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Phoresy is an interspecies interaction that facilitates spatial dispersal by attaching to a
more mobile species. Hitchhiking species have evolved specific traits for physical con-
tact and successful phoresy, but the regulatory mechanisms involved in such traits and
their evolution are largely unexplored. The nematode Caenorhabditis elegans displays
a hitchhiking behavior known as nictation during its stress-induced developmental
stage. Dauer-specific nictation behavior has an important role in natural C. elegans
populations, which experience boom-and-bust population dynamics. In this study, we
investigated the nictation behavior of 137 wild C. elegans strains sampled throughout
the world. We identified species-wide natural variation in nictation and performed
a genome-wide association mapping. We show that the variants in the promoter of
nta-1, encoding a putative steroidogenic enzyme, underlie differences in nictation. This
difference is due to the changes in nza-1 expression in glial cells, which implies that
glial steroid metabolism regulates phoretic behavior. Population genetic analysis and
geographic distribution patterns suggest that balancing selection maintained two nta-1
haplotypes that existed in ancestral C. elegans populations. Our findings contribute
to further understanding of the molecular mechanism of species interaction and the
maintenance of genetic diversity within natural populations.

Caenorhabditis elegans | nictation | natural variation | steroidogenic enzyme |
balancing selection

In natural ecosystems, interactions between species can mediate the dispersal of organisms.
Phoresy is a species interaction in which less mobile organisms travel efficiently by riding
on another, usually larger animal (1-6). This commensal interaction requires direct phys-
ical contact between organisms, which can be promoted by adaptive traits of hitchhiking
species (7, 8). The free-living nematode Caenorbabditis elegans exhibits a hitchhiking
behavior known as nictation (9, 10). Nictation involves the nematode standing and waving
its body to enhance its chances of riding another organism (11). This behavior is only
performed by dauers, which is an alternative developmental stage induced under unfa-
vorable conditions. Dauers undergo significant anatomical remodeling and acquire distinct
physiological and behavioral properties including nictation (12-15). In the fluctuating
natural habitats, C. elegans experience boom-and-bust population dynamics (16). During
the bust phase, which involves a population collapse, the survival and dispersal of dauer
have important roles in initiating a new boom cycle (17). By hitchhiking onto carrier
animals such as isopods and slugs, dauer larvae can disperse to a new favorable habitat
where they can resume their reproductive growth.

Although phoretic behavior is an ecologically important species dispersal strategy and is
observed in many animal species, very little is known regarding the molecular and neural
mechanisms of this behavior and its evolution. In this context, C. elegans, which has
well-established genetic tools and connectome, has been explored as a model system for the
investigation of phoretic behavior at all stages, from the genes involved to the resulting neural
circuitry to evolution. For example, the core components of the neuronal circuits and various
modulatory pathways involved in nictation have been uncovered (9, 10, 18-22). In addition,
wild C. elegans strains and their whole-genome sequences, which are available through the
Caenorhabditis Natural Diversity Resource (CaeNDR) (23), provide an opportunity to study
the evolution of this behavior. Moreover, after testing a small number of wild C. elegans strains,
our group previously described natural variation in nictation behavior (10). Given the eco-
logical importance of nictation behavior, this natural variation in this trait among species is
likely subject to natural selection. In this study, we examined 137 wild C. elegans strains to
explore natural variation in nictation behavior on the species level. Our approach, which
integrates behavioral, quantitative, and population genetic analyses, identified the molecular
basis of variation in nictation behavior and its origin.
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Fig. 1. Natural variation in the nictation behavior of C. elegans. (A) Global
distribution of 135 of 137 wild isolates used for the nictation assay. Dots are
colored by continents (i.e., purple: North America, pink: South America, green:
Europe, orange: Africa, yellow: Asia, light green: Australia) except for Hawaii
(blue). (B) Schematic of the nictation assay. (C) Nictation fraction of 137 wild
isolates. All strains were measured using three replicates. Error bars show
SD. The CB4856, N2, and MY23 strains are highlighted in blue, black, and
red, respectively.

Results

Genome-Wide Association (GWA) Mapping Reveals the nict-2
Quantitative Trait Locus (QTL) for Natural Variation in Nictation
Behavior. To explore the natural genetic variation in the nictation
behavior of C. elegans, we examined dauers of 137 wild strains
sampled from different sites throughout the world (Fig. 14).
We then quantified nictation behavior on the population level;
to do so, we measured the proportion of nictating dauers at a
given time three times and averaged these values as the nictation
fraction (Fig. 1B, Methods). Using this assay, we found that no wild
strains were defective in nictation and showed nictation fractions
ranging from 0.08 to 0.62 (Fig. 1Cand Dataset S1). For example,
the JU2522 strain exhibited a nictation fraction of only 8%,
whereas 62% of JU1395 dauers were found to be nictating. The
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narrow-sense heritability (4%) of variation in nictation fraction was
estimated to be 41%, suggesting that substantial genetic variation
contributes to the observed behavioral variation. To uncover
the genetic architecture of variation in nictation behavior, we
performed a GWA mapping (Dataset S2) (23, 24). We identified
a single QTL on the left arm of chromosome II (Fig. 24 and
SI Appendix, Fig. S1). This QTL, henceforth nict-2, spans from
position 3,732,152 to 4,766,883 (1.03 Mb) on chromosome II
(Dataset S3). Moreover, a single-nucleotide variant (SNV) at the
peak position (II: 4,240,841) explains 24.7% of the phenotypic
variance. Wild strains sharing the reference (N2 strain)-like
(REF) allele display lower nictation fraction than strains with the
alternative (ALT) allele (Fig. 2B).

Next, to examine the effect of this locus on nictation behavior,
we produced near-isogenic lines (NIL) using CB4856 and MY23
as parental strains. CB4856 harbors the REF allele at this location
and exhibits a low nictation fraction (rank: 128/137), whereas
MY23 has the ALT allele and displays a high nictation fraction
(rank: 10/137). The nict-2 locus was introgressed from CB4856
into the MY23 genetic background (LJ1301: nict-2 QTL, CB4856
> MY23) and vice versa (LJ1317: nict-2 QTL, MY23 > CB4856)
(Fig. 2C). The behavior phenotypes of the NILs confirmed the
effect of the nic-2 QTL. Introducing CB4856 nic-2 QTL led to
a decrease in the nictation fraction of the MY23 background,
whereas the MY23 nic-2 QTL in the CB4856 background
increased the nictation fraction (Fig. 2C).

To specify the genomic locus underlying nictation variation
more precisely, we created three additional NILs (LJ1318-1]1320)
from LJ1317 by generating recombinants across the nic-2 QTL
(Fig. 3A4). These NILs harbor genomic regions of MY23 in the
CB4856 background. The QTL in 1J1317 was split into two loci
of 660 kb (L] 1317 to LJ1318) and 91 kb (LJ1318 to LJ1319) in
length, suggesting polygenic contribution. We focused on the 91
kb loci (I1:3,708,886 to 3,799,634). While LJ1319 exhibited a
nictation fraction similar to the CB4856 parental control, L1318
displayed a significant increase in nictation fraction. LJ1318 car-
ries a 91-kb longer MY23 genome than LJ1319. As this 91-kb
region showed a major QTL effect even at its shorter range, and
also was proximal to the GWA peak, we proceeded to determine
the causal genetic variation within this QTL.

A Hydroxysteroid Dehydrogenase Underlies the nict-2 QTL Effect.
The 91-kb #nict-2 locus contained 31 protein-coding genes, five
pseudogenes, two ncRNAs, and one 21U-RNA gene (Fig. 3B).
Of these, the FI2E12.11 gene was previously reported to reside
within a dauer formation QTL, and its expression was altered
under dauer-inducing conditions (26, 27). Noting that nictation
is a dauer-specific behavior, we tried to test the effect of this gene
in nictation. We performed RNAi knockdown along with several
other genes and found that knockdown of FI2E12.11 reduces
nictation (SI Appendix, Fig. S2). We also deleted FI2E12.11 using
CRISPR/Cas9 genome editing (Fig. 3C) and found that deletion
of this gene increased the nictation fraction in both CB4856
and N2, both of which share the REF allele at the nic-2 QTL
peak position (Fig. 3D). Because we were unable to exclude the
possibility that RNAI has disadvantages such as off-target effects
and differences in effects between tissues, we decided to pursue
the phenotype of CRISPR deletion mutants and conducted
further experiments, which confirmed that the CRISPR mutation
produced a consistent phenotype. We named this gene nza-1
(nta; NicTation Altered). The nta-1 encodes an ortholog of a
human HSD17B14 (hydroxysteroid 17-beta dehydrogenase 14),
an enzyme involved in steroid hormone metabolism (28). The
increased nictation fraction in n#a-1 mutants suggests that this
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Fig. 2. GWA mapping reveals a QTL for nictation behavior, nict-2. (A) Manhattan plot for the GWA mapping of nictation fraction. The upper horizontal dashed
line corresponds to the Bonferroni-corrected threshold using all markers, while the lower horizontal dashed line corresponds to the EIGEN threshold, which is
the Bonferroni-corrected threshold for the number of independent markers (i.e., the genome-wide eigen-decomposition threshold). SNVs were colored red if
they passed the second threshold. A cyan rectangle represents the region of interest for the QTL. (B) Phenotype by genotype split for the QTL region. Strains
were divided into two groups, with the peak SNV(chrll: 4,280,841) used as a marker. REF indicates the reference group, which has the same SNV as the reference
strain N2. ALT indicates the alternative group. (C) Nictation fraction (Left) and genotype (Right) of two NILs, LJ1301 (nict-2, CB4856>MY23) and LJ1317 (nict-2,

MY23>CB4856). Statistics: ***P < 0.001. Multiple comparison (Tukey's HSD).

gene suppresses the nictation behavior. Notably, when the MY23
version of nta- I was deleted in LJ1318, no phenotypic effect was
observed. We hypothesized that MY23 harbors a loss-of-function
allele of nta- 1, and may therefore enhance the nictation behavior
of this strain. Thus, no additional effect was observed in the nta-1
deletion experiments in LJ1318.

To test the causality of the nza- I gene on the nict-2 QTL effect
as well as the functionality of n#a- I natural alleles, we performed
a reciprocal hemizygosity F1 test (29) (Fig. 3E). We found that
two homozygous strains, harboring the CB4856 allele or MY23
alleles for nta-1, displayed significantly different nictation frac-
tions (Fig. 3E). This result demonstrates that nza-1 polymor-
phism indeed underlies the natural variation in nictation
behavior. In addition, the hemizygous strain with the MY23 allele
showed a similar phenotype to the n#z-1 null mutant, further
supporting the hypothesis that MY23 contains a loss-of-function

PNAS 2024 Vol.121 No.28 2320796121

allele for nza-1. The phenotype of hetero-F1 was similar to
CB4850, suggesting CB4856 allele is dominant to MY23 allele.

Lack of nta-1 Expression in Glial Cells Enhances Nictation
Behavior. The nza-1 locus is rich in SNVs and structural
variants (Fig. 44). We identified two missense SNVs within
the coding sequence of the MY23 nta-1 allele. In addition,
we also identified over 100 noncoding SNVs in the region
encompassing the gene and its promoter (0.85 kb), as well
as alterations in intronic structure (Fig. 44). To investigate
whether genetic changes in the coding or promoter region are
responsible for differences in behavior, we performed promoter
swap experiments. While transgene expression driven by nza-
1pCB856 significantly reduced the nictation of the 7z2- I mutant
to levels similar to the wild-type (CB4856) irrespective of
the protein-coding sequence, transgene expression driven by

https://doi.org/10.1073/pnas.2320796121
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Fig. 3. Variants of a putative steroid metabolism enzyme, nta-7, underlie natural variation in nictation of C. elegans. (A) Nictation fraction of NILs in the
CB4856 background used to map the 91-kb nict-2 locus. Statistics: ***P < 0.001, **P < 0.01. Multiple comparison (Tukey's HSD). (B) The nict-2 locus. Protein
coding genes are colored pink or cyan based on their direction. Other regions are colored gray. Images obtained from JBrowse 2 of Wormbase were modified
to generate this figure (25). (C) A schematic plot for the genetic structure of nta-71. The yellow box represents the CRISPR-Cas9-mediated deletion site.
(D) Nictation fraction of nta-7 mutants of the CB4856 and LJ1318 NIL and N2. Statistics: ***P < 0.001. Pairwise t test. (E) Nictation fractions of nta-7 mutants
and reciprocal F1 progenies. CB4856, LJ1318, and nta-1 mutants of both strains were used. The bottom of the figure shows the chromosome II. Blue and red
boxes represent the genomes of CB4856 and MY23, respectively. The yellow triangle represents the nta-7 deletion allele. Statistics: ***P < 0.001. Multiple

comparison (Tukey's HSD).

nta-1p""?3 did not affect nictation as much (Fig. 4B). Moreover,
nta-1 expression driven by nta- 1p“%6, not by nta- 1p"¥?, also
reduced the nictation fraction of MY23 strain (S/ Appendix,
Fig. S3). These results demonstrate that genetic differences in
the nta-1 promoter, rather than in the coding region, explains
behavior differences between CB4856 and MY23.

Next, we investigated how sequence divergence at the nza-1
promoter led to differences in gene expression. Using a published
RNA-seq dataset (30), we found that nza- I expression was signif-
icantly lower in wild strains with nta- [pM"? than in strains with
nta- 1p“P%5 (Fig. 4C). Consistently, when we examined the spatial
expression patterns of these two promoters, we found weaker sig-
nals from nta-1p". Both nta-1p“P#5¢ and nta-1p"*% drive
expression in a variety of tissues, including pharyngeal gland cells,
pharyngeal muscles, coelomocytes, body wall muscles, the head
mesodermal cell (HMC), and in intestinal cells (Fig. 4D and
SI Appendix, Table S1). However, compared to nta-1 pCB4856,
nta- 1p™*? expression was absent in head muscles and GLR cells
in dauer (Fig. 4D and SI Appendix, Figs. S4-S6) (31-33). The
phenotype of the mutants and the expression data suggest that
additional expression driven by the CB4856 promoter lowers nic-
tation (Fig. 4E).

GLR cells are glial cells whose cell bodies are located just
behind the nerve ring, the major neuropil in C. elegans. There
they extend sheet-like processes anteriorly into the inner region

https://doi.org/10.1073/pnas.2320796121

of the nerve ring (31, 32, 34) and form intensive gap junctions
with head muscles and motor neurons (RMEs), implying that
they play a role in the fine-tuning of head movements (34).
Notably, the chemical synapses from IL2 neurons to GLR cells
are strengthened at the dauer stage (S7 Appendix, Fig. S7) (35).
Given the essential role IL2 neurons play during nictation
(9, 18), we hypothesized that nza- I expression in GLR cells may
regulate nictation. To test this possibility, we expressed
nta-1(CB4856 nta-1 coding region) in GLR cells under two
independent promoters (i.e., nep-2p and egl-6p, from N2 strain)
(33). We found that expressing nza- I in GLR cells was sufficient
to rescue nta-1 mutant phenotype (Fig. 4F). Moreover, nta-1
expression by GLR promoter also reduced the nictation fraction
of MY23 strain (SI Appendix, Fig. S8). Since nta-1 expression
was also different in head muscles, we also tried expressing nza- 1
under the head muscle promoter (i.e., ser-2p, from N2 strain),
but it had no effect (S Appendix, Fig. S8). Taken together, these
results demonstrate that glial 7za- I expression underlies natural
variation in nictation behavior.

Ancient Balancing Selection Has Maintained Two Versions of the
nta-1 Promoter. To better understand the evolution of the nta-1
promoter on a species-wide scale, we extended our analysis to the
548 wild C. elegans genomes available from CaeNDR (23). We
found that most wild genomes shared their 7z- I haplotype either
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SI Appendix, Table S2). As for the peak SNV of nict-2 QTL, the
nta-1 promoter haplotype was clearly associated with the nictation
variation (Fig. 5B).

with CB4856 or MY23. Specifically, 409 wild genomes with nza-

1pCB#36 133 with nta-1p"¥?, and eight remaining wild genomes

did not carry either of the two major haplotypes (Fig. 54 and
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Next, we investigated the geographic distribution of the two
major nta-1p haplotypes (Dataset S4). Both haplotypes are found
worldwide and often coexisted within the same geographic areas or
local populations (Fig. 5C). For example, 60% of the Hawaiian
strains carry nta-1p""% and 35% possess nta-1p“P%%¢ and these
two haplotypes have been found to be colocalize throughout the
Hawaiian islands (Fig. 5D). Similar colocalization and balanced
frequency patterns for these two haplotypes were also observed
throughout the western continental United States (SI Appendix,
Fig. S9). This geographic pattern implies that different nza- Ip hap-
lotypes are maintained in local populations via balancing selection.
Indeed, we detected a pronounced signature of long-term balancing
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selection at the nza-1 locus, as evidenced by Tajima’s D estimates
being substantially higher than in adjacent regions (Fig. 5E).

Previous studies revealed greater genetic diversity of C. eleagans
in Hawaii than in other regions of the world, suggesting that this
population is among the oldest in the wild (36-38). Notably,
we identified both nta- 1p“B%°¢ and nta- 1p™"? in wild strains of
the Hawaiian Divergent population (Fig. 5F and S/ Appendix,
Table S3), which has been shown to have diverged early and there-
fore isolated from later gene flow events (36). These results imply
that the two nta- 1p haplotypes existed in ancestral C. elegans pop-
ulations prior to divergence and have been preserved over many
generations via ancient balancing selection.
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Fig. 5. Ancient balancing selection has maintained two versions of the nta-7 promoter. (A) Haplotype tree of the nta-7 promoter from 550 C. elegans isotypes.
The nta-1 promoter haplotypes of CB4856 (nta-1p4>6) and MY23 (nta-1p""?3) are shown in blue and red, respectively. (B) Phenotype by genotype split for the
nictation fractions of wild isolates. Strains are split based on the haplotype of the nta-7 promoter. (C) Global geographic distribution of the nta-7 promoter
haplotypes. Each dot represents a strain. Shown are strains with the CB4856 nta-1 haplotype (Left, blue dots) and strains with MY23 nta-1 haplotype (Right, red
dots). (D) Geographic distribution of the nta-7 promoter haplotype in Hawaii. () Tajima’s D statistics across the nta-7 locus. The dashed red line indicates the
location of nta-1. (F) Genome-wide tree of 550 C. elegans isotypes. Color indicates the nta-7 promoter haplotype. The Hawaii_divergent group was reconstructed
based on the range of the distribution of isotypes in previously divided groups as reported by Crombie et al. (36).
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Since nictation behavior facilitates dispersal to new habitats
through phoresy (10), the MY23 nza-1 allele that enhances nic-
tation likely offers a fitness advantage. However, the balance
between nta- 1p¥? and nta- 1p“B%5 suggests more complex fit-
ness implications for these alleles. When we assessed its effect on
reproduction, while two 7nza-I alleles did not show differences in
total fecundity (SI Appendix, Fig. $10), we found differences in
the postdauer reproductive success. Specifically, when comparing
the brood sizes up to 48 h after dauers were transferred to a new
plate with food, only deletion of the CB4856 nza- I allele delayed
postdauer reproduction, thereby resulting in a significantly lower
brood size at 48 h (8] Appendix, Fig. S11). This delayed reproduc-
tion was specific to postdauers; the brood sizes in nematodes up
to 72 h from egg that bypassed the dauer stage did not differ
between strains. The pleiotropic effect of nza-1 variation might
have influenced fitness in multiple ways, which in case affect bal-
ancing selection of nza-1.

Discussion

Our GWA mapping uncovered a single large-effect QTL under-
lying natural differences in nictation behavior. Using NILs, we
found that the QTL effect was split into two loci. We traced the
effect of the major short (91-kb) QTL to a specific quantitative
trait gene, nta-1. The detailed molecular function of N7A-1
remains elusive, but sequence homology provides some clues. nza- 1
is homologous to human HSD17BI14, an enzyme that is known
to have a function involved in the metabolism of steroids at C17
(for example, oxidizing estradiol to estrone) (28). Intriguingly,
SNPs in human HSD17B14 are associated with athletic perfor-
mance (39). In C. elegans, sterol metabolism plays a key role in
dauer development (40, 41). For example, dafachronic acid, a
specific steroid hormone, is produced by the DAF-9 cytochrome
P450 enzyme and acts to prevent dauer formation by interacting
with the nuclear hormone receptor, DAF-12 (42). We hypothesize
that nza-1 is involved in the steroid hormone signaling that regu-
lates dauer-specific traits, including nictation behavior.

Next, the promoter swap experiments revealed that coding var-
iants do not impact behavior. Rather, we observed that expression
of this gene in a specific glial cell type, GLR, underlies variations
in nictation behavior (Fig. 6). Despite differences in GLR expres-
sion, we also found that two promoters drive common expression
in various other tissues. Expression of the nz-1 transgene by
nta-1p™"? had no effect on nictation, suggesting that N7A-1 in

these cells may have a function distinct from regulating nictation.
Our findings exemplify how cell-specific function of a gene and
changes in their expression can contribute to differences in behav-
ior. Since GLR cells establish strengthened synapse-like connec-
tions with IL2 neurons that initiate nictation, cell-autonomous
alterations in GLR cells may influence the function of IL2 neurons
and their connected neural circuits. Alternatively, changes in nza- 1
expression in GLR may exert cell nonautonomous impacts; for
example, GLR cells may regulate the local sterol hormone envi-
ronment in the nerve ring during the neural circuit remodeling
phase of dauer development. Recently, it has been demonstrated
that glial steroid signaling in Drosophila melanogaster regulates
sleep behavior (43), and glial hormone esterase governs
caste-specific behavior in ants (44), indicating that the glial
response to steroid hormones, which regulate plastic behavior,
might be widely conserved.

By leveraging whole-genome sequence data from 550 wild C.
elegans genomes, we explored the origin of variation in nza- 1 expres-
sion. Our analysis demonstrated that two major haplotypes of nza- 1
promoter (i.e., nta—]pCB4856: 74%, nta- 1pM?3: 24%) arose in an
ancient C. elegans population and have been maintained via
long-term balancing selection. Although wild strains containing
nta-1pM?3 display a higher nictation ratio compared to those with
nta-1 pCB4856, nta- 164856 3]lele have advantage in postdauer repro-
duction rate. This implies that modification in steroid hormone
signaling due to changes in 7za-1 expression may exert pleiotropic
effects, thereby leading to a context-dependent balancing selection.
Although both haplotypes are distributed worldwide, we found that
the balance between the two haplotypes was not as prevalent outside
of the Pacific region as it was within Pacific populations (S Appendix,
Fig. §9). Although it might seem counterintuitive that the
nta- 1p“P#5, which reduces nictation behavior, has spread world-
wide, our findings align with a previously proposed hypothesis,
which suggested that C. elegans likely had its origins in the Pacific
region and thereafter expanded beyond the Pacific via
human-mediated migration (36-38). For example, the transport of
agricultural products might reduce the reliance on phoresy related
to other animals. Furthermore, wild C. elegans strains are often
found in human-associated environments such as orchards, gardens,
and compost (16, 45). Such nutrient-rich settings might favor quick
dauer exit and postdauer reproduction instead of a prolonged dis-
persal stage. While human activities are thought to influence dauer
entry (46), our study implies that they have also reshaped the evo-
lution of dauer dispersal and postdauer reproduction.

-

GLR cells

-

Strain

Natural variation in
nictation

Fig. 6. Graphical summary.
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Methods

C. elegans Strains. Worms were grown at 15 or 20 °C under standard conditions
(47), except for dauer induction. A total of 137 C. elegans wild strains used in
GWA mapping were obtained from CaeNDR (Dataset S1)(23). Information about
other strains made in this study (NILs, mutants, transgenic) is summarized in
Sl Appendix, Table S4.

Dauer Induction. Approximately 15 young adults were transferred to the pher-
omone plates seeded with Escherichia coli OP50. Plates were then incubated
at 25 °C. Pheromone plates contained agar (10 g/L), agarose (7 g/L), NaCl
(2 g/L), KH2PO4 (3 g/L), K2HPO4 (0.5 g/L), cholesterol (8 mg/L), and synthetic
pheromone-ascarosides C7 (i.e., daumone 1, ascaroside 3), C6 (i.e., daumone 2,
ascaroside 1),and C9 (i.e., daumone 3, ascaroside 2)(2 mg/Leach) (48, 49). After
4 d, dauersamong progeny were identified by their constricted and thin bodies.

Nictation Assays. To assess nictation, a 3.5% agar solution was first poured
onto a poly-dimethylsiloxane (PDMS) mold to prepare microdirt chips. A micro-
wave was then used to dissolve the agar powder. After the agar had solidified,
it was removed from the PDMS mold and dried at 37 °C for 90 min. Dauers on
the pheromone plates were then collected by glass capillary (Kimble Chase Life
Science and Research Products LLC.) using M9 buffer and transferred onto the
dried microdirt chip. After 30 to 40 min, when most of the dauers were moving,
the proportion of the nictating dauers among the moving dauers was measured.
For each biological replicate, the nictation fraction was measured three timesin a
row.The mean of these three technical replicates represented the nictation fraction
of a biological replicate. All nictation assays were performed in a closed room
with a thermo-hygrostat set to maintain a temperature of 25 °C and a humidity
of 30%. One hundred thirty-six wild isolates were tested alongside a CB4856
control, and their nictation fractions were normalized to that of CB4856. For all
the other nictation assays, nictation fractions were regressed by fitting a linear
model (i.e., nictation fraction ~ assay trial), and the (total) mean raw nictation
fraction was added to each residual.

Calculation of Narrow-Sense Heritability. The nictation fractions of 137 wild
isolates were then used to calculate an estimate of narrow-sense heritability (h?).
The mmer function as implemented by the sommer R package was used to
calculate the additive variance. Then, the estimate of h? was calculated using the
pin function of the same package (i.e., A2~ VIN1 +V2).

GWA Mapping. Before mapping, the nictation fractions of 137 wild isolates
were rescaled to have a mean of zero and a SD of one. GWA mapping and
fine mapping of QTLwere performed in CaeNDR using NemaScan (24), using
genotype data from the latest VCF release (i.e., Release 20220216) on CaeNDR
(23, 24). Hard-filter VCF and imputed VCF files were used for GWA mapping
and fine mapping, respectively. For the GWA mapping, regions of interest were
extended as intervals of =150 SNVs from the significant marker above the
eigen-decomposition significance threshold and were taken to define a QTL.
Regions of interest within 1,000 SNVs were grouped together as a single QTL.

Generation of NiLs. All NILs were generated from CB4856 and MY23 paren-
tal strains. To do so, CB4856 was backcrossed to the MY23 parents ten times
while selecting the CB4856 genome near the QTL interval on chromosome Il
by checking for single-nucleotide polymorphisms (SNPs) at 11:3,768,531 and
11:4,286,410 (SI Appendix, Table S5). To genotype 3,768,531, we used EcoRV
restriction fragment length polymorphism (RFLP) of single-worm PCR prod-
ucts amplified using the following primers: 5'-CGGTTCGGCTGGAAATTTGG-3"
and 5’-CAGTTGCTCCCGITAAAGCG-3'. To genotype 4,286,410, we used Haelll
RFLP of single-worm PCR products amplified using the following primers:
5'-TCGTAAATCCACACCTGCGG-3" and 5’-CACGTGGAAAACCGCATCTG-3'. MY23
was then backcrossed to the CB4856 parents. Next, the genomes of the gen-
erated NILs were analyzed by short-read sequencing. The remaining unwanted
genomes in chromosome Il were removed by further backcrossing to generate
LJ1307 and LJ1317. Finally, LJ1318, LJ1319, and L1320 were generated by
further backcrossing of LJ1317.

RNAi Nictation Assays. For RNAi nictation assays, we used a C. elegans RNAi
feeding library from Julie Ahringer's group. Each target cell in this library was
streaked and cultured in LB broth containing ampicillin. Next, RNAi plates

https://doi.org/10.1073/pnas.2320796121

and RNAi pheromone plates containing 1 mM IPTG were prepared for the
rrf-3(pk1426) mutant.To avoid OP50 being transferred alongside nematodes,
we transferred worms three times. First, L4 worms on the OP50 plates were
transferred to empty fresh plates without bacteria and were then allowed
to move for 30 min. These same nematodes were then transferred to RNAi
plates. After 30 min, they were again transferred to new RNAi plates, which
were then incubated at 25 °C. After 3 d, approximately 15 young adults (F1)
were transferred to the RNAi pheromone plates. Afteranother 4 d, dauers were
collected, and their nictation fractions were measured using the procedure
described above.

CRISPR/Cas9-Mediated Mutagenesis. To induce deletion in nta-1, we
designed two sgRNA sequences 5’-ACCTTCTCAAGAGCACCTGGTGG-3 and
5’-GTGATCTATGTTGTGCCT GGCGG-3' that together can induce deletion of most
of the nta-17 sequence. pJL3021 and pJL3022, each containing one of these
two sgRNAs, were derived from the pJW1219 CRISPR/Cas9 plasmid containing
sgRNA(F+E) and were edited using the Q5 site-directed mutagenesis kit (E0554;
New England Biolabs). CRISPR-edited worms were identified by co-CRISPR using
a PJAS0 plasmid and an AF-JA-76 repair template that induce unc-58(e665)
(50). The injection mixture included a final concentration of 30 ng/pL of pJA50,
20 ng/ul of the unc-58 repair template, and 50 ng/pL of both pJL3021 and
pJL3022. This was then injected into young adults of the target background
strains. F1 progenies with the unc phenotype were then singled out to new
plates and incubated until enough eggs were laid. After laying eggs, F1 proge-
nies were genotyped after single-worm lysis. Genotyping was accomplished by
determining the length of the PCR product, including the nta-1 deletion site,
that was amplified by the following primers: 5'-CTGTTCGTGGGATTGTTTGA-3” and
5’-GGCTCAACCCGTAGAAATTG-3". F2 progenies were genotyped in the same way,
and the F2 progenies with homozygous nta- 7 mutations were then backcrossed to
each background strain for at least three generations to avoid off-target editing.

F1 Hemizygous Nictation Assays. A total of 25 to 30 of day one adult CB4856
or LJ1321 hermaphrodites were cultured to lay eggs. During these days, worms
were transferred to a new plate each day to check for whether eggs had been laid.
After 3 to 4 d, when their egg-laying had nearly ceased, they were then mated
with LJ1318 or LJ1322 males. The next day, 18 of the mated hermaphrodites
were transferred to a pheromone plate. The mated hermaphrodites were distin-
guished by the formation of copulatory plugs around the vulva. Four days later,
the nictation fraction of the F1 dauers was measured. After the completion of these
assays, the dauers on the nictation chips were collected again and transferred to
new fresh plates containing OP50 food. The next day, the male-to-hermaphrodite
ratio of the recovered dauers was counted to validate that the measured dauers
represented the pool of F1 progenies.

Generation of the Transgene Construct. To generate all promoter::gfp or
promoter::mCherry plasmids, promoter PCR templates were inserted into the
GFP vector pPD95.77 or the mCherry vector pPD117.01. All plasmids for rescue
experiments (i.e., promoter::nta-1::s/2::gfp) were generated by modification of
the pEM1 vector (51). All constructs were made using a Gibson assembly cloning
kit (E5510; New England Biolabs).

Generation of Transgenic Animals. Plasmid constructs were injected into the
gonads of the young adult animals as previously described (52). The injection
mixture contained plasmids for fluorescent protein expression at 100 ng/ulL,
and/or plasmids for nta-7 rescue at 50 ng/uL, and/or plasmids expressing a
r0/-6(su1006) transgenic marker at 100 ng/pL.

Microscopy. AZEISS LSM700 confocal microscope and ZEN software (Carl Zeiss)
were used to obtain images of fluorescence protein expression. When using a
confocal microscope, animals were fixed on a 3% agar pad on a slide glass and
were paralyzed using 3 mM levamisole.

Population Genetics. A VCF file containing 58 biallelic SNVs from 550 wild
C. elegans genomes was converted to the PHYLIP file format to generate a
nta-1promoter tree. Adistance matrix and pseudorooted (ECA2199) neighbor-
joining tree were produced from this PHYLIP file using dist.ml and the NJ
function as implemented by the phangorn (version 2.11.1) R package. This
tree was then visualized using the ggtree (version 3.6.2) R package. Using
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this tree, we classified two major haplotypes at the nta-7 promoter locus. To
visualize the geographic distribution of these nta-7 haplotypes, the latest
strain data from the CaeNDR (Release 20220216) were used to get collection
information for each isolate (Dataset S4). A genome-wide neighbor-joining
tree for 550 wild isotypes was then obtained from the CaeNDR (23). This tree
was pseudorooted with ECA2199 and was visualized using the ggtree. Tajima'’s
D statistics for the nta- T locus were obtained from ref. 38, where Tajima's D was
calculated from the allele frequency spectrum of SNVs within a 10 kb window
across 328 wild genomes.

Brood Size Assays. T0 obtain synchronized embryos, approximately 30 day
one adults were transferred onto fresh NGM plates seeded with OP50; these
were incubated at 20 °C. After an hour, adult worms were fully removed from
the plate. After 2 d, the synchronized L3-L4 worms were individually trans-
ferred to different plates. After reaching adulthood and starting to lay eggs, the
adult worms were transferred to a new plate every day for 2 d. The number of
progenies in each plate was then counted after 2 d after transfer; these values
were then summed to obtain the total brood size of an individual worm. For
postdauer assays, 30 dauers were transferred onto fresh NGM plates seeded
with OP50. Dauers tended to move out of the OP50 lawns, so we checked on
them for about 30 min to transfer them back onto the OP50 lawn. After 40 h,
the worms were transferred to new plates and were kept there for another 8 h,
after which they were again removed. The number of worms remaining was
counted at 40 and 48 h. After 2 d, the number of progeny in each plate was
counted. The number of offspring on the first plate was divided by the number
of animals remaining after 40 h, and the number of offspring on the second
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plate was divided by the number of animals remaining after 48 h. Finally,
these two were added together to calculate the mean brood size up to 48 h
after dauer transfer. Next, for the brood size assay started from eggs, synchro-
nized embryos were obtained as described above. After 2 d, 30 synchronized
L3-L4 F1 worms were transferred onto a new plate. The next day (72 h from
the eggs laid), the number of remaining F1 worms was counted, and they
were removed from the plate. The number of F2 progeny on each plate was
counted after 2 d when they were grown up. Brood sizes were normalized by
fitting a linear model, (i.e., brood size ~ test date).

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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