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Summary

Physical contact is prevalent in the animal kingdom to recognize suitable mates by decoding 

information about sex, species, and maturity. Although chemical cues for mate recognition have 

been extensively studied, the role of mechanical cues remains elusive. Here we show that C. 
elegans males recognize conspecific and reproductive mates through short-range cues, and the 

attractiveness of potential mates depends on the sex and developmental stages of the hypodermis. 

We find that a particular group of cuticular collagens is required for mate attractiveness. These 

collagens maintain body stiffness to sustain mate attractiveness but do not affect the surface 

properties that evokes the initial step of mate recognition, suggesting that males utilize multiple 

sensory mechanisms to recognize suitable mates. Manipulations of body stiffness via physical 

interventions, chemical treatments, and 3D-printed bionic worms indicate that body stiffness is a 
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mechanical property for mate recognition and increases mating efficiency. Our study thus extends 

the repertoire of sensory cues of mate recognition in C. elegans and provides a paradigm to study 

the important role of mechanosensory cues in social behaviors.

GRAPHICAL ABSTRACT:
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Introduction

Mating is a social behavior conserved among metazoans that transfers genetic variation 

for phenotypic diversity within conspecific individuals. To maximize reproductive success 

and reduce the cost of energy for inappropriate mating, animals evolve different strategies 

to recognize conspecific and reproductive mates. Recognition of suitable mates requires 

accessing information from individuals through a broad array of sensory modalities 1–4. 

Animals then integrate sensory information to decode the chemical and physical properties 

of mates through complex neural networks and respond appropriately according to their 

location, species, sex, maturity, and even physiological conditions 3,5–7. Thus, identifying a 

complete set of sensory cues used in mate recognition is crucial to understanding the neural 

computation underlying social behaviors.

Studies of sensory cues for mate recognition mostly centered on chemical-based 

communication 1,7,8, in which animals leave chemical marks in the environment or on 
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their bodies that instruct suitable mates. However, in the wild, the mixture of chemical 

cues from different species or sex may disturb the transmission and interpretation of the 

chemical signal, which likely leads to lower efficiency. Furthermore, chemical cues can be 

mimicked by predators, as with carnivorous fungi that secrete pheromone-like chemicals 

to attract their C. elegans prey 9. As a result, physical traits, such as colors, sounds, and 

body size, are used to enhance the specificity of mate recognition in many species 10–12. For 

instance, pigmentation of eyes and body are visual cues for mate selections and courtship 

behaviors in Drosophila 13,14. Males also use their forelegs to physically contact females 

to access cuticular pheromones for species and sex recognition 15–17. After contacting 

females, males display “love songs” by extending and vibrating a wing and finish copulation 

upon reception by females. Interestingly, cuticular extracts are insufficient to evoke mate 

recognition, suggesting the involvement of unidentified sensory cues to initiate courtship 

behaviors 17. These findings highlight that integrating multiple sensory cues is pivotal for the 

precision of mate recognition.

C. elegans is hermaphroditic nematode with two sexes, males and self-reproductive 

hermaphrodites. Hermaphrodites secrete pheromones as long-range cues in the environment 

to attract males remotely 2,6,18, and males move toward the source of pheromones 

sensed by olfactory and pheromone-sensing neurons 19. In addition to pheromonal 

cues, physical contact provides short-range signals for mate recognition in C. elegans 
20,21. After contacting hermaphrodites, males restrict the locomotion area independent of 

pheromones, presumably increasing the chance of mating 20. Moreover, physical contact 

with hermaphrodites is essential for the sexual conditioning of males that reverses the 

learned aversive behaviors associated with starvation 20–22. Although physical contact 

is an essential step for contact-mediated mate recognition, Barrios et al. have shown 

that male-specific EF interneurons are dispensable for initial contact response to mates 

but are required for enduring changes of locomotion 21. Further studies speculated that 

persistent scanning of suitable mates provides additional information to discriminate mates 
20,21. These findings highlight a complex neural basis with multiple steps in decoding 

mate information. However, the nature of contact-mediated sensory cue(s) for each step 

on hermaphrodites is unknown. Because physical contact is mainly controlled by male-

specific ray sensory neurons, which are sensitive to mechanical stimulation 23, it raises the 

possibility that mechanical cues transmit the short-range signal for mate recognition. Indeed, 

mechanosensory proteins have been implicated in mating but what they sense is unknown 24.

In nematodes, a collagen-rich apical extracellular matrix, namely cuticle, maintains body 

shape and serves as a physical barrier to prevent pathogenic infection 25–27. The composition 

of collagens is crucial to determine surface structure 28,29, and the physical constraints of 

cuticles maintain body stiffness supported by internal organs and muscle tones 30–32. A 

recent study has shown that specific collagens in the cuticle are involved in maintaining 

body mechanical properties 32, but their role in mate recognition has not been explored.

Here we showed that the body stiffness of mates is a mechanical property that facilitates 

mate recognition. We demonstrated that C. elegans males physically contacted potential 

mates to access the information of species, sex, and reproductive stages. Through a 

candidate genetic screen, we discovered that the furrow collagens, including dpy-2, dpy-7, 
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and dpy-10, were generally required for mates to attract males independent of their known 

roles in controlling body size and surface texture. Interestingly, these collagens were 

dispensable for the first step in mate recognition by evoking contact responses in males. 

Instead, furrow collagens maintain body stiffness as recently reported 32 in the second 

step. We found that cuticular cues, which evoke contact response, and a specific range of 

body stiffness were inseparable sensory cues, suggesting a two-step sensory mechanism 

for contact-mediated mate recognition. Lastly, we showed that mate attractiveness was 

associated with mating efficiency, indicating the biological significance of contact-mediated 

mate recognition in social interactions. We therefore provide evidence that the mechanical 

property conferred by furrow collagens facilitates mate recognition in nematodes. Since 

physical contact is prevalent in mate recognition across the animal kingdom, our study opens 

an avenue to study the roles of mechanical cues in social behaviors and the underlying 

neural mechanisms.

Results

C. elegans Males Utilize Contact-mediated Cues to Recognize Species, Sex, and 
Developmental Stages

To search for contact-mediated cues on hermaphrodites, we performed male retention assay 

that has been used to evaluate the sex drive of individual males with different ages, mating 

history, and nutritional status (Figure S1A) 20,21,33. We placed day 1 (D1) adult males 

with or without hermaphrodites on a food source and measured the sex drive of males 

by calculating the percentage of leaving males (See STAR Methods) 33. If alone, males 

had a strong tendency to leave the food source and explore the environment. In contrast, 

the presence of adult hermaphrodites fixed by paraformaldehyde for 30 min profoundly 

switched male locomotion patterns from exploration to local stay (Figure 1A and 1C). We 

used these behavioral changes as a readout to study mate recognition, as the presence of 

suitable mates retains males, while the loss of essential sensory information reduces male 

retention. Consistent with previous studies 6,7,21,34,35, we found that hermaphrodites utilized 

distinct sets of molecules apart from pheromonal, germline, and vulval signaling to retain 

males (Figure 1A, S1B, and S1C).

We next wondered whether males are able to discriminate species, sex, and developmental 

stages of potential mates. In a previous study, Lipton et al. showed that males can 

discriminate the sexes through physical contact 20. Indeed, while the presence of 

hermaphrodites completely suppressed male exploration, the exploration behavior of males 

persisted in the presence of other males (Figure 1C) 20. Notably, we still observed a marginal 

but significant decrease in leaving tendency with male-male interaction compared to solitary 

males, suggesting that males still respond to the presence of conspecific males (Figure 1A 

and 1C).

We further asked whether C. elegans males can distinguish different species (Figure S1D 

and S1E). C. elegans males displayed a strong leaving tendency to four evolutionarily distant 

species, Steinernema carpocapsae, Rhabditis sp., Aunema tufa, and Pristionchus pacificus, 

but the leaving tendency of males toward sister species Caenorhabditis briggsae and remanei 
was also mildly increased without reaching statistical significance (Figure S1D and S1E). 
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These data indicate that contact-mediated mate recognition of C. elegans is most prominent 

among different genera. Interestingly, we found that discrimination of sister strains was 

more discernable in C. remanei, a male-female species, suggesting that dioecious species 

have a stronger selection of different species (Figure S1F). These results demonstrate that 

Caenorhabditis males recognize different species through physical contact, and the degree of 

recognition is associated with the evolutionary distance (Figure 1A).

Lastly, we focused on the recognition of different developmental stages. C. elegans 
become reproductive adults after four larva stages in the well-fed condition. In unfavorable 

conditions, larvae switch off the reproductive cycle and enter the diapause stage called dauer. 

We found that the ability of hermaphrodites to retain males increased dramatically from the 

L3 larva stage and reached full capacity at the adult stage (Figure S1G). By contrast, dauer 

did not retain males (Figure S1G). We also showed that D1, D5, and D10 hermaphrodites 

were equally attractive, suggesting that age did not affect male retention (Figure S1H). Thus, 

males can discriminate developmental stages but not the ages (Figure 1A). Altogether, we 

conclude that C. elegans hermaphrodites present cues for males to recognize conspecific and 

reproductive mates.

Sexual State and Developmental Stages of Hypodermis Are Critical for Hermaphrodites to 
Retain Males

To gain insight into contact-mediated cues on hermaphrodites, we asked which tissue 

is essential for hermaphrodites to retain males. In C. elegans, the sex determination 

pathway is autonomously controlled by transcriptional programming. Masculinization 

of somatic tissues can be achieved by overexpressing the E3 ubiquitin ligase FEM-3, 

which degrades the transcription factor TRA-1 essential for hermaphroditic fate 36. We 

expressed FEM-3 in the hermaphrodites driven by tissue-specific promoters and subjected 

these masculinized hermaphrodites to male retention assay. Hypodermis-masculinized 

hermaphrodites significantly lost male retention, whereas masculinization of neurons and 

intestines had no effect (Figure 1B and 1C). Masculinization of hypodermis also led to the 

protrusive vulva and ray-like tail in hermaphrodites, supporting that the sexual identity was 

altered (Figure S2). Furthermore, hypodermis-feminized males with hermaphrodite-like tails 

enhanced male retention compared with wild-type males (Figure 1B, 1C, and S2). These 

data indicate the sexual identity of the hypodermis is critical for mates to retain males.

Since the sexual identity of hypodermis is crucial for retaining males, we wondered whether 

genes involved in the maturity of hypodermis affect male retention in hermaphrodites. lin-4 
is a heterochronic gene involved in the maturation of neuronal and hypodermal cells 37. 

In the lin-4 mutant hermaphrodites, the development of hypodermal cells is retarded and 

cannot form adult-specific hypodermis. Adult lin-4 mutant hermaphrodites significantly 

lost the ability to retain males with immature hypodermis (Figure 1D). We also tested 

precocious mutant lin-28, whose adult-specific hypodermis are abnormally formed at L3 

larva stage 38. In contrast to the lin-4 mutant, lin-28 mutant hermaphrodites retained males 

precociously at L3 larva stage (Figure 1D). To further corroborate the role of hypodermis, 

we tested an evolutionarily conserved transcription factor blmp-1 (B lymphocyte-induced 

maturation protein 1) that controls several aspects of the development of hypodermal cells 
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39–41. Consistently, loss of blmp-1 in hermaphrodites did not retain males effectively (Figure 

1D). Altogether, these data suggest that the maturity of hypodermal cells is a determinant 

factor for mate recognition.

Epicuticular Components Play Minimal Roles in Retaining Males

To find the effectors in the hypodermis, we analyzed published RNA-seq data of blmp-1 
mutant hermaphrodites from a previous study 40. GO analysis of 975 differentially expressed 

genes revealed an enrichment of cuticular constituents (Figure 1E; see Data S1 for more 

information). Cuticular constituents are secreted by the hypodermis, and the apical layer is 

covered by a surface coat, composed of lipids and glycoproteins (Figure 2A) 42,43. Several 

lines of evidence indicate that the surface coat is not required. First, adult hermaphrodites 

treated with organic solvents such as hexane or ethanol remained attractive to males, 

suggesting that lipids had a minimal effect (Figure S3A). Consistent with this, mutants 

of desaturases fat-5, fat-6, fat-7, or their double mutants did not alter male retention (Figure 

S3A). Furthermore, mutations in srf-2, srf-3, srf-5, bus-1, bus-4, bus-13, and bus-17 have 

been shown to reduce but do not completely abolish the contact response of males via 

regulating the expression of surface epitopes for defending pathogens 25,44–46. However, 

these mutants effectively retained males compared with that in the otherwise wild-type 

animals (Figure S3B). Altogether, these data support that the surface coat of cuticles does 

not play a crucial role in contact-mediated mate recognition.

Furrow Collagens Are Essential for Hermaphrodites to Retain Males

The cortical layer of the cuticle is mainly composed of collagens. We hypothesized that 

collagens or related proteins are essential to retaining males. Consistent with this hypothesis, 

we found that the mutation in dpy-18, a crucial enzyme for processing collagens 47, became 

less attractive to males (Figure 2A and 2B). To search for specific collagens involved in male 

retention, we focused on the downregulated genes encoding collagens or surface proteins 

in the blmp-1 mutant and selected candidates with gene expression at L4 and adult stages 

(See Data S1 for more information). When deletion mutant strains were unavailable, we 

constructed deleted mutants by introducing a STOP-IN cassette using the CRISPR-Cas9 

method as previously described 48. While the locomotion behaviors and morphology of 

these mutants were grossly normal, mutant hermaphrodites exhibited a marginal decrease 

in male retention but did not reach statistical significance (Figure S4A). These observations 

prompted us to examine other collagen mutants with more robust phenotypes in body 

shape 41,49, including dpy-2, dpy-3, dpy-5, dpy-7, dpy-8, dpy-9, dpy-10, dpy-13, lon-2, 
sqt-1, sqt-3, and rol-6 mutants. Strikingly, we found that males were barely retained by 

hermaphrodites without furrow collagens, including dpy-2, dpy-3, dpy-7, dpy-8, dpy-9, and 

dpy-10 (Figure 2B, S4A, and S4B). Conversely, mutations in the rest of the genes remained 

attractive to males. It is noteworthy that alterations of body length in the Dpy and Lon 

mutants were not associated with the degree of male retention, suggesting that body length is 

not a determinant factor for mate recognition (Figure 2B, S4A, and S4C).

Because the dpy-7 mutant showed the most severe defects, we focused on dpy-7 and studied 

the underlying molecular mechanisms. Feeding RNAi of dpy-7 resulted in comparable 

defects of the e88 allele, confirming that DPY-7 activity is required for hermaphrodites to 
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retain males (Figure S4D). Moreover, restoration of dpy-7 but not dpy-10 driven from a 

hypodermis-specific promoter rescued male retention in the dpy-7 mutant hermaphrodites, 

indicating that dpy-7 functions in the hypodermis and is not interchangeable quantitatively 

with other collagens (Figure 2C). Because dpy-7 is evolutionarily conserved among 

nematodes 50,51, we wondered whether the sequence variations in dpy-7 of different 

species confer the specificity of species recognition. To test this hypothesis, we cloned 

C. briggsae and P. pacificus dpy-7 orthologs and expressed them under the control of C. 
elegans hypodermis-specific promoter. The expression of CBR-dpy-7 significantly restored 

the male retention and body length in the C. elegans dpy-7 mutant, whereas the expression 

of PPA-dpy-7 had no discernible effects on both phenotypes (Figure 2C and S4E). These 

data indicate that the function of dpy-7 for retaining males is conserved in Caenorhabditis 
nematodes. Consistent with it, we generated a CBR-dpy-7 mutant by inserting a STOP-IN 

cassette in the dpy-7 ortholog of C. briggsae and showed that mutant hermaphrodites were 

unable to retain males (Figure S4F).

We next investigated whether dpy-7 is required to present sexual and reproductive signals 

on mates. dpy-7 mutant animals exhibited the same male retention regardless of their sexual 

identity. Likewise, the defects of the dpy-7 mutant were not further enhanced in juvenile 

larvae (L3) hermaphrodites (Figure 2D), indicating that dpy-7 is necessary to present mate 

information of sexual identity and developmental stages. Moreover, we overexpressed dpy-7 
in C. elegans males and found that transgenic males became more attractive, suggesting that 

the expression level of dpy-7 is crucial for mates to retain males (Figure 2E).

Separable Functions of dpy-7 for Body Shape and Male Retention

Our previous data indicated that body size is not a determinant factor for retaining males 

(Figure S4C), so we speculated that collagen/dpy-7 has two separate functions in male 

retention and body shape. To test this hypothesis, we analyzed two additional alleles of 

missense dpy-7 mutations. Specifically, sc27 and e1324 are missense temperature-sensitive 

mutations in the collagen domain with severe Dpy and Rol phenotypes that shorten body 

length at restrictive temperatures 52. At the permissive temperature of 15℃, both mutants 

retained males comparable to the otherwise wild-type hermaphrodites (Figure 2F). However, 

at the restrictive temperature of 25℃, the sc27 mutant allele was unable to retain males, 

whereas the e1324 mutant allele remained attractive (Figure 2F). By contrast, body length 

was drastically shortened in the e1324 mutant allele but not in the sc27 mutant allele 

(Figure 2G). Thus, the different expressivities of body shape and male retention in the sc27 
and e1324 alleles support the notion that collagen/dpy-7 has separable functions for male 

retention and body shape.

The Purified Cuticles Are Not Sufficient for Male Retention

How do collagens carry the mate information on cuticles? Because physical contact with 

suitable mates is essential for males to restrict locomotion in the male retention assay 20,21, 

we first asked whether these collagens are required for the initial step by evoking the 

contact response of males. Adult C. elegans cuticles were then dissociated from interior 

organs by the SDS-containing buffer (See STAR Methods). Consistent with the prior studies 
44, we found that purified cuticles from some Srf/Col/Bus mutants evoked slightly lower 
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contact response (Figure S5A), suggesting that purified cuticles preserved features in live 

animals. Surprisingly, purified cuticles from wild-type and the dpy-7 mutant hermaphrodites 

evoked robust contact responses of males with reversals and turns (Figure 3A, 3B, and 

S5A), indicating that males can sense and respond to purified cuticles independent of dpy-7 
collagen. Notably, purified cuticles from the wild-type and the dpy-7 mutant hermaphrodites 

evoked transient contact response but never sustained prolonged scanning essential for 

contact-mediated mate recognition, consistent with the observations that purified cuticles 

alone were unable to retain males regardless of the species, reproductive status, and sex 

(Figure 3C). Despite this partial effect, we found that such response to purified cuticles 

is species- and stage-specific because males rarely responded to P. pacificus and L3 larval 

cuticles, supporting the presence of conspecific cuticular cues in the adult stage for the 

recognition of species and developmental stages (Figure 3B).

We also asked whether the degree of contact response is associated with sexual 

discrimination. Sexual transformations of hypodermis did not significantly affect the 

transient contact responses of males to purified cuticles (Figure S5A), indicating the 

presence of additional cues for sexual discrimination during the prolonged scanning. These 

data support the previous speculations that multiple sensory cues are required for mate 

recognition 20,21. Together, we conclude that furrow collagens are likely involved in the 

subsequent step after male contact response.

Furrow Structures Are Not Required for Male Retention

dpy-2, dpy-3, dpy-7, dpy-8, dpy-9 and dpy-10 are necessary for forming circumferential 

furrow on cuticles 29,53,54. Previous studies have found that the furrow functions as a 

signaling hub to control innate immunity and physiology in C. elegans 49,55. We next asked 

whether the furrow structure provides a specific surface texture as a sensory cue. Using a 

scanning electron microscope (SEM) to visualize the ridges on cuticles, we confirmed that 

furrows were not formed in the dpy-2, dpy-7, and dpy-10 mutants but remained intact in 

the dpy-5 and dpy-13 mutants 29,32,49 (Figure 3D). However, furrows were detectable in 

the low attractive dpy-18 mutant, suggesting that the furrow might not contribute to the 

attractiveness of mates (Figure 3D–F).

Collagens Maintain Body Stiffness of Mates for Male Retention

In addition to the changes in surface texture, body stiffness measured by probing the 

cuticle with AFM (atomic force microscopy) is significantly reduced in the furrow mutants 

but not in other Dpy mutants like dpy-13 32. This observation raised the possibility that 

body stiffness is a mechanical cue for contact-mediated mate recognition. Interestingly, we 

observed that dpy-2, dpy-7, and dpy-10 furrow mutants but not dpy-5 and dpy-13 mutants 

were often ruptured from the vulva, arguably due to the changes of body stiffness (Figure 4A 

and S6A). Furthermore, we found that body stiffness was significantly increased in males 

measured by AFM, supporting the role of body stiffness in mate discrimination (Figure 4B). 

To directly test the role of body stiffness, we poked wild-type worms with microinjection 

needles to release the internal pressure and fixed ruptured worms with paraformaldehyde 

for male retention assay (Figure 4C and 4D). The release of internal pressure of wild-type 

hermaphrodites resulted in low male retention comparable to the furrow mutants (Figure 2B 
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and 4D). We reasoned that the leaving of males was not due to aversive substances from 

the ruptured body because supernatant from ruptured worms did not affect male retention 

with intact hermaphrodites (Figure S6B and S6C). In addition to physical intervention, male 

attraction was also reduced with the gon-2 mutant hermaphrodites (Figure 4C and 4E), in 

which the body stiffness is significantly reduced due to the loss of internal pressure 30. We 

also manipulated the stiffness of hermaphrodites by treating animals with SDS-containing 

lysis buffer. We found that 30 minutes of fixation by paraformaldehyde could not prevent 

body rupture by the lysis buffer leading to softer body stiffness (Figure S6D), and the 

corpses were unable to retain males (Figure 4F and 4G). Conversely, hermaphrodites fixed 

with paraformaldehyde for 24 hours were resistant to the lysis buffer and preserved male 

retention (Figure 4F and 4G). These combined results suggest that body stiffness is essential 

for male retention. We conclude that collagens promote mate recognition by maintaining 

body stiffness.

AFM analysis showed that P. pacificus hermaphrodites had a comparable range of stiffness 

to C. elegans hermaphrodites (Figure 4B), but P. pacificus was not able to retain C. elegans 
males (Figure S1E), indicating that body stiffness is not sufficient for male retention similar 

to purified cuticles. This is consistent with the notion that males utilize multiple sensory 

cues to verify the presence of suitable mates. We thus propose a two-step mechanism in 

which the first sensory cue existing on the cuticle evokes the contact response, and then 

body stiffness serves as the second sensory cue to sustain or substantiate the sensation. The 

combination of two sensory cues ensures the alternation of male behaviors in male retention 

assay. To test this hypothesis, we purified cuticles from the dpy-7 mutant to exclude the 

plausible mechanical stimulation by furrow and evoke the contact response of males (Figure 

5A). Because we were only able to prepare 2–3 animals at a time, we compared the 

pooled data collected from several experiments. Consistent with our prediction, P. pacificus 
coated with purified dpy-7 cuticles evoked contact response and significantly restored male 

retention (Figure 5B and S5B), supporting a two-step sensory mechanism gated by cuticular 

cues and body stiffness for contact-mediated mate recognition.

To further understand whether mate recognition requires a specific range of body stiffness, 

we generated bionic worms made of resin through 3D printing that preserves the furrow 

structure on the surface, offering a much stiffer body shape (Figure 4B and 5C; see STAR 

Methods). 3D-printed bionic worms alone did not evoke contact responses, nor did they 

attract males in male retention assay (Figure 5D and S5B). In addition, we found that fake 

worms coated with purified dpy-7 cuticles evoked contact response but had a negligible 

effect on male retention, favoring that males likely sense a range of body stiffness for mate 

recognition (Figure 5D, 5E, and S5B). Together, our results suggest that cuticular cues 

evoke contact behaviors as the initial step, and then the body stiffness provides additional 

information for males to complete contact-mediated mate recognition.

Contact-mediated Mate Recognition Is Associated with Reproductive Success

Our results established a model whereby body stiffness controlled by furrow collagens is 

a mechanical property that retains males for contact-mediated mate recognition. However, 

it is unclear whether male retention contributes to reproductive success. To examine this 
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issue, we paired 10 males with three wild-type, dpy-7, or dpy-13 mutant hermaphrodites, 

and counted the ratio of cross progeny after mating for 24 hours. Reproductive success 

was significantly reduced with the dpy-7 mutant hermaphrodite, compared to wild-type and 

dpy-13 mutant hermaphrodites (Figure 6A). Expression of DPY-7 in hypodermis restored 

mating success in the dpy-7 mutant hermaphrodites (Figure 6A). Male retention by contact-

mediated mate recognition is thus important for reproductive success.

DISCUSSION

Mate recognition is crucial to faithfully and efficiently exchange genetic materials 

within conspecific mates. In C. elegans, soluble ascaroside and as yet unknown volatile 

pheromones are secreted by hermaphrodites as long-range mate recognition cues to attract 

males 2,6,7,35. Here, we find that body stiffness is a mechanical property that allows males 

to validate the existence of potential mates. In addition to body stiffness, our results indicate 

that an unidentified cue(s) on cuticles serve as the first gated mechanism to evoke contact 

responses in males. The first gating mechanism offers effective discrimination between 

species and developmental stages, but not sexual identity. Unlike almost no contact response 

to different species and developmental stages, different sexual identities only slightly 

affected the transient contact response but had drastically different abilities to retain males. 

In addition, Srf mutant hermaphrodites evoked slightly lower contact responses but did 

not show discernible defects in male retention. These data suggest that male retention is 

sufficiently preserved with a certain level of contact responses, and the differences may not 

be revealed with the sensitivity of male retention assay. Once contact response is evoked, 

body stiffness of mates is universally required as a second step to sustain or amplify 

contact signals with the prolonged scanning that leads to long-term behavioral changes. Our 

data indicate that males were stiffer than hermaphrodites, but the contact responses were 

generally unchanged by sexual transformation, highlighting the role of body stiffness in sex 

discrimination. We note that our data do not completely exclude the role of sex-specific 

cuticular cues for sex discrimination with the sensitivity of our contact assay, because the 

sexual state of hypodermis is shown to be critical in mate-choice decisions through contact 

in a different experimental setting 56. Based on these observations, we propose that contact-

mediated mate recognition requires the integration of multiple sensations through a two-step 

mechanism that accesses cuticular cues and body stiffness, respectively, to construct the 

representations of suitable mates in C. elegans (Figure 6B), thereby establishing a paradigm 

to study the neural computation of decision-making with well-annotated neural circuits in C. 
elegans males 57.

Body Stiffness is A Mechanical Property Used for Mate Recognition

In Drosophila, conspecific courtship behaviors require species-specific contact-dependent 

pheromones on cuticles for courtship behaviors 8,16,17,58. Furthermore, males and females 

possess different surface pheromones to prevent homosexual courtship behaviors 17,59. The 

specific distribution of surface-coated molecules, such as glycoproteins, could even convey 

spatial information that facilitates mating behaviors 60. Our study showed that collagens 

provide a mechanical signal as a short-range sensory cue to validate the presence of suitable 

mates. How does body stiffness facilitate mate recognition? Our data suggest that surface 
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texture is negligible as males could recognize P. pacificus coating cuticles without furrow 

structure, and the 3D-printed bionic worms did not retain males even with the furrow 

structure. In addition, body stiffness is insufficient for mate recognition because males do 

not display contact response to 3D-printed bionic worms and P. pacificus. Thus, our data 

favor the model that body stiffness provides a second checkpoint to confirm the physical 

presence of mates. Studying the precise range of the mechanical property is needed to 

comprehensively understand the neural basis of contact-mediated mate recognition, which 

is a future direction to uncover the complex sensory mechanisms at cellular and molecular 

levels.

We showed that the furrow collagen had a conserved function for mate recognition in 

Caenorhabditis species, and three mutant alleles of dpy-7 differentially affected mate 

attractiveness and body length. dpy-7 encodes 318 amino acids, and e88, sc27, and e1324 
alleles are missense mutations on residue 101 (G to R), 156 (G to R), and 189 (G to Y), 

respectively 52. One speculation is that the N-terminal region of dpy-7 is crucial for body 

stiffness, whereas the C-terminal region mainly controls body length. Although our data 

suggest that overexpression of dpy-7 in males enhanced male retention, it is still unknown 

whether dpy-7 is sufficient to modulate proper body stiffness. Further studies are needed to 

address these unsolved questions.

Unknown Cuticular Cues for Contact-mediated Mate Recognition

Our study also supports the hypothesis that unknown surface cues on cuticles initiate the 

contact response of males. Our genetic analysis of lipid- and glycan-related surface genes 

revealed that purified cuticles from some surface mutants evoke less contact response of 

males, suggesting that, similar to Drosophila and Rotifer, lipid- and glycan-derivatives may 

have a minor role in the first step of mate recognition in C. elegans. In addition to lipid- and 

glycan-derivatives, self-1, a small peptide secreted from hypodermis, has been reported for 

kin recognition in P. pacificus 61. Even though self-1 has no apparent homolog in C. elegans, 

other peptides are known to be secreted by the epidermis 27,62. Therefore, it is tempting 

to speculate that peptidergic signaling may be involved in mate recognition. Although our 

genetic analysis favors a model that collagens mainly contribute to body stiffness for mate 

attractiveness, we do not exclude the possibility that collagens are also components of 

cuticular cues for mate recognition, given that the dpy-18 mutant is distinct from furrow 

mutants with a lower occurrence of body ruptured. Further studies are needed to identify the 

surface cues and clarify these missing gaps for contact-mediated mate recognition.

What Is the Possible Sensory Mechanism in C. elegans Males?

C. elegans males integrate the sensory information from multiple cues associated with 

collagens and decide appropriate behaviors to increase the chance of mating. What is the 

neural mechanism in males? We reason that the role of body stiffness in mate recognition 

is to sustain the contact between males and hermaphrodites for decoding mate information. 

One possibility is that body stiffness provides specific mechanical signals (stiffness) sensed 

by males. In this model, sensory neurons such as ray neurons and post-cloacal sensilla may 

be directly activated by body stiffness or indirectly activated by the stretch with the opening 

and closing of rays in males63. Another possibility is that body stiffness is required to 
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build the scaffold of the body shape where cuticular cues can be fully exposed to males for 

persistent scanning. Although our data with stiffer 3D-printed bionic worms favor the first 

model that proper body stiffness is a mechanical cue, further research is needed to identify 

the mechanosensory receptors and dissect neural mechanisms for contact-mediated mate 

recognition. Our understanding of contact-dependent cues on hermaphrodites is thus crucial 

to dissect the neural networks. Because the neural mechanisms of contact-mediated mate 

recognition are largely unknown, our study provides a genetic framework to understand the 

neural mechanisms and neural computation of decision-making in social behaviors.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Chun-Hao Chen 

(chunhaochen@ntu.edu.tw)

Material availability—C. elegans strains and DNA constructs generated in this study are 

available from the Lead Contact upon request.

Data and Code Availability—All the primary data used in this study have been deposited 

at Figshare and are publicly available as of the date of publication. The DOI is listed in the 

key resources table. Microscopy data reported in this study will be shared by the lead contact 

upon request.

This study does not use original code for data analysis.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—C. elegans strains were cultured and maintained as previously described 64. In 

brief, animals were cultivated on nematode growth medium (NGM) plates seeded with E. 
coli OP50 bacteria at 20℃, except for the temperature-sensitive strains. A list of mutant 

alleles and transgenic strains used in this study is available in the key resources table.

Microbe strains—The OP50 E. coli strain was used as the food for the worms.

METHOD DETAILS

Germline Transformation—Germline transformation was performed by microinjecting 

plasmids in gonads as described 65. In brief, gonads of D1 adult worms were visualized by 

an inverted microscope (Zeiss, Axio Observer) at 40X objective, and the DNA mixture with 

co-injection markers was injected through a microinjector (Eppendorf FemtoJet 4X).

Molecular Biology—Molecular cloning was mostly conducted by recombination-based 

cloning method with GenBuilder DNA Assembly kit (GenScript, Catalog number: L00744). 

cDNA of fem-3 and tra-2(IC) was amplified from the cDNA library prepared by SuperScript 
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III First-Strand Synthesis System (ThermoFisher, Catalog number: 18080051) and cloned 

into pPD95.75 based plasmid containing either hypodermis (dpy-7)-, pan-neuronal (rab-3)-, 

or intestine (elt-3)-specific promoter and SL2::mCherry sequence. cDNA for dpy-7, CBR-
dpy-7, and PPA-dpy-7 prepared as mentioned above were cloned into the plasmid with a 

hypodermis-specific promoter for the rescue experiments. For feeding RNAi experiments, 

~0.8 kb of dpy-7 genomic DNA was cloned using primers described below: dpy-7-F 
(5’-CCACGTGGCAAAAGCCACCG-3’), dpy-7-R (5’-CCACCACGTGCTGGCTTCTC-3’. 

Sequences were then cloned into L4440 and transformed with E. coli HT115.

Male Retention Assay—The male retention assay was conducted as previously described 
21. The assay was performed in a 9 cm plate filled with 10 ml nematode growth medium 

(NGM) agar, and each plate had 18 μl OP50 bacteria (OD600=0.4-0.6) spotted (~1 cm2) on 

the center overnight. Before the assay, mates with indicated sex, developmental stages, or 

species were fixed by 8% paraformaldehyde for 30 min at room temperature unless noted 

specifically. Fixed worms were washed twice with M9 buffer before being placed on the 

bacteria patch. Next, one male was placed with two mates on the food patch of each assay 

plate, and a population of 15–20 virgin D1 males was assayed for one experimental set. A 

male is considered a leaver when the moving track reaches 0.5 cm away from the plate edge. 

Plates were kept at 20℃, and the proportion of males was scored at 24 hours.

To release the internal pressure of worms, animals were poked by a microinjection needle 

3–5 times until the worm body was ruptured. Then, ruptured worms were immediately fixed 

with 8% paraformaldehyde for 30 minutes. Cuticles were coated by gently placing purified 

cuticles on fixed P. pacificus or 3D-printed bionic worms.

Quantification of the percentage of leaving males in male retention assay—We 

define the leaver as the locomotion track reaching 0.5 cm away from the plate edge in 

male retention assay at 24 hours 33. The percentage of leaving is calculated by dividing the 

number of leavers by the number of total tested animals, as shown below.

% of leavers = # of leavers/ # of total animals × 100

The value of the percentage of leaving males is pooled across replicas to estimate the 

standard error of mean (S.E.M.).

Gene Ontology (GO) and Enrichment Analysis—The N2 and blmp-1 transcriptome 

comparison was performed using the published dataset from Gene Expression Omnibus 

(Access number: GSE179411) 40. In brief, differential expression between wild-type and 

blmp-1 mutant strains was determined with DESeq2 (v1.22.0; padj<0.05 and FDR>2) 66. 

883 upregulated and 653 downregulated genes were subjected to gene ontology (GO) and 

enrichment analysis by Gene Enrichment Analysis in WormBase with q value threshold of 

0.1 (Data S1) 67,68. 975 genes were included in the GO analysis.

RNA Interference—Feeding RNAi experiments were conducted as described with the E. 
coli HT115 bacterial strain69. In brief, liquid RNAi bacterial cultures were diluted 1:100 
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and incubated at 37 ℃ for 3–4 hours until the OD600 reached 0.4–0.6, followed by RNAi 

production with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 1 hour at room 

temperature. 100 μl bacteria culture was seeded on nematode growth medium (NGM) plates 

with 1 mM IPTG and ampicillin. Synchronized L1 (P0) larvae were reared on RNAi plates, 

and adult F1 animals were transferred to a new RNAi plate. Quantification was done with F2 

animals in all feeding RNAi experiments.

CRISPR/Cas9 Mutagenesis—CRISPR-Cas9 stop-in method is performed as described 

with modifications 48. In brief, all crRNA and the universal tracrRNA were synthesized 

from IDT, Coralville, IA. The guide RNA sequences for all deletion mutants generated by 

the CRISPR stop-in method are listed in Table S1. crRNA and tarcrRNA were dissolved in 

RNAase-free water to make 100 μM working stocks. Purified Cas9 protein (IDT, Catalog 

number: 1081060) was used with the solution buffer (20 mM HEPES, pH 7.5, 150 mM 

KCl, 10% Glycerol, and 1 mM DTT). The CRISPR-Cas9 complex was made in sequential 

steps. First, 5 μl of tracrRNA (0.4 μg/μl) and 2.8 μl of crRNA (0.4 μg/μl) were mixed with 

0.5 μl of the Cas9 protein (10 μg/μl) and then were incubated at 37 ℃ for 10 minutes 

followed by cooling down at room temperature. 2.2 μl of single-strand DNA donor (1 μg/μl) 

and pRF4(rol-6(su1006)) and RNase-free water were then added to the mixture to reach a 

final volume of 20 μl. The CRISPR-Cas9 complex was used for microinjection with N2 (C. 
elegans) or AF16 (C. briggsae) strain.

Scanning Electron Microscopy (SEM) of C. elegans: SEM was conducted as previously 

described 70. Roughly a hundred synchronized animals in the adult stage were collected 

in a 1.5 mL Eppendorf and pre-fixed in 0.1M phosphate buffer with 2.5% glutaraldehyde 

overnight. After fixation, animals were washed with 0.1 M phosphate buffer three times 

and subsequently incubated with 1% osmium tetroxide in 0.12M phosphate buffer for 30 

minutes at 4 °. After washing animals with 0.1M phosphate buffer three times, samples were 

dehydrated through a sequential gradient of ethanol from 30%−100% and were completely 

dehydrated by 100% acetone. Then, animals were dried by critical point dehydration (CPD) 

by a critical point dryer (Hitachi HCP-2), mounted on stubs, and coated with gold using an 

ion coater (Eiko Engineering IB-2). Cuticle surface structures from at least 10 animals in 

indicated genotypes were observed by scanning electron microscope (FEI Inspect S, 15kV).

Microscopy and Quantification of Images—Images were taken by ZEN Blue 3.3 

software using 10X objective in a Zeiss Imager Z2 microscope with an Axiocam 506 Mono 

camera. For imaging, worms were anesthetized in 1% sodium azide and mounted on 2 % 

agarose pads. In order to measure the body length, worms were anesthetized as mentioned 

above, and the DIC images under 10X objective were taken and analyzed by ZEN Blue 

3.3 software. Bright-field images of ruptured worms, cuticles, and 3D-printed bionic worms 

were taken with a C-mount camera on a dissecting microscope.

Purification of Nematode Cuticles: The purification method is modified from the previous 

study to purify intact cuticles 71. Synchronized animals at preferred stages were collected 

in a 1.5 ml Eppendorf tube and washed three times in M9 by centrifugation at 1000 rpm. 

We discarded the supernatant and resuspended worm pellet with M9 buffer to reach the 
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density of 50–100 worms/μl. 1 μl of worm was dropped on a glass slide and 50 μl of 

SDS-DTT solution (0.25% SDS, 200 mM DTT, 20mM HEPES, pH 8.0, 3% sucrose, stored 

at −20°) was added for 30 minutes at room temperature until tissues were transparent. 

A microinjection needle was used to transfer purified cuticles on an NGM plate, and 

purified cuticles were washed three times with M9 buffer. Two intact cuticles with indicated 

genotypes or species were used for male retention assay and 7–10 purified cuticles were 

used for contact response assay.

Quantification of Male Contact Response to Purified Cuticles—All the 

experiments were done with day 1 (D1) adult virgin males. Purified cuticles with indicated 

genotypes, sex, or developmental stages were placed on NGM plates seeded with E. coli 
OP50. A single male was placed on the cuticle-containing NGM plate (7–10 purified 

cuticles), and the behavioral response of first contact with purified cuticles was scored. 

Contact response was defined as backward movements for at least 0.5 body length with 

curling tail postures of males when moving across a purified cuticle. Each male was scored 

once and removed from the plate after scoring. Over 30 males were tested in each condition.

Fabrication of 3D-printed Bionic Worms—3D-printed worms were fabricated by a 

projecting microstereolithography-based 3D printing technique with a customized acrylic 

photosensitive resin, HTL (BMF Nano Materials Technology Co., Ltd), with a tensile 

strength of around 71500 kPa. A 3D model of bionic worms including furrows was 

generated by AutoCAD (AutoDesk, Inc) and was imported into the printer for 3D printing. 

3D printing was conducted by curing the resin layer-by-layer exposed to 405 nm UV 

light (30 mW / cm2), and the resolution was 2–10 μm. The printed products were cleaned, 

vacuum-dried, and polished before use in experiments.

Quantification of Mating Efficiency—10 D1 adult males and 3 D1 hermaphrodites 

were placed on a NGM plate with a small food patch (~7 μL OP50 bacteria) on the 

center for 24 hours. Then, males and hermaphrodites were removed, and the fertilized eggs 

cultured for 3 days until the animals reached the L4 larval stage. The number of total 

animals and males (cross progeny) were counted, and the mating efficiency calculated as (# 

of males/ # of total animals).

Atomic Force Microscopy—AFM was conducted as previously described 32,54. D1 

young adult worms were fixed in 4% paraformaldehyde (PFA) for 30 min and then rinsed 

several times in 50 mM NaCl or M9 buffer. The worms were then transferred as described 

before to a ~2 mm thick 4 % agarose bed in a Petri dish (30 mm). Heads and tails were fixed 

with the tissue glue (Dermabond, Ethicon), and the dish was filled with 50 mM NaCl or 

M9 buffer. AFM data of worms were obtained using a NanoWizard IV or III (JPK, Bruker, 

Santa Barbara, CA, USA) coupled with an inverted optical microscope Ti-Eclipse (Nikon, 

Japan). NSC12 tipless cantilevers (7.5 N/m; MikroMash) with a 10 μm diameter borosilicate 

bead attached (produced by sQUBE www.sQUBE.de) were used. The cantilever sensitivity 

and stiffness were calibrated without contact based on the thermal spectrum in liquid. The 

tip was positioned above the worm, using the optical image to ensure to measure glue-free 

area below the pharynx and/or in the tail. Force curves were generated in force spectroscopy 
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mode, applying a setpoint of 450 nN while the cantilever speed was set at 0.5 or 1.0 μm/s, 

reaching an indentation of approximately 0.5 to 2 μm with at least 5 curves recorded in a few 

microns separated areas. AFM data were analyzed using the JPK analysis software. All force 

curves were processed to set the baseline to determine the tip-sample contact point and to 

subtract cantilever bending. Young’s Modulus was calculated within the software by fitting 

the Hertz/Sneddon model.

QUANTIFICATION AND STATISTICAL ANALYSIS

One-way ANOVA and two-way ANOVA with Bonferroni correction and Chi-squared test 

are conducted by Prism (Version 9.3.1) as indicated in Figure Legends. Error bars in bar 

graphs represent the standard error of means (S.E.M.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Bullet Points

1. C. elegans males recognize species, sex, and reproductive stages of their 

mates.

2. Cuticular cues on adult hermaphrodites evoke transient contact response of 

males.

3. Proper Body stiffness is a ubiquitous mechanical factor for mates to retain 

males.

4. Cuticular cues and body stiffness are inseparable for mate recognition by 

contact.

Weng et al. identify two inseparable sensory cues by which C. elegans males identify 

suitable mating partners. A cuticular signal evokes contact behaviors of males, and then 

body stiffness maintained by collagens ensures that males stay in contact with their 

partners. This study reveals a vital role of mechanical signal for social communications.

Weng et al. Page 21

Curr Biol. Author manuscript; available in PMC 2024 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Sex and developmental stages of hypodermis are crucial for mate attractiveness.
(A) Summary of figure S1 and a schematic diagram of male retention assay with the 

equation for quantification. (B) Schematic diagram of masculinized hermaphrodites and 

feminized males by expressing FEM-3 and TRA-2(IC). (C-D) Percentage of male leavers in 

male retention assay with transgenic and mutant hermaphrodites. In the subsequent figures, 

each dot represents the percentage of leavers in a population containing 15–20 males as 

one replica, and n indicates the number of total animals tested in all replicas. Error bar = 

S.E.M. One-way ANOVA with Bonferroni correction and p values are indicated. (E) Gene 

Ontology (GO) analysis of differentially expressed genes comparing the blmp-1 mutant and 

the wild-type.

See also Figure S1, S2 and Data S1.
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Figure 2. Collagens are required and sufficient to promote mate attractiveness.
(A) (Top) A schematic diagram of C. elegans cuticles (blue) with its surface coat 

(green) and furrow (arrow). Mutant hermaphrodites tested for mate recognition are listed 

below. (Bottom) The schematic diagram of the biosynthesis pathway of collagens and 

related mutants. (B-F) Percentage of male leavers in male retention assay with mutant 

hermaphrodites in indicated genotypes. (G) Quantification of body length in the dpy-7 
temperature-sensitive mutants.

See also Figure S2, S3, S4, and Data S1.
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Figure 3. The surface properties of cuticles are likely not involved in mate attractiveness.
(A) Time series of bright field images of one C. elegans male contacting purified cuticles. 

Time in seconds. Scale bar = 0.25 mm. (B) Quantification of contact response with purified 

cuticles from indicated genotypes. The number of males tested with purified cuticles is 

indicated. Chi-square test with p values indicated. (C) Percentage of male leavers in male 

retention assay with purified cuticles from indicated species or genotypes. (D, E) Scanning 

electron microscope images of wild-type and indicated genotypes, and yellow arrows 

indicate the furrows. Scale bar = 5 μm. (F) Summary of results of male retention assay 

and SEM analysis in indicated genotypes.

See also Figure S4 and S5.
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Figure 4. Collagens maintain body stiffness for mate attractiveness.
(A) Bright-field images of wild type and bursting hermaphrodites, including dpy-2, dpy-7, 
and dpy-10. Scale bar = 1 mm. (B) Young’s Modulus of C. elegans with indicated genotypes 

and treatments. Whisker and box plot with the median for stiffness measurement. Individual 

dots indicate the measurement of each trial. Whisker labels the range from maximum to 

minimum. (C) Schematic diagram of experimental procedures to release internal pressure 

by poking wild-type hermaphrodites or using the gon-2 mutant. (D, E) Percentage of 

male leavers in male retention assay with the mutant or the wild-type hermaphrodites 

under indicated treatments. (F) Bright-field images of wild-type hermaphrodites in different 

conditions. Scale bar = 1 mm. (G) Percentage of male leavers in male retention assay with 

the mutant or the wild-type hermaphrodites under indicated treatments.

See also Figure S5 and S6.
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Figure 5. A proper range of body stiffness of mates is likely essential to retain males.
(A) Bright-field images of 3D-printed bionic worms and P. pacificus (Middle). Scale bar 

= 1mm. (B) Percentage of male leavers in male retention assay with the mutant or the wild-

type hermaphrodites under indicated treatments. (C) AFM images of WT hermaphrodites 

and 3D-printed bionic worm. The scale bar is as indicated. (D) Percentage of male leavers 

in male retention assay with the 3D-printed bionic worm under indicated treatments. Chi-

squared test and p values are indicated. (E) Two models of how stiffness controls mate 

attractiveness. The red line indicates a model where body stiffness falls in a range in 

different species that confers specific mechanical properties for mate recognition (model 1). 

The blue line indicates another model that mates become attractive once the body stiffness 

surpasses the threshold (model 2).

See also Figure S6.
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Figure 6. Loss of mate attractiveness is associated with lower mating efficiency.
(A) Quantification of the ratio of crossed progeny with wild-type and indicated mutant 

hermaphrodites. (B) A proposed model for contact-mediated mate recognition in C. elegans. 

Surface-associated cues on cuticles evoke the contact response of C. elegans males as the 

first checkpoint. Mechanical signals conveyed by body stiffness then serve as the second 

signal for contact-mediated mate recognition.
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KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial Strains

E. coli: Strain OP50 Caenorhabditis Genetics 
Center (CGC)

WormBase: OP50

Experimental Models: C. elegans Strains

Caenorhabditis elegans: Strain N2: wild isolate CGC WormBase: N2

Caenorhabditis remanei: Strain PB4641: wild isolate CGC WormBase: C. remanei

Caenorhabditis briggsae: Strain AF16: wild isolate CGC WormBase: C. briggsae

Auanema. sp: Strain PS8402: wild isolate Paul Sternberg Lab WormBase: Auanema. sp.

Rhabditis. n. sp.: Strain PS1130: wild isolate Paul Sternberg Lab WormBase: Rhabditis. n. sp.

Pristionchus pacificus: Strain PS312: wild isolate Ray Hong Lab WormBase: P. pacificus

Steinernema carpocapsae: wild isolate Paul Sternberg Lab N/A

C. elegans: Strain MT4009: lin-39(n1760)/ dpy-17(e164) unc-32(e189) CGC WormBase: lin-39

C. elegans: Strain DR476: daf-22(m130) Chun-Liang Pan Lab WormBase: daf-22

C. elegans: Strain PS867: unc-32(e189) glp-1(q231) Paul Sternberg Lab WormBase: glp-1

C. elegans: Strain CB5414: srd-1(eh1) CGC WormBase: srd-1

C. elegans: Strain BC119: blmp-1(s71) CGC WormBase: blmp-1

C. elegans: Strain CT8: lin-4 (ma104) Chih-Peng Chan Lab WormBase: lin-4

C. elegans: Strain MT1524: lin-28 (n719) Chih-Peng Chan Lab WormBase: lin-14

C. elegans: Strain VC1463: gon-2(ok465) I/hT2 [bli-4(e937) let-?(q782) 
qIs48] (I;III)

CGC WormBase: gon-2

C. elegans: Strain AT6: srf-2(yj262) CGC WormBase: srf-2

C. elegans: Strain CB6627: srf-3(e2689) CGC WormBase: srf-3

C. elegans: Strain CL261: him-5(e1490); srf-5(ct115) CGC WormBase: srf-5

C. elegans: Strain CB5609: bus-1(e2678) CGC WormBase: bus-1

C. elegans: Strain CB5443: bus-4(e2693) CGC WormBase: bus-4

C. elegans: Strain CB5635: bus-13(e2710) CGC WormBase: bus-13

C. elegans: Strain CB6081: bus-17(e2800) CGC WormBase: bus-17

C. elegans: Strain CB3584: dpy-5(e61); him-5(e1490) Paul Sternberg Lab WormBase: dpy-5

C. elegans: Strain BE93: dpy-2 (e8) CGC WormBase: dpy-2

C. elegans: Strain CB88: dpy-7(e88) CGC WormBase: dpy-7

C. elegans: Strain BE27: dpy-7(sc27) CGC WormBase: dpy-7

C. elegans: Strain CB1324: dpy-7(e1324) CGC WormBase: dpy-7

C. elegans: Strain CB128: dpy-10(e128) CGC WormBase: dpy-10

C. elegans: Strain PS424: dpy-13(e184) Paul Sternberg Lab WormBase: dpy-13

C. elegans: Strain IG1685: frIs7(Pnlp-29::GFP, Pcol-19::DsRed); 
dpy-3(e27)

Nathalie Pujol Lab WormBase: dpy-3

C. elegans: Strain IG1699: frIs7(Pnlp-29::GFP, Pcol-19::DsRed); 
dpy-8(e130)

Nathalie Pujol Lab WormBase: dpy-8

C. elegans: Strain IG466: frIs7(Pnlp-29::GFP, Pcol-19::DsRed) dpy-9(e12) Nathalie Pujol Lab WormBase: dpy-9
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REAGENT or RESOURCE SOURCE IDENTIFIER

C. elegans: Strain NTU27: dpy-18(e364) CGC WormBase: dpy-18

C. elegans: Strain CB1350: sqt-1(e1350) CGC WormBase: sqt-1

C. elegans: Strain BE8: sqt-3(sc8) CGC WormBase: sqt-3

C. elegans: Strain HE1006: rol-6(su1006) CGC WormBase: rol-6

C. elegans: Strain CB769: bli-1(e769) CGC WormBase: bli-1

C. elegans: Strain CB768: bli-2(e768) CGC WormBase: bli-2

C. elegans: Strain CB678: lon-2(e678) CGC WormBase: lon-2

C. elegans: Strain PS8825: clec-47(sy1532) In this paper WormBase: clec-47

C. elegans: Strain PS8544: clec-87(sy1396) In this paper WormBase: clec-87

C. elegans: Strain PS8578: clec-88(sy1409) In this paper WormBase: clec-88

C. elegans: Strain PS8584: clec-91(sy1415) In this paper WormBase: clec-91

C. elegans: Strain PS8787: col-81(sy1520) In this paper WormBase: col-81

C. elegans: Strain PS8780: col-88(sy1513) In this paper WormBase: col-88

C. elegans: Strain PS8819: col-120(sy1526) In this paper WormBase: col-120

C. elegans: Strain PS8821: col-129(sy1528) In this paper WormBase: col-129

C. elegans: Strain PS8634: col-135(sy1435) In this paper WormBase: col-135

C. elegans: Strain PS8822: col-137(sy1529) In this paper WormBase: col-137

C. elegans: Strain PS8827: col-139(sy1534) In this paper WormBase: col-139

C. elegans: Strain PS8829: col-156(sy1536) In this paper WormBase: col-156

C. briggsae: Strain PS8520: dpy-10(sy1387) In this paper N/A

C. briggsae: Strain: NTU6: dpy-7(chc1) In this paper N/A

C. elegans: Strain NTU95: chcEx045 Pelt-2::FEM-3::SL2::mCherry In this paper N/A

C. elegans: Strain NTU125: Pdpy-7::FEM-3::SL2::mCherry In this paper N/A

C. elegans: Strain NTU94: chcEx044(Pdpy-7::TRA-2(IC)::SL2::mCherry) In this paper N/A

C. elegans: Strain NTU183: dpy-7(e88); chcEx99(Pdpy-7::Ppa-dpy-7) In this paper N/A

C. elegans: Strain NTU177: dpy-7(e88); chcEx96(Pdpy-7::dpy-10) In this paper N/A

C. elegans: Strain NTU3: dpy-7(e88); Pdpy-7::chcEx1(Pdpy-7::cbr-dpy-7) In this paper N/A

C. elegans: Strain NTU7: chcEx2(Pdpy-7::dpy-7, Pblmp-1::GFP) In this paper N/A

C. elegans: Strain NTU5: dpy-7(e88); chcEx2(Pdpy-7::dpy-7, 
Pblmp-1::GFP)

In this paper N/A

C. elegans: Strain NTU90: chcEx043(Prab-3::fem-3::SL2::mcherry) In this paper N/A

C. elegans: Strain NTU89: chcEx042 (Prab-3::tra-2(IC)::SL2::mcherry) In this paper N/A

C. elegans: Strain BX156: fat-6(tm331)； fat-7(wa36) CGC WormBase: fat-6; fat-7

C. elegans: Strain BX160: fat-7(wa36) fat-5(tm420) CGC WormBase: fat-7; fat-5

C. elegans: Strain BX52: fat-4(wa14) fat-1(wa9) CGC WormBase: fat-4; fat-1

C. elegans: Strain BX107: fat-5(tm420) CGC WormBase: fat-5

C. elegans: Strain BX153: fat-7(wa36) CGC WormBase: fat-7

Chemicals

Hexane Merck Catalog number: 139386

Ethanol Merck Catalog number: 51976
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REAGENT or RESOURCE SOURCE IDENTIFIER

Paraformaldehyde Agar Scientific Catalog number: AGR1026

Software and algorithms

Primary datasets Figshare DOI:10.6084/
m9.figshare.23641011

Others

3D-printed worms BMF Nano Materials 
Technology Co., Ltd

N/A

Curr Biol. Author manuscript; available in PMC 2024 September 11.


	Summary
	GRAPHICAL ABSTRACT:
	Introduction
	Results
	C. elegans Males Utilize Contact-mediated Cues to Recognize Species, Sex, and Developmental Stages
	Sexual State and Developmental Stages of Hypodermis Are Critical for Hermaphrodites to Retain Males
	Epicuticular Components Play Minimal Roles in Retaining Males
	Furrow Collagens Are Essential for Hermaphrodites to Retain Males
	Separable Functions of dpy-7 for Body Shape and Male Retention
	The Purified Cuticles Are Not Sufficient for Male Retention
	Furrow Structures Are Not Required for Male Retention
	Collagens Maintain Body Stiffness of Mates for Male Retention
	Contact-mediated Mate Recognition Is Associated with Reproductive Success

	DISCUSSION
	Body Stiffness is A Mechanical Property Used for Mate Recognition
	Unknown Cuticular Cues for Contact-mediated Mate Recognition
	What Is the Possible Sensory Mechanism in C. elegans Males?

	STAR METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Material availability
	Data and Code Availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Animals
	Microbe strains

	METHOD DETAILS
	Germline Transformation
	Molecular Biology
	Male Retention Assay
	Quantification of the percentage of leaving males in male retention assay
	Gene Ontology GO and Enrichment Analysis
	RNA Interference
	CRISPR/Cas9 Mutagenesis
	Scanning Electron Microscopy SEM of C. elegans

	Microscopy and Quantification of Images
	Purification of Nematode Cuticles

	Quantification of Male Contact Response to Purified Cuticles
	Fabrication of 3D-printed Bionic Worms
	Quantification of Mating Efficiency
	Atomic Force Microscopy

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table T1

