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Abstract

Collagen-enriched cuticle forms the outermost layer of skin in nematode Caenorhabditis elegans. The nematode’s genome encodes 177
collagens, but little is known about their role in maintaining the structure or barrier function of the cuticle. In this study, we found six perme-
ability determining (PD) collagens. Loss of any of these PD collagens—DPY-2, DPY-3, DPY-7, DPY-8, DPY-9, and DPY-10—led to enhanced
susceptibility of nematodes to paraquat (PQ) and antihelminthic drugs- levamisole and ivermectin. Upon exposure to PQ, PD collagen
mutants accumulated more PQ and incurred more damage and death despite the robust activation of antioxidant machinery. We find that
BLMP-1, a zinc finger transcription factor, maintains the barrier function of the cuticle by regulating the expression of PD collagens. We
show that the permeability barrier maintained by PD collagens acts in parallel to FOXO transcription factor DAF-16 to enhance survival
of insulin-like receptor mutant, daf-2. In all, this study shows that PD collagens regulate cuticle permeability by maintaining the structure of
C. elegans cuticle and thus provide protection against exogenous toxins.
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Introduction
Skin isolates an organism from its environment. The composition

and the structure of skin can vary considerably from being a

multilayered, complex organ in humans to single-layered in

Caenorhabditis elegans. The skin protects the organism from dehy-

dration, from infections and it is thought to act as a physical barrier

against environmental toxins. Although the phylum Nematoda

diverged from vertebrates very early in evolution, C. elegans skin

can also respond to injury by activating wound healing signaling

pathways, to hyperosmotic stress by up-regulating glycerol

synthesis pathway, and to pathogen invasion by triggering produc-

tion of antimicrobial peptides, as also seen in vertebrates suggest-

ing conserved function of the skin (Lamitina et al. 2004; Pujol et al.

2008a, 2008b; Chisholm 2015; Taffoni and Pujol 2015).
Caenorhabditis elegans skin consists of two parts, hypodermis

and cuticle. The hypodermis is a single cell layer that secretes
the cuticle, the outermost layer of the skin (Cox et al. 1981a,
1981b). The cuticle of C. elegans is a flexible structure that helps
in locomotion via attachment to muscle. The cuticle is composed
of cross-linked collagens, glycoproteins, lipids, and additional in-
soluble proteins called cuticulins (Page and Johnstone 2007;
Teuscher et al. 2019). As in vertebrate skin, collagens are the most
abundant protein in the cuticle of nematodes (Johnstone 1994;
Kramer 1994; Chisholm and Hsiao 2012). The cuticle collagens
are similar to fibril-associated collagens with interrupted triple

helices (FACIT) as the characteristic collagen Gly-X-Y repeats are
interrupted by non-collagenous sequences (Johnstone 2000).
There are 177 collagen-encoding genes in C. elegans genome, a
majority of which are expressed, but their individual function in
maintaining permeability to exogenous molecules and toxins is
not well studied (Brenner 1974; Myllyharju and Kivirikko 2004;
Lamitina et al. 2006; Teuscher et al. 2019). Loss- or reduction-of-
function alleles of specific collagen can lead to body phenotypes
described as dumpy (Dpy), roller (Rol), squat (Sqt), and blister (Bli)
(Brenner 1974) suggesting that some collagens are crucial for
maintaining the cuticle morphology (Schultz et al. 2014). Some
collagens appear to have additional functions. Lack of cuticular
collagen DPY-9 and DPY-10 causes induction of NLPs (neuropep-
tide-like proteins) and of glyceraldehyde-3-phosphate dehydroge-
nase (GPDH-1) linked to resistance against skin infection by
coenocytic fungus Drechmeria coniospora and hyperosmotic stress
respectively (Lamitina et al. 2006; Pujol et al. 2008b; Rohlfing et al.
2010; Schultz et al. 2014; Zugasti et al. 2014). These studies suggest
that collagens can regulate stress response in the skin. Recent
reports indicate that collagens can regulate the survival of worms
on Pseudomonas under the control of G-protein-coupled receptor,
neuropeptide receptor-8, or NPR-8 (Sellegounder et al. 2019).

Gene expression studies have suggested the involvement of
several transcription factors in cuticle biogenesis and collagen
expression. Knockdown of transcription factors such as SKN-1,
HSF-1, BLMP-1, ELT-3, and ELT-1 leads to altered expression of
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some collagens. SKN-1, a homolog of human Nuclear respiratory
factor 1 (NRF1), dependent expression of collagens genes such as
col-10, col-13, and col-120 is required for enhanced longevity of
daf-2, C. elegans ortholog of human insulin receptor (Ewald et al.
2015). The longevity and enhanced resistance to different
stresses of daf-2 mutants is also dependent on DAF-16, a FOXO
transcription factor. However, the role of DAF-16 in collagen reg-
ulation remains unclear. Heat shock transcription factor HSF-1
positively regulates expression of col-3, col-19, col-93, col-106, col-
117, col-133, col-139, col-140, and col-181 in response to heat stress
(Brunquell et al. 2016). col-41 expression is controlled by GATA
transcription factors ELT-1 and ELT-3 (Yin et al. 2015). BLMP-1, an
ortholog of human PRDM1 (PR/SET domain 1), regulates expres-
sion of bli-1 collagen positively while it regulates rol-6, col-19, col-8,
and rol-8 negatively (Hyun et al. 2016). TGF-beta signaling posi-
tively regulates expression of col-165, col-89, col-167, col-61, col-118,
col-72, col-182, col-33, col-174, col-51, col-3, col-43, col-44, col-48, col-
176, col-84, col-184, col-113, col-153, col-112, and col-180 while it neg-
atively regulates expression of col-64 (Shaw et al. 2007). SMA-3, an
ortholog of human SMAD1, positively regulate expression of col-
141 and negatively regulates expression of col-41 and rol-6
(Madaan et al. 2018). Despite the evidence that several transcrip-
tion factors regulate collagen expression, identity of permeability
determining (PD) collagens and their transcriptional regulators
remains largely unknown.

While foraging for microbes in rotting vegetation in the soil,
C. elegans can be exposed to a variety of toxins produced by
microbes, and to herbicides present in farmland. The skin
presents one of the largest surface areas to the environment
and likely facilitates diffusion of toxins present in the nemato-
de’s habitat. This necessitates the existence of a permeability
barrier in the cuticle. Although collagens are the most
abundant proteins in the cuticle, role of collagens and their
transcriptional regulators in maintaining the permeability
barrier function of the cuticle, to protect from exogenous tox-
ins, has not been studied.

In this study, we asked if collagens provide protection to
worms by regulating the permeability barrier against exogenous
toxins. We show that 6 cuticular collagens—DPY-2, DPY-3,
DPY-7, DPY-8, DPY-9, and DPY-10—are required for maintaining
cuticle structure and barrier function in C. elegans. Using envi-
ronmental toxin paraquat (PQ) and anti-helminthic drugs le-
vamisole and ivermectin, we show that PD cuticular collagens
are essential for survival on exogenous toxins. We find that the
BLMP-1 transcription factor is required for maintaining cuticle
barrier and for survival on PQ by regulating the expression of PD
collagens. In all, we establish an essential role for specific cutic-
ular collagens in maintaining cuticle structure and permeability
barrier function.

Materials and methods
Strains and reagents
Caenorhabditis elegans strains used in the study were wild-type N2
(Bristol), dpy-4(e1166), dpy-5(e61), dpy-7(e88), dpy-8(e1281), dpy-
9(e12), dpy-10(e128), bus-8(e2698), TP12 (COL-19::GFP), CL2166
(Pgst-4::GFP), and daf-2(e1370). All strains were maintained at
20�C while daf-2(e1370) was maintained at 15�C. Reagents used
for the study are—Paraquat (methyl viologen dichloride hydrate)
(Sigma, Cat No. 856177), N-acetyl-L-cysteine (Sigma, Cat No.
A7250), levamisole (Sigma, Cat No. 1916142), Ivermectin (Sigma,
Cat No. 18898), and Hoechst 33258 (Sigma, Cat No. 94403).

RNAi interference
Systemic RNA interference by feeding was carried out as de-
scribed (Fraser et al. 2000; Kamath et al. 2001). Escherichia coli strain
HT115(DE3) expressing target double-stranded RNA that is ho-
mologous to a target gene was grown at 37�C, overnight, in LB
broth containing carbenicillin (50 g/ml). Bacteria were plated onto
NGM plates containing 50 g/ml carbenicillin and 5 mM isopropyl-
D-thiogalactoside (IPTG) and incubated at 25�C for 12 h before
use. Clones were confirmed by sequencing.

Survival assay
Worms were synchronized by allowing gravid worms to lay eggs
for 4 h at 20�C (15�C for daf-2) on E. coli. To induce oxidative stress,
a synchronized population of 50 young adult worms were ex-
posed to 20 mM (Park et al. 2009) or 2 mM (Keaney et al. 2004) PQ
on NGM plates and scored for survival every 6 h. Where indicated,
plates also contained 5 mM N-acetyl cysteine (NAC) (Oh et al.
2015). For thermal stress, the synchronized population of worms
were exposed to 32�C and scored for survival every 3 h (Beck and
Rankin 1995). In pathogen survival assay, adult animals were ex-
posed to P. aeruginosa PA14 at 25�C and scored for survival every
4 h (Styer et al. 2008).

Paralysis assay
For osmotic stress, the synchronized population of adult animals
were exposed to 500 mM NaCl and scored for paralysis at
10 minutes (Wheeler and Thomas 2006). For levamisole stress,
the synchronized population of adult animals were exposed to
125 mM levamisole and scored for paralysis at 30 minutes (Lewis
et al. 1980). For ivermectin stress, the synchronized population of
adult animals were exposed to 50 mM ivermectin and scored for
paralysis at 8 minutes (Kass et al. 1980). Both the assays were per-
formed at room temperature.

Pharyngeal pumping assay
Worms were synchronized by allowing gravid worms to lay eggs
for 2–3 h at 20�C on E. coli. Young adult worms were exposed to
20 mM PQ or control. Videos were made for both, PQ treated and
control, at 6 h of interval. Videos were analyzed using Adobe
Premiere Pro CC.

Statistical analysis
All survival assays were plotted using the PRISM 5.01 (Kaplan–
Meier method). Survival curves are considered significantly dif-
ferent than the control when P-values are <0.05 for Mantel–Cox
test. Statistics for survival and paralysis are presented in
Supplementary Table S2.

Cuticle permeability assay
Permeability was assessed by Hoechst 33258 staining in whole
animals as described (Moribe et al. 2004). Hoechst 33258 staining
screen with collagen RNAi animals was performed twice indepen-
dently. Briefly, synchronized young adult worms were stained
with 10 lg/ml Hoechst 33258 for 30 minutes at room temperature.
Unbound stain was removed by washing with M9 buffer before vi-
sualization and imaging under the DAPI filter using Zeiss
Apotome. All animals where we could observe at least 15 stained
nuclei in the pharynx were scored as permeable. We scored 15–20
animals per condition per independent experiment.

Quantitative real-time PCR
Synchronized young adult nematodes were untreated or exposed
to 20 mM PQ at 20�C for 6 h and then harvested. The animals
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were harvested by washing the plates with M9 buffer and frozen
in TRizol reagent at �80�C. RNA was extracted using RNeasy Plus
Universal Mini Kit according to the manufacturer’s instruction
(Qiagen). cDNA was prepared using the iScript cDNA synthesis kit
(BIO-RAD). qRT-PCR was conducted using the BIO-RAD TaqMan
One-Step Real-time PCR protocol using SYBR Green fluorescence
(BIO-RAD) on an Applied Biosystems QuantStudio 3 real-time
PCR machine in 96-well plate format. Fifty nanograms of RNA
were used for real-time PCR. About 10-ll reactions were set-up in
two replicates and performed as outlined by the manufacturer
(Applied Biosystems). Relative-fold changes were calculated us-
ing the comparative CT (2�DDCT) method and normalized to actin-
1 (Livak and Schmittgen 2001). Three or more biological replicates
were used for qRT-PCR analysis.

Scanning electron microscopy
SEM samples were prepared as described previously (Shemer
et al. 2004). Briefly, a synchronized population of young adult ani-
mals was fixed with 5% glutaraldehyde and 5% formaldehyde in
0.2 mM HEPES for 18–24 h then incubated with 2% osmium tetra-
oxide for 1–2 h. Animals were sequentially dehydrated with an in-
creasing concentration of ethanol. Animals were mounted on
glass coverslips and coated with gold before imaging. Imaging
was done using a SIRION ultrahigh-resolution microscope.

Liquid chromatography-mass spectrometry
Synchronized animals were harvested and washed in distilled
water. Animals in a packed volume of 500 ml were sonicated for
30 minutes at an amplitude of 60 on ice. The lysate was filtered
using a 0.2 mm filter and the supernatant was analyzed. A 0.1%
Ammonium formate aqueous solution (pH 3) was used as an
aqueous solvent and acetonitrile was used as an organic solvent.
About 15ml of each sample was injected for analysis at a flow
rate of 0.4 ml/minute with a total run time of 31 minutes on
Bruker impact HT system. We used Syncronis C18 column
(150� 4.6 mm with a particle size of 5 mm) connected to quadru-
ple with Time Of Flight (TOF) operated in ESI positive mode at a
capillary voltage of 2510 nA. PQ was detected at UV-232 nm
followed by mass-spectrometry analysis. The resulting data was
analyzed using DataAnalysis 4.2 software from Bruker. PQ was
quantified using an MS intensity peak of, 171.092 (Cheng and
Hercules 2001), the most abundant ion generated under the
above-mentioned conditions. Peak specificity for PQ was

confirmed by MS-MS spectra in all the samples. Pure PQ
(Sigma, Cat No. 856177) was used to obtain the standard curve
for quantification.

Data availability
Supplementary material is available at figshare at https://doi.
org/10.25386/genetics.13466588.

Results
DPY-7, DPY-8, DPY-9, and DPY-10 collagens
maintain cuticle barrier against exogenous
molecules
Aiming to understand the requirement of collagens in the barrier
function of C. elegans cuticle, we used a standard cuticle perme-
ability assay (Moribe et al. 2004). The cuticle serves as a perme-
ability barrier for exogenous molecules such that cell-permeable
nucleic acid dye Hoechst 33258 cannot stain nuclei in the head or
hypodermis of wild-type C. elegans, both lined by a layer of the cu-
ticle (schematic in Figure 1A). We found that wild-type N2 ani-
mals do not show staining of nuclei in the head region (Figure 1C)
or in the hypodermis (data not shown) in Hoechst stain assay.
The loss of glycosyltransferase BUS-8 caused permeability defect
and staining of head nuclei in bus-8(e2698) animals (Figure 1B)
consistent with the previous report (Partridge et al. 2008). To test
whether collagens regulate Hoechst 33258 permeability, we per-
formed a large-scale RNAi screen against 93 collagen-encoding
genes, available in Ahringer RNAi library. As shown in
Supplementary Table S1, the majority of collagens tested under
the condition of RNAi, appeared dispensable for permeability bar-
rier function in Hoechst 33258 permeability assay. However, we
found that 4 cuticular collagens, DPY-7, DPY-8, DPY-9, and DPY-
10, were required to maintain the barrier and showed staining of
head nuclei with Hoechst 33258 upon RNAi (Figure 1, D–G). We
termed them PD collagens. PD collagen mutants-dpy-7(e88), dpy-
8(e1281), dpy-9(e12), and dpy-10(e128)—also had permeability de-
fect (Supplementary Figure S1).

Since all PD collagens also cause Dpy phenotype in C. elegans,
we tested whether dumpy phenotype was responsible for perme-
ability to Hoechst stain. We tested two cuticular collagens with
known Dpy phenotype, DPY-4, and DPY-5, for the permeability
barrier function. dpy-4 and dpy-5 RNAi animals showed dumpy
phenotype like PD collagens (data not shown) but no Hoechst

Figure 1 Four collagens encoded in C. elegans genome maintain cuticle barrier function. (A) Pictorial representation of Hoechst staining in C. elegans.
Hoechst 33258 staining-based permeability assay of (B) bus-8(e2698) and (C) EV, (D) dpy-7, (E) dpy-8, (F) dpy-9, (G) dpy-10, (H) dpy-4, and (I) dpy-5 RNAi
animals. Scale bar, 50 mm. n¼ 3; N� 15.
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permeability defect (Figure 1, H and I). This suggested that Dpy
phenotype is not linked to permeability defect. Taken together,
our analysis uncovered the function of 4 specific collagens as mo-
lecular determinants of cuticle permeability barrier against exog-
enous molecules in C. elegans.

PD collagens maintain the ultrastructure of
C. elegans cuticle
To understand the nature of permeability defect in PD collagen
mutants, we studied structural topography of the cuticle, by con-
focal microscopy and by scanning electron microscopy. For con-
focal microscopy, we studied the spatial localization of COL-19,
adult-specific collagen localized to annuli, and alae in the cuticle
of WT animals (Supplementary Figure S3A) (Thein et al. 2003).
Annuli are thick areas of the cuticle separated by furrows while
alae are longitudinal ridges that join ventral and dorsal cuticle in
C. elegans (Page and Johnstone 2007). In control animals, COL-
19::GFP containing annuli were arranged in a parallel and peri-
odic manner, orthogonal to alae (Supplementary Figure S3A).
Knockdown of dpy-7, dpy-8, dpy-9, and dpy-10 altered COL-19::GFP
expression in the cuticle (Supplementary Figure S3, D–G), also
reported recently for dpy-7 and dpy-10 (Dodd et al. 2018). In PD col-
lagen RNAi animals, COL-19 spatial expression was altered such
that annuli containing COL-19::GFP appeared thicker, irregular,
and non-parallel (Supplementary Figure S3, D–G). This suggested
that PD collagens knockdown either (a) causes incorrect position-
ing of COL-19 per se in the cuticle, or (b) causes cuticular disorga-
nization such that annuli and furrows themselves are not

arranged properly. To distinguish between these two possibilities,
we performed high-resolution scanning electron microscopy at
50,000�magnification. Using SEM, we found that in WT animal’s
cuticle showed a regular and periodic arrangement of annuli sep-
arated by furrows (Figure 2A and Supplementary Figure S2A) as
shown earlier (Cox et al. 1981b). Although dpy-7, dpy-8, and dpy-10
mutants were described as smooth and lacking annular furrows
(McMahon et al. 2003), we could visualize furrow-like indenta-
tions using high-resolution SEM imaging. In PD collagen mutant
animals, we observed discontinuous and non-parallel indenta-
tions (Figure 2, D–G and Supplementary Figure S2, D–F).

It was interesting to note that RNAi of dpy-4 and dpy-5 altered
COL-19::GFP expression near alae region (a feature qualitatively dif-
ferent from dpy-7, dpy-8, and dpy-10 RNAi) but dpy-4 and dpy-5 RNAi
animals showed periodic organization of annuli in regions distal to
alae (Supplementary Figure S3, B and C) as shown earlier (Dodd et
al. 2018). SEM study of dpy-4 and dpy-5 animals showed normal ul-
trastructure of the cuticle (Figure 2, B and C and Supplementary
Figure S2, B and C) similar to control animals. Both dpy-4 and dpy-5
RNAi animals had a periodic arrangement of annuli and furrows,
and they lacked irregular indentations visible in dpy-7, -8, and -10
RNAi animals. This suggested again that Dpy phenotype per se is
not linked to either the barrier function defect of the cuticle or to
ultra-structural defects in the cuticle. Taken together, our analyses
of permeability barrier function and of cuticle ultrastructure in col-
lagen deficient animals indicate that defects in the cuticle originat-
ing from lack or reduced function of PD collagen increase
permeability of C. elegans cuticle to exogenous molecules.

Figure 2 PD collagens maintain the ultra-structure of C. elegans cuticle. Scanning electron micrograph of (A) WT, (B) dpy-4(e1166), (C) dpy-5(e61), (D) dpy-
7(e88), (E) dpy-8(e1281), (F) dpy-9(e12), and (G) dpy-10(e128) animals (50,000�magnification). Annuli, A, furrows, F, anterior, Ant, and posterior, Post., of
the worms are indicated. Scale bar, 1 mm.
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PD collagens protect C. elegans on paraquat,
levamisole, and ivermectin
Skin provides a large surface area for diffusion of a variety of en-
vironmental toxins into the body. We hypothesized that reduced
function of PD collagens can cause rapid infiltration of exogenous
molecules in C. elegans habitat and can lead to reduced survival
of C. elegans against environmental toxins. To test this, we

checked the survival of WT and PD collagens deficient animals
on methyl viologen dichloride hydrate or paraquat, a herbicide
abundantly present in farmland soil. We found that mutations in
either of the four PD collagens—dpy-7(e88), dpy-8(e1281), dpy-
9(e12), and dpy-10(e128)—caused enhanced susceptibility to
20 mM PQ, compared to WT animals (Figure 3, A and B). RNAi for
dpy-7, -8, -9, and -10 could phenocopy the Dpy phenotype (data

Figure 3 PD collagens positively regulate survival of C. elegans on exogenous toxins. Kaplan–Meier survival curves of (A) WT, dpy-7(e88) and dpy-8(e1281)
animals on 20 mM paraquat (PQ), (B) WT, dpy-9(e12) and dpy-10(e128) animals on 20 mM PQ, (C) dpy-9(e12) animals with RNAi of EV, dpy-7, dpy-8 and dpy-
10 on 20 mM PQ, (D) dpy-10(e128) animals with RNAi of EV, dpy-7, dpy-8 and dpy-9 on 20 mM PQ. n¼ 3; N� 50 for panels A–D. (E) qRT-PCR analysis of PD
collagens in WT animals exposed to 20 mM PQ for 8 h. (F) qRT-PCR analysis of collagen processing enzymes in WT animals exposed to 20 mM PQ for 8
and 24 h. (G) Hoechst 33258 staining in WT animals with EV and pdi-2 RNAi. n¼ 2; N� 15. Kaplan–Meier survival curves of WT animals with (H) EV and
pdi-2 RNAi animals on 20 mM PQ. n¼ 3; N� 50. (I) Hoechst 33258 staining in WT animals with EV and bli-4 RNAi. n¼ 2; N¼ 15. Kaplan–Meier survival
curves of WT animals with (J) EV and bli-4 RNAi animals on 20 mM PQ. n¼ 3; N� 40. Percent paralyzed of WT, dpy-4(e1166), dpy-5(e61), dpy-7(e88), dpy-
8(e1281), dpy-9(e12), and dpy-10(e128) animals upon (K) exposure to 125 mM levamisole and, (L) 50 mM Ivermectin (IVM). n¼ 3; N� 40 for panels K and L.
Error bars indicate SEM. n¼ 3; N� 50. *P� 0.05, **P� 0.005, ***P�0.0005, NS—not significant, for Student’s t-test and Mantel–Cox test for survival curves.
P-value for survival curves are indicated next to genotypes. For TD50 values in survival assays, see Supplementary Table S2.
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not shown) as well as caused enhanced PQ susceptibility com-
pared to control (Supplementary Figure S4, A and B). dpy-7(e88),
dpy-8(e1281), dpy-9(e12), and dpy-10(e128) animals were also sus-
ceptible to low dose (2 mM) PQ (Supplementary Figure S4, C and
D) which had a very mild effect on WT animals. To understand
whether PD collagens had a non-redundant or overlapping
function in survival against PQ, we tested the effect of PD
collagen RNAi in PD collagen mutants. RNAi of dpy-7, -8, or -10
did not cause any increase in PQ susceptibility of dpy-9(e12) ani-
mals (Figure 3C). Similarly, RNAi of dpy-7, -8, or -9 did not cause
any increase in PQ susceptibility of dpy-10(e128) animals
(Figure 3D). Consistent with the lack of Hoechst 33258 permeabil-
ity defect in dpy-4 and dpy-5 animals, RNAi of dpy-4 and dpy-5 did
not affect their survival on PQ (Supplementary Figure S4E).
Despite enhanced susceptibility to PQ, dpy-7(e88), dpy-8(e1281),
dpy-9(e12), and dpy-10(e128) animals showed resistance to intesti-
nal infection by P. aeruginosa PA14 (Supplementary Figure S4, F
and G) consistent with reports of their resistance to skin invasion
by pathogenic fungus D. coniospora (Pujol et al. 2008b; Zugasti et al.
2014; Dodd et al. 2018) as well-increased expression of some
lectins and caenacins linked to immune response (Rohlfing et al.
2010). These animals also showed enhanced resistance to
osmotic stress (Supplementary Figure S4J) as reported earlier
(Lamitina et al. 2006; Wheeler and Thomas 2006). We also tested
dpy-9 and dpy-10 mutants (Supplementary Figure S4H) and dpy-7
and dpy-8 RNAi animals (Supplementary Figure S4I) for heat
stress susceptibility and found that these animals had enhanced
resistance to thermal stress at 32�C compared to control. dpy-7
and dpy-8 RNAi animals also exhibited enhanced resistance to os-
motic stress (Supplementary Figure S4I). In all, the study of sur-
vival under different stresses indicated that PD collagens
negatively regulate C. elegans response to heat stress and osmotic
stress, but they are essential for survival against exogenous para-
quat.

We asked if PQ causes damage to the cuticle. To test this, we
checked permeability of cuticle in WT animals upon exposure
to PQ. We found an increase in the cuticle permeability upon ex-
posure to PQ for as early as 12 h (Supplementary Figure S5). If col-
lagens are essential for survival on PQ, PD collagen transcription
might be elevated during PQ exposure to repair the damage
caused by PQ. Therefore, we examined the levels of transcripts of
PD collagens in WT animals upon PQ exposure and found that
transcripts were upregulated 2.5- to 15-fold, compared to
untreated animals (Figure 3E). Collagen processing enzymes are
required for proper folding, processing, and secretion of collagens
(schematic in Supplementary Figure S4K). PDI-2, an endoplasmic
reticulum protein disulfide isomerase, is essential for oxidative
folding of protocollagen strands (Winter et al. 2007), BLI-4 is a ser-
ine endoprotease which is required for N-terminal processing
(Winter et al. 2007), and DPY-31 is a metalloprotease required for
C-terminal processing of collagens (Stepek et al. 2010). We found
that transcripts for pdi-2, bli-4, and dpy-31 were significantly upre-
gulated at 24 h of PQ exposure while the transcript for dpy-31 was
upregulated even at 8 h of PQ exposure (Figure 3F) compared to
untreated control. In addition, RNAi of pdi-2 and bli-4 increased
permeability of WT animals to Hoechst 33258 stain (Figure 3, G–I)
and led to enhanced susceptibility to PQ-induced death (Figure 3,
H–J). We also tested dpy-31 RNAi but we did not see neither Dpy
phenotype (reported by Novelli et al. 2004) nor enhanced perme-
ability (data not shown). Altogether, these data suggest that col-
lagen processing enzymes support the survival of C. elegans
against PQ likely by promoting proper folding, processing, and se-
cretion of collagens.

To test if PD collagens provide broad protection from exoge-
nous toxins, we tested toxins which do not cause oxidative stress.
We tested the effect of two anthelminthic drugs—levamisole and
ivermectin—on C. elegans. Both drugs act at the neuromuscular
junction and cause paralysis in worms (Kass et al. 1980; Lewis
et al. 1980; Atchison et al. 1992; Fay, 2005–2018). We found that all
four PD collagen mutants had severe susceptibility to drug-
induced paralysis within minutes of exposure, compared to WT
control (Figure 3, K and L). We also tested dpy-4(e1166) and dpy-
5(e61) for paralysis on levamisole and ivermectin. dpy-5(e61) ani-
mals showed paralysis comparable to WT animals on both le-
vamisole and ivermectin (Figure 3, K and L). Interestingly, dpy-
4(e1166) animals showed faster paralysis on levamisole but not
on ivermectin exposure (Figure 3, K and L). This suggested that
collagen requirement in permeability barrier maintenance varies
with structure and size of the molecule. Taken together, these
results show that permeability barrier maintenance by PD
collagens is necessary for the protection of C. elegans against
exogenous toxins.

DPY-7, DPY-8, DPY-9, and DPY-10 belong to the group of colla-
gens which causes furrow defect. Two other collagens, DPY-2 and
DPY-3 are also shown to cause furrow defect similar to PD colla-
gens (Dodd et al. 2018). We tested if these collagens are also re-
quired for maintaining cuticle barrier function. We found that
dpy-2 and dpy-3 RNAi increased cuticle permeability to Hoechst
stain (Supplementary Figure S6A) and enhanced susceptibility to
PQ, levamisole, and ivermectin (Supplementary Figure S6, B–D).
This suggests that collagens required to lay down the furrows are
important for permeability barrier function of the cuticle and
survival against exogenous toxins.

dpy-9 and dpy-10 animals incur accelerated tissue
damage and increased influx of toxin during
paraquat exposure
Enhanced susceptibility of PD collagen deficient animals to PQ-
induced death prompted us to hypothesize that these animals in-
cur greater damage during PQ exposure. PQ-induced damage is
due to ROS production (Gage 1968; Bus et al. 1976; Bus and Gibson
1984). ROS damage can be countered by boosting cellular gluta-
thione production via N-acetylcysteine (NAC) supplementation
(Thor et al. 1979; Oh et al. 2015) as seen in WT animals (Figure 4, A
and B). However, supplementation of NAC did not enhance the
survival of dpy-9(e12) (Figure 4A) or of dpy-10(e128) (Figure 4B)
animals against PQ stress. This data suggested that antioxidants
insufficiency was not responsible for the susceptibility of dpy-9
and dpy-10 animals. It raised the possibility that dpy-9 and dpy-10
animals may incur tissue damage in such an accelerated manner
that the damage could not be contained by NAC supplementa-
tion. If this was true, organ function should decline faster in Dpy
animals. We tested this by assaying the muscular function of the
pharyngeal grinder during exposure to PQ. We found that the
pharyngeal pumping rate declined dramatically (by 95%) in dpy-9
and dpy-10 mutants upon 12-h exposure to PQ compared to only
25% decline in WT animals (Figure 4C) indicating rapid loss of
tissue function in PD collagen animals.

Accelerated tissue damage could happen due to the rapid in-
flux of PQ. To test this possibility, we quantified the accumula-
tion of PQ in whole worm lysate, by liquid chromatography
followed by mass spectrometry (LC-MS/MS). Upon 12-h exposure
to PQ, both dpy-9 and dpy-10 RNAi animals had significantly
higher PQ per animal than EV animals (Figure 4, D and E) indicat-
ing that the influx of paraquat was indeed much higher in Dpy
animals than in WT. Increased accumulation of PQ in Dpy
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animals is consistent with increased permeability in PD collagen
animals. Taken together, the data suggested that enhanced sus-
ceptibility of dpy-9 and dpy-10 animals to PQ is due to
increased toxin accumulation and accelerated tissue damage.

dpy-9 and dpy-10 mutants show robust oxidative
stress response upon PQ exposure
Free radicals generated during oxidative stress can damage pro-
teins, lipids, and other biomolecules. Antioxidants play a crucial
role in the defense against oxidative damage via the production
of glutathione S-transferases (GSTs), glutathione peroxidase
(GPXs), superoxide dismutases (SODs), and catalases (CTLs) in re-
sponse to oxidative stress (Birben et al. 2012). We tested if the en-
hanced susceptibility of PD collagen deficient animals toward PQ
resulted from an altered transcription of genes for antioxidants
in the mutants. We examined the transcript level of 19 genes
from 4 families of antioxidants reported to be up-regulated under
oxidative stress (Park et al. 2009). Of the 19 transcripts examined,
eleven were induced in WT animals as well as in dpy-9(e12) and
dpy-10(e128) animals upon exposure to PQ (Table 1). dpy-9(e12)
and dpy-10(e128) animals showed induction of 7 additional anti-
oxidant genes beyond the inducibility observed in WT animals
(Figure 5A and Table 1). Transcripts for gst-4, gst-12, and gst-30
were induced many folds by PQ in all genetic backgrounds
(Table 1). For confirmation, we also utilized a gst-4p::GFP reporter
strain. We found that Pgst-4::GFP was induced equally well in EV
control and dpy-10 RNAi animals upon exposure to PQ for 6 h
(Figure 5B, also see Table 1) or in dpy-9 RNAi animals upon
paraquat exposure (Supplementary Figure S7). Interestingly, dpy-
9(e12) and dpy-10(e128) animals also showed high basal level of
many antioxidants (Supplementary Figure S8, A–D). Altogether,

the data showed that antioxidants machinery is intact and func-
tional in dpy-9 and dpy-10 mutants, suggesting that permeability
defects of PD collagen deficient animals contribute to their
enhanced susceptibility to PQ.

Transcription factor BLMP-1 maintains the
permeability barrier of C. elegans cuticle and PD
collagen expression
In C. elegans, cuticular collagen expression is controlled exqui-
sitely to allow molting during larval development as well as dur-
ing dauer formation. However, the identity of the transcription
factor(s) involved in permeability barrier maintenance is not
known. In ChIP-seq study by Niu et al. (2011), the BLMP-1 tran-
scription factor had peaks in PD collagen genes although another
study by Hyun et al. (2016) suggested BLMP-1 could be a negative
regulator of certain collagens not including PD collagens. We first
tested if BLMP-1 is required for maintaining permeability. RNAi of
blmp-1 caused permeability barrier defect and staining of nuclei
by Hoechst 33258 (Figure 6, A and B). Consistent with the perme-
ability defect, blmp-1 RNAi animals also showed enhanced
susceptibility to PQ (Figure 6C). To test if BLMP-1 regulates
permeability via its regulation of transcription of collagens, we
first examined the effect of blmp-1 RNAi on COL-19::GFP expres-
sion. COL-19::GFP expression was diminished in blmp-1 RNAi
animals (Supplementary Figure S9, A–C). We also examined level
of transcripts for PD collagens in blmp-1 RNAi animals by qRT
PCR (Figure 6D). We found that expression of PD collagens along
with dpy-4 and dpy-5 was reduced in blmp-1 RNAi animals. We
found that expression of dpy-2 and dpy-3 was also significantly
reduced in blmp-1 RNAi animals (Supplementary Figure S6E). We
also observed reduction in expression level of collagens

Figure 4 PD collagen mutants show enhanced accumulation of PQ and increased damage during PQ exposure. Kaplan–Meier survival curves of (A) EV
and dpy-9 RNAi animals treated with or without 5 mM NAC, on 20 mM PQ, (B) of EV and dpy-10 RNAi animals treated with or without 5 mM NAC, on
20 mM PQ. n¼3; N� 50 for panels A and B. (C) Pharyngeal pumping rate in WT, dpy-9 (e12), and dpy-10 (e128) animals upon exposure to 20 mM PQ for 0,
6, and 12 h. n¼ 3; N� 10. (D) LC-MS/MS analysis of PQ accumulation in EV, dpy-9, and dpy-10 RNAi animals upon exposure to 20 mM PQ for 12 h. (E)
Quantification of PQ accumulation per animal. Error bars indicate SEM. *, P� 0.05; **, P� 0.005; ***, P� 0.0005; NS—not significant, P� 0.05, significance
based on Student’s t-test and Mantel–Cox test for survival curves. P-value for survival curves are indicated next to genotypes. For TD50 values in survival
assays, see Supplementary Table S2.
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processing enzyme pdi-2 upon blmp-1 RNAi. dpy-31 and bli-4 ex-
pression remained unaltered in blmp-1 RNAi animals. Altogether,
these experiments show that BLMP-1 positively regulates PD col-
lagens expression, permeability barrier maintenance, and protec-
tion of worms from PQ.

Intact permeability barrier, as well as antioxidant
responses, is essential for the survival of
C. elegans on paraquat
Several genetic pathways including those regulated by SKN-1,
DAF-16, ELT-3, SMK-1 have been shown to regulate C. elegans oxi-
dative stress response (An and Blackwell 2003; Wolff et al. 2006;
Rodriguez et al. 2013; Hu et al. 2017; Wu et al. 2017). daf-2 encodes
an insulin-like growth factor receptor and loss of daf-2 function
provides enhanced resistance to oxidative stress due to higher
basal levels of anti-oxidant enzymes (Honda and Honda 1999;
Tullet et al. 2008) and resistance to thermal stress, attributed to

elevated levels of heat shock proteins (Lithgow et al. 1995; Hsu
et al. 2003). If increased PQ accumulation and ensuing damage
were a major contributor to death as our data suggests, disrupt-
ing the permeability barrier in daf-2(e1370) should make them
susceptible to PQ despite enhanced antioxidant defenses of the
mutant animals. RNAi of dpy-7, dpy-8, and dpy-10 was effective in
daf-2(e1370) animals and caused significant Dpy phenotype
(Supplementary Figure S10, A–D). Also, RNAi of dpy-7, dpy-8, and
dpy-10 significantly increased the cuticle permeability of daf-2(e1370)
animals to Hoechst 33258 stain (Figure 7, A–D). Importantly, RNAi of
PD collagens in daf-2(e1370) animals suppressed enhanced PQ resis-
tance (Figure 7, E–G) but further enhanced the thermal resistance
(Supplementary Figure S10, E–G) indicating that thermal stress re-
sistance and PQ resistance responses are not linked. In all, the data
suggested that intact permeability barrier of the cuticle is essential
for survival of daf-2 animals on exogenous toxin paraquat but not
for thermal stress resistance.

Table 1 Antioxidant genes expression in WT, dpy-9(e12), and dpy-10(e128) animals upon 20 mM PQ exposure

Genes WT PQ/ctrl dpy-9(e12) PQ/ctrl dpy-10(e128) PQ/ctrl

Fold change
(Meana6 SEM)

P-value Fold change
(Meana6 SEM)

P-value Fold change
(Meana6 SEM)

P-value

sod-1 1.7 6 0.2 * 3.2 6 0.5 * 3.5 6 0.7 *

sod-2 1.3 6 0.1 * 0.5 6 0.8 NS 1.3 6 0.2 NS
sod-3 0.1 6 0.9 NS 1.9 6 0.3 NS 3.3 6 0.5 *

sod-4 1.6 6 0.1 ** 4.7 6 0.3 *** 3.7 6 0.4 **

sod-5 1.6 6 0.3 NS 2.7 6 0.5 * 15.8 6 4.4 *

gcs-1 1.6 6 0.1 ** 5.1 6 0.5 ** 3.5 6 0.4 **

gst-4 5.9 6 0.7 *** 18.4 6 2.9 ** 5.5 6 0.4 **

gst-12 5.1 6 1.2 * 31.7 6 2.6 *** 7.3 6 1.6 **

gst-30 16.9 6 1.6 ** 130.9 6 11.7 *** 61.8 6 12.0 ***

ctl-1 2.6 6 0.2 *** 2.7 6 0.2 *** 2.3 6 0.4 ***

ctl-2 2.3 6 00 *** 2.4 6 0.0 *** 2.8 6 0.1 ***

gpx-1 0.6 6 1.2 NS 2.9 6 0.1 *** 1.7 6 0.1 **

gpx-2 1.9 6 0.2 * 2.5 6 0.4 * 2.4 6 0.1 ***

gpx-3 �0.5 6 0.8 NS �1.8 6 0.1 *** 0.6 6 1 NS
gpx-4 0.3 6 0.7 NS 1.6 6 0.1 *** 1.4 6 0.1 NS
gpx-5 �1.9 6 1.9 NS �1.1 6 0.0 *** 3.0 6 0.3 **

gpx-6 1.8 6 0.2 * 4.8 6 0.9 * 2.4 6 0.2 **

gpx-7 1.9 6 0.3 * 2.2 6 0.3 * 1.9 6 0.2 *

gpx-8 1.9 6 0.4 NS 1.6 6 0.1 * 1.6 6 0.1 *

NS, not significant, Student’s t-test.
a Fold change.
* P�0.05,
** P� 0.005,
*** P� 0.0005.

Figure 5 dpy-9 and dpy-10 mutants display robust oxidative stress response. (A) Comparison of inducibility of detoxification genes in WT, dpy-9 (e12), and
dpy-10 (e128) animals upon exposure to 20 mM PQ compared to untreated animals for 6 animals upon exposure to e SEM. Significance is provided for
comparisons between inducibility observed in mutants over WT. (B) gst-4p::GFP induction in EV and dpy-10 RNAi animals upon exposure to 20 mM PQ
for 6 h. Arrow heads indicate pharynx and intestine junction. In addition, see Table 1 for inducibility of genes due to PQ exposure. *, P� 0.05; **, P� 0.005;
***, P� 0.0005; NS—not significant, significance based on Student’s t-test.
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Enhanced oxidative stress resistance of daf-2 animals is de-
pendent on the forkhead box O transcription factor, DAF-16
(Honda and Honda 1999). We asked if DAF-16 was required for
maintenance of the cuticle barrier function, for induction of the
antioxidant defenses, or both. We examined the cuticle structure
of daf-2(e1370) animals and found it to be similar to WT animals
(Figure 7H). dpy-10 RNAi caused ultra-structural defects in daf-
2(e1370) animals (Figure 7I), but RNAi inhibition of daf-16 did not
alter the ultrastructure of cuticle in either WT animals
(Figure 7K) or in daf-2(e1370) animals (Figure 7J). daf-16 RNAi ani-
mals showed parallel, equidistant furrows in WT as well as daf-
2(e1370) animals comparable to respective EV controls. daf-16
RNAi suppressed the enhanced oxidative stress resistance of daf-
2(e1370) animals on PQ (Figure 7L) as shown earlier (Honda and
Honda 1999), but did not affect Hoechst 33258 permeability in
daf-2(e1370) or WT animals (Figure 7, N and O). Interestingly,
while daf-16 RNAi suppressed the enhanced thermal stress resis-
tance of daf-2(e1370) animals, dpy-10 RNAi further enhanced the
survival of daf-2(e1370) animals against thermal stress
(Figure 7M). Based on these results, we inferred that DAF-16 pro-
moted survival on PQ by regulating antioxidant responses, while
DPY-10 regulated protection by maintaining the barrier function
of the cuticle and by preventing damage. To further confirm this,
we analyzed transcript levels of antioxidant genes upon RNAi of
daf-16 and dpy-10 in daf-2(e1370) animals. At the basal level, the
expression of antioxidants in daf-2(e1370) was dependent on
DAF-16 but not on DPY-10 (Figure 7P). Four of the six genes tested
were inducible by PQ exposure in daf-2 animals (Figure 7Q). We
found that PQ mediated inducibility of antioxidant genes in daf-
2(e1370) animals was dependent on DAF-16 but not on DPY-10
compared to EV animals (Figure 7R). In fact, transcripts for four

of the 6 antioxidants tested were further induced due to dpy-10
RNAi while sod-3 was not. Altogether, analyses of the ultrastruc-
ture of the cuticle, of survival, and of stress response signatures
in daf-2 animals indicated that survival on PQ requires both an in-
tact permeability barrier and DAF-16 dependent antioxidant ma-
chinery.

We propose a model (Figure 7S) to describe the essential
function of PD collagens—DPY-2, DPY-3, DPY-7, DPY-8, DPY-9,
and DPY-10—in maintaining cuticle ultrastructure and perme-
ability barrier in C. elegans. These collagens allow C. elegans cuticle
to keep exogenous toxins out, thereby preventing rapid damage
and death. Transcription factor BLMP-1 regulates expression of
collagens and helps maintain the permeability barrier.

Discussion
Skin serves as an interface as well as a barrier between an organ-
ism and its environment. In this study, we demonstrate that skin
indeed protects C. elegans from exogenous toxins and six PD colla-
gens play a protective role, by maintaining the barrier function of
the cuticle. We show that loss of DPY-7, DPY-8, DPY-9, and DPY-
10—causes ultrastructural defects. Compromised cuticle perme-
ability is associated with increased accumulation of paraquat,
greater tissue damage, and accelerated death. Concomitantly, PD
collagens, as well as collagen processing enzymes, are upregu-
lated in response to PQ, likely to maintain cuticle integrity. We
also show that BLMP-1 transcription factor positively regulates
survival on the paraquat and permeability barrier function of the
cuticle. Importantly, BLMP-1 regulates the expression of PD colla-
gens. Defect in anyone of the 6 collagens or blmp-1 causes en-
hanced susceptibility to exogenous molecules such as levamisole

Figure 6 Transcription factor BLMP-1 regulates cuticle permeability and survival of worms on PQ. Hoechst 33258 permeability assay in (A) EV and (B)
blmp-1 RNAi in WT animals. Scale bar, 50 mm. n¼ 3; N� 15. Kaplan–Meier survival curves of (C) EV control and blmp-1 RNAi animals against 20 mM PQ.
n¼ 3; N� 50. qRT-PCR analysis of transcripts for collagens and collagen processing enzymes upon (D) blmp-1 RNAi in WT animals compared to EV
control. Error bars indicate SEM. *, P� 0.05; **, P� 0.005; ***, P� 0.0005; NS—not significant, P� 0.05, significance based on Student’s t-test and Mantel–
Cox test for survival curves. P-value for survival curves are indicated next to genotypes. For TD50 values in survival assays, see Supplementary Table S2.

A. Sandhu et al. | 9

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/217/3/iyaa047/6123747 by guest on 08 M

arch 2024



Figure 7 DPY-10 does not affect DAF-16 dependent antioxidants expression in daf-2 mutant. Hoechst 33258 staining-based permeability assay in (A) EV,
(B) dpy-7, (C) dpy-8 and (D) dpy-10 RNAi in daf-2 (e1370) animals. Scale bar, 50 mm. n¼ 3; N� 15. Kaplan–Meier survival curves of (E) EV and dpy-7 RNAi, (F)
EV and dpy-8 RNAi, (G) EV and dpy-10 RNAi treated WT and daf-2 (e1370) animals against 20 mM PQ. n¼ 3; N� 50 for panels E–G. Scanning electron
micrographs of (H) EV, (I) dpy-10 and (J) daf-16 RNAi in daf-2 (e1370) animals and, (K) daf-16 RNAi in WT animals at 50,000�magnification. Kaplan–Meier
survival curves of EV, dpy-10 and daf-16 RNAi in daf-2 (e1370) animals and, EV RNAi in WT animals against (L) 20 mM paraquat and (M) heat stress at
32�C. n¼ 3; N�50 for panels L and M. Hoechst 33258 stained nuclei in (N) daf-16 RNAi in daf-2 (e1370) animals and (O) daf-16 RNAi in WT animals. Scale
bar, 50 mm. n¼ 3; N�15 for panels N and O. qRT-PCR analysis of detoxification genes gpx-6, gst-10, sod-3, ctl-2, ctl-3, and mtl-1 at (P) basal level in EV, dpy-
10, and daf-16 RNAi in daf-2 (e1370) animals and (Q) upon 20 mM PQ exposure in daf-2 animals. (R) Inducibility of detoxification genes in daf-2 (e1370)
animals with EV, dpy-10, and daf-16 RNAi, exposed to PQ for 6 h over untreated controls. Error bars indicate SEM. *, P� 0.05; **, P� 0.005; ***, P� 0.0005;
NS—not significant, P� 0.05, significance based on Student’s t-test and Mantel–Cox test for survival curves. P-value for survival curves are indicated
next to genotypes. Stars in gray color repesent comparision with daf-2; EV. For TD50 values in survival assays, see Supplementary Table S2. (S) Proposed
model for enhanced susceptibility of PD collagen defective animals to exogenous toxins.
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and ivermectin. Altogether, this study shows that cuticle barrier
maintenance by specific collagens is critical for protection
against environmental toxins.

Caenorhabditis elegans genome contains 177 collagen-encoding
genes, a majority of these are expressed at some point during de-
velopment (Cox et al. 1984; Cox and Hirsh 1985; Myllyharju and
Kivirikko 2004). Although the exact function for the majority of
collagens is not known, some redundancy in function is likely.
Interestingly, loss of 19 collagen-encoding genes is known to
cause phenotypic changes in the body morphology such as roller,
dumpy, or blister (Brenner 1974; Cox et al. 1980; Kusch and Edgar
1986; Park and Horvitz 1986). This suggests that despite high
apparent redundancy some collagens might be unique in their
function. Surprisingly, only 6 out of 93 of the tested collagens
caused a cuticle barrier function defect. It is possible that we
have missed out on one or more PD collagen due to incomplete
inhibition in feeding RNAi, the approach we took in our initial
screen. Another interesting point to note is that PD collagens are
expressed at a lower level than other collagens suggesting that
they may not be just the major structural collagen. It is also
possible that maintenance of body structure is independent of
the barrier function of collagens.

Spatial localization of collagens in the cuticle might determine
their role in the structure or function of the cuticle. dpy-4 and
dpy-5 mutants had regular furrows but altered localization of
COL-19 proximal to alae, suggesting that DPY-4 and DPY-5 may
have function unrelated to furrow formation. Loss of PD colla-
gens, on the other hand, had disrupted furrow organization all
over the cuticle. This raises the possibility that PD collagens regu-
late furrow formation/organization in the cuticle such that their
loss leads to improper annuli formation and larger areas under
the furrows. Immunolocalization of DPY-7 and DPY-10 in the fur-
rows of wild-type animals (McMahon et al. 2003) provides support
for this. Mutations in dpy-8 or dpy-10 lead to disruption in the
localization of DPY-7 in the furrows suggesting that DPY-8 and
DPY-10 may interact with DPY-7 and might be part of furrows
themselves. Our SEM study, combined with COL-19::GFP analysis,
indicates disruption of furrow organization in dpy-7, dpy-8, dpy-9,
and dpy-10 animals pointing to their role in the regular and peri-
odic organization of furrows. The presence of numerous irregular
indentations in the cuticle of 4 PD collagen mutants tested in our
study indicates a link between increase in permeability and sus-
ceptibility to paraquat and anthelminthic molecules.

Scanning electron microscopy in the ultrahigh-resolution
mode allowed us to visualize various features of the cuticle in
adult nematodes. The spatial arrangement of furrows was lost in
dpy-7, dpy-8, dpy-9, and dpy-10 RNAi, instead we found indenta-
tions somewhat comparable to atomic force microscopy data of
few collagen mutants studied earlier (Essmann et al. 2017). We
found that SEM was also useful in visualizing features of cuticle
not accessible by confocal microscopy. For example, alae were
reported to be absent in dpy-5 RNAi animals (Dodd et al. 2018)
assayed by COL-19::GFP expression. We also could not observe
alae using COL-19::GFP reporter, but we could easily visualize
alae in dpy-4 as well as dpy-5 RNAi animals by SEM
(Supplementary Figure S3, H and I). Going forward, high-
resolution SEM and AFM approach could be utilized to study
structural changes in C. elegans cuticle during development, ag-
ing, and injury.

Permeability defect could arise from a deficiency in collagens
or processing enzymes expression (this study, Schultz et al. 2014)
or from defect in glycosylation as in bus mutants (Partridge et al.
2008) or Acyl-CoA Synthetase mutation (Kage-Nakadai et al.

2010). TGF-beta signaling pathway and transcription factors such
as HSF-1, ELT-1, ELT-3, and SKN-1 have been shown to influence
the expression of collagens (Fernando et al. 2011; Ewald et al.
2015; Yin et al. 2015; Brunquell et al. 2016; Madaan et al. 2018).
TGF-beta pathway has been studied extensively in the context of
body size regulation and collagen expression regulation (Wang
et al. 2002; Fernando et al. 2011; Yin et al. 2015; Savage-Dunn and
Padgett 2017; Madaan et al. 2018). We assessed transcription fac-
tors—SKN-1, HSF-1, ELT-3, and SMA-9 for permeability defect in
Hoechst 33258 staining assay. However, we did not find perme-
ability defects in animals with RNAi of any of these transcription
factors (data not shown) suggesting that these do not regulate PD
collagen expression. BLMP-1, PRDM-1 homolog, has been shown
to play an important role in development and stress in C. elegans
(Niu et al. 2011; Hyun et al. 2016) including negative regulation of
certain collagens, however, its role in the upregulation of cuticle
components was not explored. In this study, we showed that
BLMP-1 positively regulates the expression of PD collagens and
pdi-2 collagen processing enzyme. Although our analysis was
done in the L3 larval stage, regulation of PD collagen in our study
is consistent with BLMP-1 peaks in dpy-7, -8, -9, and -10 in L1 larva
stage in the CHIPseq dataset (Niu et al. 2011). Also, consistent
with absence of BLMP-1 binding peaks in dpy-31 and bli-4 pro-
moter, blmp-1 RNAi did not affect expression of dpy-31 and bli-4.
We found that blmp-1 RNAi did not affect fat-1 or dgat-2, enzymes
involved in lipid metabolism, expression suggesting specificity in
BLMP-1 regulation of collagens. This would also suggest that
C. elegans utilizes a set of transcription factors for expression of
different collagens and processing enzymes, perhaps in a
context-specific (development, stress, infection, etc.) manner.
PD collagens themselves show context-dependent effects on
C. elegans stress response. Knockdown of PD collagens improved
survival of C. elegans against osmotic stress, thermal stress, and
P. aeruginosa infection while it caused susceptibility to PQ and
antihelminthic drugs.

An interesting question to ask is whether the permeability is
dependent on porosity alone or chemical properties of the exoge-
nous molecules also. To understand this, we utilized molecules
varying in size from 240 Da to 875 Da as well as their solubility in
water. Hoechst stain 33258 is a water soluble (42.5 mg/ml) Bis-
benzimides with molecular weight of 533 Da. Ivermectin is
macrocyclic lactone with a molecular weight of 875 Da and poor
solubility in water (4 mg/ml). Paraquat dichloride is a water
soluble (700 mg/ml) organic chloride salt of 4,40-bipyridine with a
molecular weight of 257 Da. Levamisole (Tetramisole hydrochlo-
ride) belongs to imidazothiazoles group of organic polycyclic
compounds. It has a molecular weight of 240 Da and water solu-
bility of 210 mg/ml. Thus, levamisole has molecular size smaller
than Hoechst stain, ivermectin, and PQ. Dodd et al. (2018)
reported that dpy-5 animals are sensitive to juglone stress.
Juglone is a naphthoquinone with a molecular mass of 174 Da
and poor solubility in water (0.052 mg/ml). Faster paralysis of dpy-
4 mutants on levamisole and decreased survival of dpy-5 on
juglone suggests that these mutants have smaller pores allowing
molecules less than 240 Da to get in but keep larger molecules
such as Hoechst 33258 and ivermectin out. Thus, cuticle perme-
ability for different chemicals might depend on the size and per-
haps also on water solubility and other properties of the
compound.

In mammalian skin, stratum corneum (SC) of the skin act as
an impermeable barrier against exogenous toxins. Thin skin in
the dorsum of the hand is more permeable than the palm
(Sandby-Møller et al. 2003; Oltulu et al. 2018) suggesting
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differential permeability of human skin. Skin barrier defects have
been associated with a number of human diseases such as
Gaucher’s disease, atopic dermatitis, and psoriasis (Yoshiike et al.
1993; Holleran et al. 1994; Proksch et al. 2008; Cork et al. 2009; Sano
2015), and often associated with inflammation (Roberson and
Bowcock 2010; Boguniewicz and Leung 2011). Caenorhabditis ele-
gans can serve as a model organism to study skin’s response to
the infiltration of exogenous toxins such as commonly used her-
bicides and pesticides. Mutants of PD collagens and transcription
factors can further be used to study wound healing in the skin,
keloid formation, and fibrosis.
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