and in a pattern complementary to LPR-3. Its level then 
decreased as SPIA-1 and LPR-3 accumulated in vesicles (Figure 4C). In addition, SPIA-1::sfGFP 



was found to accumulate in the vulva lumen during the L4 stage, as has been described for 
other precuticular components that are required for the shaping of the vulva (Cohen et al. 
2020), even if spia-1 is not expressed in vulval cells (Figure 4B). Altogether, this suggests that 
SPIA-1 is an early precuticular component, that together with the hedgehog-related protein 
GRL-7 (Chiyoda et al. 2021; Serra et al. 2023), is one of the few known to be specifically 
positioned at the furrows. 

 
Figure 4. SPIA-1 is transiently expressed in furrows 
(A) Position of the insertion of GFP in each translational reporter with their expression pattern and rescue activities. 
(B) Representative confocal images of the SPIA-1::sfGFP reporter (GFP-int) in 3-fold embryo, L1, L2, and L4 vulval 
lumen. White arrows and arrowhead indicate signal in furrows and in vulval lumen, respectively; scale bar, 5 µm. 



(C) The L4 stage is subdivided into sub-stages in relation to the shape of the vulva. SPIA-1::sfGFP and mCherry::LPR-
3 are observed in parallel; scale bar, 10 µm. 
 

SPIA-1 acts downstream of collagen furrows 
spia-1 was identified as a suppressor of the permanent immune activation provoked by 

the absence of furrows. As it conceivably exerted its suppressive function by restoring normal 
furrow morphology, we examined the cuticle of worms deficient for different furrow collagens 
in the spia-1(fr179) background, with a COL-19::GFP marker and a DPY-7::sfGFP marker. In no 
case did the spia-1 mutation restore furrows (Figure 5A&B). We noticed that when furrows are 
absent in a dpy-7 mutant, the precuticle component LPR-3 cannot assemble anymore in its 
specific anti-furrow pattern during the mid L4, as visualised with sfGFP::LPR-3. The absence of 
spia-1 could not restore the correct LPR-3 localisation (Figure 5C). In a dpy-7 mutant, the 
localisation of SPIA-1::sfGFP at the furrow was lost and the pattern observed from L4.4 to L4.7 
stage ressembles the one seen in wild-type at the L4.7 stage with small vesicles, but with an 
overall weaker signal (Figure 5D). This suggest that furrows are required to pattern precuticle 
components including SPIA-1.  

 
 
Figure 5. spia-1 does not suppress the absence of furrow or precuticle patterning in furrow mutants 
(A) spia-1(fr179) does not suppress COL-19::GFP abnormal pattern following dpy-7 RNAi; representative images of 
wt or spia-1(fr179) young adults carrying COL-19::GFP treated with sta-1 or dpy-7 RNAi bacteria; scale bar, 10 µm. 
(B) spia-1 does not suppress the absence of furrows following dpy-3 RNAi; representative images of wt or spia-
1(fr179) worms carrying DPY-7::sfGFP treated with sta-1 or dpy-3 RNAi bacteria; scale bar, 10 µm. (C) spia-1 does 
not suppress the abnormal sfGFP::LPR-3 in dpy-2(e8); representative images of wt or dpy-2(e8) L4 worms carrying 
sfGFP::LPR-3 treated with control (sta-1) or spia-1 RNAi bacteria; scale bar, 10 µm. (D) SPIA-1::sfGFP is not found 
in furrows in dpy-7 mutants; representative images of wt or dpy-7(e88) L4.5 worms carrying SPIA-1::sfGFP; scale 
bar, 10 µm. 
 
SPIA-1 as a sensor of cuticle damage 

Our results indicate that SPIA-1 is a specific furrow precuticle component that relies on 
furrow collagens for its proper localisation. It is required to mediate the immune activation in 
the epidermis in response to furrow-loss, acting downstream of the furrow collagens. The 
cradle-shape of the CCD-aECM domain is predicted to engage in protein-protein interactions. 



We propose that SPIA-1 could potentially act as part of a meshwork of proteins capable of 
interacting homo- or heterotypically depending on the available of their respective binding 
partners, to signal to the epidermis an incorrect patterning of the new cuticle at each larval 
stage. 
 
Materials and Methods  
 
EMS suppressor screen and mutation identification.  
P0 from the strain IG1389 frIs7[nlp-29p::GFP, col-12p::DsRed] IV; frIs30[(col-19p::GPA-12gf), 
pNP21(pBunc-53::GFP)] were mutagenized with EMS as previously described (Pujol et al. 2008a; 
Labed et al. 2012). Individual synchronised F2 L1 worms were plated on dpy-7 RNAi plates. Late 
larval F2 that showed a low expression of nlp-29p::GFP were cloned. The ones that then showed 
a higher GFP expression at adult stage were further analysed. As a positive control for the 
mutagenesis, several candidates that still abrogate the GFP signal at the adult stage were also 
cloned, and led to the isolation of several new Nipi alleles including snf-12(fr189). spia-1 was 
further backcrossed with IG274 frIs7[col-12p::DsRed, nlp-29p::GFP] and a dozen of F2 without 
the GPA-12gf were isolated, then pooled to send their genome to sequencing (BGI). Sequences 
were analysed with MiModD v0.1.9 and the sub-commands varcall, then varextract and finally 
annotate. This later step required SnpEff v5 and the SnpEff database WBcel235.86. The VCF file 
produced was re-formatted using a Python script to allow a curation of all putative mutations 
with user-defined thresholds. 
 
Nematode strains  
All  C. elegans strains were maintained on nematode growth medium (NGM) and fed with E. 
coli OP50, as described (Stiernagle, 2006), the wild-type N2, IG274 frIs7[col-12p::DsRed, nlp-
29p::GFP] IV fln-2(ot611) X (Pujol et al. 2008a), IG2160 frIs7[col-12p::DsRed, nlp-29p::GFP] IV 
IG1389 frIs7[nlp-29p::GFP, col-12p::DsRed] IV; frIs30[(col-19p::GPA-12gf), pNP21(pBunc-
53::GFP)], IG1890 spia-1(fr179); frIs7[nlp-29p::GFP, col-12p::DsRed] IV; frIs30[(col-19p::GPA-
12gf), pNP21(pBunc-53::GFP)] I (Lee et al. 2018), IG1890 spia-1(fr179); frIs7[nlp-29p::GFP, col-
12p::DsRed] IV; frIs30[(col-19p::GPA-12gf), pNP21(pBunc-53::GFP) ] I, IG2114 spia-1(fr179); 
frIs7[nlp-29p::GFP, col-12p::DsRed] IV, IG1997 spia-1(fr179); frIs7[nlp-29p::GFP, col-
12p::DsRed] IV; frEx632[pSO23(spia-1p::spia-1::3UTRspia-1; myo-2p::mCherry], IG2093 spia-
1(fr179) X, IG2092 spia-1(fr179) X; dpy-2(e8) II, PHX7920 spia-1(syb7920) X 
IG2175 spia-1(syb7920) X; frIs7[nlp-29p::GFP, col-12p::DsRed] IV, IG2177 dpy-7(e88) spia-
1(syb7920) X; frIs7[nlp-29p::GFP, col-12p::DsRed] IV, IG1689 dpy-7(e88) X; frIs7[nlp-29p::GFP, 
col-12p::DsRed] IV (Dodd et al. 2018), IG2163 dpy-7(e88) X; frEx649[pSO26(spia-
1::sfGFP(int)::3UTR_spia-1), myo-2p::mCherry, rps-0p::HygR], IG1988 frEx631[pSO22(spia-
1p::GFP), myo-2p::mCherry], IG1986 frEx629[pSO22(spia-1p::GFP; ttx-3p::RFP], IG2158 spia-
1(fr179) lpr-3(cs266[mCherry::LPR-3]) X; frEx649[pSO26(spia-1::sfGFP(int)::3UTR_spia-1), myo-
2p::mCherry, rps-0p::HygR], IG1999 frEx633[pSO24(spia-1::GFP::3UTR_spia-1); myo-
2p::mCherry], IG2073 spia-1(fr179); frIs7[nlp-29p::GFP, col-12p::DsRed] IV; 
frEx633[pSO24(spia-1::GFP::3UTR_spia-1); myo-2p::mCherry], myo-2p::mCherry, rps-
0p::HygR], IG2062 frEx644[pSO25(spia-1p::signalP::GFP::spia-1::3UTR_spia-1), myo-
2p::mCherry, rps-0p::HygR], IG2069 spia-1(fr179); frIs7[nlp-29p::GFP, col-12p::DsRed] IV; 
frEx644[pSO25(spia-1p::signalP::GFP::spia-1::3UTR_spia-1), myo-2p::mCherry, rps-0p::HygR], 
IG2108 spia-1(fr179) X; frEx648[pSO26(spia-1::sfGFP(int)::3UTR_spia-1), myo-2p::mCherry, 
rps-0p::HygR], IG2167 spia-1(fr179) X; frEx649[pSO26(spia-1::sfGFP(int)::3UTR_spia-1), myo-



2p::mCherry, rps-0p::HygR], IG2112 spia-1(fr179) X; frIs7[nlp-29p::GFP, col-12p::DsRed] IV; 
Ex648[pSO26(spia-1::sfGFP(int)::3UTR_spia-1), myo-2p::mCherry, rps-0p::HygR], XW18042 
qxSi722[dpy-7p::DPY-7::sfGFP] II (Miao et al. 2020), IG2071 spia-1(fr179) X; qxSi722[dpy-
7p::DPY-7::sfGFP; ttTi5605] II, TP12 kaIs12[COL-19::GFP] (Thein et al. 2003), IG2072 spia-
1(fr179) X; kaIs12[COL-19::GFP], UP3666 lpr-3(cs250[ssSfGFP::LPR-3]) X & UP3808 lpr-
3(cs266[mCherry::LPR-3]) X (Forman-Rubinsky et al. 2017), IG2166 lpr-3(cs266[mCherry::LPR-
3]) X; frEx649[pSO26(spia-1::sfGFP(int)::3UTR_spia-1), myo-2p::mCherry, rps-0p::HygR], 
IG2158 spia-1(fr179) lpr-3(cs266[mCherry::LPR-3]) X; frEx649[pSO26(spia-
1::sfGFP(int)::3UTR_spia-1), myo-2p::mCherry, rps-0p::HygR], BE93 dpy-2(e8) II (Cox et al. 
1980), IG2116 dpy-2(e8) II; lpr-3(cs250[ssSfGFP::LPR-3]) X. 
 
Constructs and transgenic lines  
All constructs were made using SLiCE (Motohashi 2015), all primer sequences used to generated 
specific PCR amplicons are in Table S1. A rescuing construct (pSO23) was generated by cloning 
a PCR amplicon (3319-3320) containing the promoter region of spia-1 (1.23 kb upstream from 
the start ATG) and the entire genomic region into the pGEMT vector (Promega). A 
transcriptional construct (pSO22), was generated by cloning a PCR amplicon (3321-3322) 
containing 1.23 kb upstream of the spia-1 start codon into pPD95.75 (Fire et al. 1990). To create 
translational constructs, GFP was inserted in spia-1 either at the C-ter ends (pSO24: 3326-3327) 
or after N-ter signal peptide (pSO25: 3366-3367, 2093-3365). Internal tag translational 
construct (pSO26) was generated by inserting the sfGFP (kindly provided by A. Golden and H. 
Smith) in SPIA-1 at position 92 flanked with N-tag and C-tag linker used in pMLS288 and 
pMLS287 respectively (Schwartz and Jorgensen 2016) (3392-3393, 3394-3395). 

pSO23 was injected at the concentration of 2 ng/µl and the coinjection marker myo-
2p::mCherry at 2 ng/µl with the plasmid pKS at 100 ng/µl into IG1954 (spia-1(fr179); frIs7) to 
generate IG1997. pSO22 was injected at the concentration of 50 ng/µl with the coinjection 
marker ttx-3p::RFP at 50 ng/µl into N2 to get IG1986 and the coinjection marker myo-
2p::mCherry at 2 ng/µl into N2 to get IG1988. Translational constructs (pSO24, pSO25, or 
pSO26) were injected at the concentration of 2 ng/µl, with the coinjection marker myo-
2p::mCherry at 2 ng/µl and the hygR selection plasmid pZX13 at 50 ng/µl with pKS at 50 ng/µl 
into N2 (pSO24 and pSO25), or IG2093 spia-1(fr179) (pSO26) to get IG1999, IG2062, IG2108 
respectively. 

The strain PHX7920 spia-1(syb7920) generated by CRISPR editing (SunyBiotech), has a 
deletion of 710 bp (bp 79-788) in spia-1 and a modification of bp 78 (C -> T) to create a 
premature stop codon. The sequence from the ATG to the original stop codon is 
ATGAAGCTAGTTGTTGTTTTGGCTTGTCTTGTTGTAGTAGCTGAGGCTTATTCAAAATCTGGAAATCCA
TACAAGACTTAACTTGTGAGGAGATTAACATTTTGGTGGCCTCTTGCTACAAGAACAGAAGCTAA, 
resulting in a truncated SPIA-1 protein of 26 aa. All the transgenic strains carrying spia-1(fr179) 
or spia-1(syb7920) were obtained by conventional crosses and genotypes were confirmed by 
sequencing (see Table S1 for a list of all strains). 
 
Sequence analyses 
The following SPIA-1 paralogues (Wormbase geneID/UniProt ID) SPIA-1/Q19281, 
Y34B4A.10/Q8WSP0, F33D4.6/O44189 (long isoform with the CCD-aECM), DPY-6/Q94185, 
F01G10.9/O17767 and F13B9.2/Q19385, were analysed with BlastP (Altschul et al. 1990), 
WORMBASE (Davis et al. 2022), Panther (Thomas et al. 2022), Pfam (Mistry et al. 2021) and 
AlphaFold2 (Jumper et al. 2021). We built the Pfam family PF23626 (named 'aECM cysteine-



cradle domain') using sequences of SPIA-1 paralogues with domain boundaries defined based 
on the AlphaFold2 prediction models. We iteratively searched for homologues using HMMER 
package and used inclusion threshold of 27 bits. The model of the dimeric SPIA-1 CCD-aECM 
was generated using AlphaFold2 multimer version 2.3.1, using amber relaxation and no 
template.  
 
RNA interference  
RNAi bacterial clones were obtained from the Ahringer library (Kamath et al. 2003) and verified 
by sequencing (see Table S1). RNAi bacteria were seeded on NGM plates supplemented with 
100 g/ml ampicillin and 1 mM Isopropyl-β-D-thiogalactopyranoside (IPTG). Worms were 
transferred onto RNAi plates as L1 larvae and cultured at 25 °C until L4 or young adult stage. In 
all our experiments, we are using sta-1 as our control, as we have shown over the last decade 
that it does not affect the development nor any stress or innate response in the epidermis 
(Dierking et al. 2011; Zugasti et al. 2014, 2016; Lee et al. 2018; Zhang et al. 2020; Taffoni et al. 
2020). 
 
Fluorescent reporter analyses  
Analysis of nlp-29p::GFP expression was quantified with the COPAS Biosort (Union Biometrica; 
Holliston, MA) as described in (Labed et al. 2012). In each case, the results are representative 
of at least three independent experiments with more than 70 worms analysed. The ratio 
between GFP intensity and size (time of flight; TOF) is represented in arbitrary units. 
Representative fluorescent images were taken of transgenic worms mounted on a 2 % agarose 
pad on a glass slide and anesthetized with 1 mM levamisole in 50 mM NaCl, using the Zeiss 
AxioCam HR digital colour camera and AxioVision Rel. 4.6 software (Carl Zeiss AG). 

Other fluorescent images were acquired using a confocal laser scanning microscope 
Zeiss LSM780 and its acquisition software Zen with a Plan-Apochromat 40×/1.4 or 63×/1.40 oil 
DIC M27 objective, or with an inverted Visitron Systems GmbH spinning disk with a Nikon 
40×/1.3 oil objective or Zeiss AxioCam HR digital colour camera and Axio Vision Rel. 4.6 software 
(Carl Zeiss AG). 
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