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Abstract

Life history traits underlie the fitness of organisms and are under strong natural selection. A new mutation that positively impacts a life his-
tory trait will likely increase in frequency and become fixed in a population (e.g., a selective sweep). The identification of the beneficial
alleles that underlie selective sweeps provides insights into the mechanisms that occurred during the evolution of a species. In the global
population of Caenorhabditis elegans, we previously identified selective sweeps that have drastically reduced chromosomal-scale genetic
diversity in the species. Here, we measured the fecundity of 121 wild C. elegans strains, including many recently isolated divergent strains
from the Hawaiian islands and found that strains with larger swept genomic regions have significantly higher fecundity than strains without
evidence of the recent selective sweeps. We used genome-wide association (GWA) mapping to identify three quantitative trait loci (QTL)
underlying the fecundity variation. In addition, we mapped previous fecundity data from wild C. elegans strains and C. elegans recombi-
nant inbred advanced intercross lines that were grown in various conditions and detected eight QTL using GWA and linkage mappings.
These QTL show the genetic complexity of fecundity across this species. Moreover, the haplotype structure in each GWA QTL region
revealed correlations with recent selective sweeps in the C. elegans population. North American and European strains had significantly
higher fecundity than most strains from Hawaii, a hypothesized origin of the C. elegans species, suggesting that beneficial alleles that

caused increased fecundity could underlie the selective sweeps during the worldwide expansion of C. elegans.
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Introduction

Life history traits are phenotypic characters that affect the fitness
of organisms (Knight and Robertson 1957; Stearns 1976, 1989;
Charlesworth et al. 2003; Flatt and Heyland 2011; Flatt 2020).
Traits, such as fecundity, size at birth, age at reproductive matu-
rity, and stage- or size-specific rates of survival, interact with
each other to affect the fitness of organisms in an ever-changing
environment. Genes that affect life history traits should be sub-
ject to strong natural selection because they directly affect the
fitness of organisms. Adaptive alleles with strong selective
advantages in life history-related genes are likely to spread rap-
idly across a population in a selective sweep (Smith and Haigh
1974; Kaplan et al. 1989; Berry et al. 1991; Stephan 2019).
Signatures of selective sweeps include a loss of neutral polymor-
phism, drastic changes in the site frequency spectrum, and par-
ticular patterns of linkage disequilibrium (LD) across the site of
selection (Smith and Haigh 1974; Braverman et al. 1995; Fay and
Wu 2000; Kim and Nielsen 2004; Stephan et al. 2006; Stephan
2019). Identification of selective sweeps by these signatures pro-
vides a key to locate genes under selection and helps to under-
stand the process of adaptation and evolution.

Caenorhabditis elegans is a free-living nematode and a keystone
model organism for biological research. The reproductive mode
of C. elegans is androdioecy, with predominant self-fertilization of
hermaphrodites and rare outcrossing between hermaphrodites
and males (Brenner 1974). A single hermaphrodite of the labora-
tory reference strain N2 lays approximately 300 self-fertilized
embryos in standard laboratory conditions (Hodgkin and
Doniach 1997; Félix and Braendle 2010). Newly hatched animals
develop through four larval stages (L1-L4) into mature reproduc-
tive adults after 3 days in favorable conditions at 20° (Frézal and
Félix 2015). Under stressful conditions, such as crowding and lim-
ited food, C. elegans enters the dauer diapause stage during larval
development to enable survival in harsh environments and to fa-
cilitate dispersal. C. elegans likely has a boom-and-bust life cycle
in the wild because of fluctuating environmental conditions and
the spatio-temporal distributed habitats, such as rotting fruits
and stems (Félix and Duveau 2012; Frézal and Félix 2015). C. ele-
gans is globally distributed (Kiontke et al. 2011; Andersen et al.
2012; Félix and Duveau 2012; Cook et al. 2017; Crombie et al. 2019;
Lee et al. 2021). Although recent studies characterized high ge-
netic diversity of the species in Hawaii and the surrounding
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Pacific regions (Crombie et al. 2019; Lee et al. 2021), C. elegans
exhibits low overall genetic diversity at the global scale (Barriere
and Félix 2005; Cutter 2006; Andersen et al. 2012). The metapopu-
lation dynamics, seasonal bottlenecks, predominant selfing, low-
outcrossing rate, low-recombination rate, background selection,
and recent selective sweeps might all contribute to the low-ge-
netic diversity of the species (Barriére and Félix 2005, 2007; Cutter
2006; Rockman and Kruglyak 2009; Rockman et al. 2010;
Andersen et al. 2012). In the genomes of many C. elegans strains
sampled in temperate regions, chromosomes I, IV, V, and X ex-
hibit signatures of selective sweeps, such as an excess of rare var-
iants, high LD, and extended haplotype homozygosity over large
genomic regions (Andersen et al. 2012). By contrast, the genomes
of most Hawailan C. elegans strains have no such signatures
(Andersen et al. 2012; Crombie et al. 2019; Lee et al. 2021). Analyses
of C. elegans genetic diversity, population structure, gene flow,
and haplotype structure suggest that C. elegans originated from
the Pacific region, such as the Hawaii Islands, the western United
States, or New Zealand, and expanded worldwide, especially into
human-associated habitats (Andersen et al. 2012; Crombie et al.
2019; Lee et al. 2021). The recent positive selective sweeps likely
occurred during this expansion, but the beneficial alleles that
have driven the sweeps and their fitness advantages are yet un-
known.

Here, we measured lifetime fecundity of 121 wild C. elegans
strains and compared this trait between swept strains that expe-
rienced the recent selective sweeps and divergent strains that
avoided these sweeps. We found that swept strains had signifi-
cantly higher lifetime fecundity than divergent strains, as well as
significant geographical differences in lifetime fecundity between
strains from the Hawaii Islands and strains from other parts of
the world. We then used genome-wide association (GWA) map-
ping to identify three quantitative trait loci (QTL) on chromo-
somes I, II, and V that influence the lifetime fecundity of C.
elegans. In addition, we identified eight QTL that impact C. elegans
fecundity in different laboratory environments using GWA and
linkage mappings of previous fecundity data. The 11 QTL reveal
the complex genetic architecture of C. elegans fecundity.
Furthermore, we discovered that the different alleles at each QTL
peak marker and the different haplotypes in each QTL among the
121 strains were strongly correlated with signatures of recent se-
lective sweeps found in each strain. Our results suggest that
higher lifetime fecundity could have provided selective advan-
tages for swept strains and the underlying genetic variants might
have driven the recent strong sweeps in the C. elegans strains that
have colonized the world.

Materials and methods
Caenorhabditis elegans strains

All the wild strains were obtained from C. elegans Natural
Diversity Resource (CeNDR) (Cook et al. 2017). Animals were cul-
tured at 20° on modified nematode growth medium (NGMA) con-
taining 1% agar and 0.7% agarose to prevent burrowing and fed
the Escherichia coli strain OP50.

Swept haplotypes and strains

Haplotype data for 403 C. elegans isotypes, representing 913 wild
strains, were acquired from the 20200815 CeNDR release. We
compared the total length of each haplotype per chromosome
across all isotypes to identify the most common haplotypes on
each chromosome. We then searched for the regions of the most
common haplotypes in each C. elegans isotype and recorded them

if their length was greater than 1 Mb (Crombie et al. 2019; Lee et al.
2021). We classified haplotypes outside of recorded regions as
unswept haplotypes. The swept status of some haplotypes was
undetermined when no identical-by-descent groups were found,
and thus the haplotype information for that region was missing
in the CeNDR release.

Signatures of selective sweeps were identified on chromo-
somes I, IV, V, and X, but not on chromosomes II and III
(Andersen et al. 2012). Therefore, we focused on the four chromo-
somes (I, IV, V, and X) and defined their most common haplo-
types as swept haplotypes (Lee et al. 2021). In each C. elegans
isotype, chromosomes that contain greater than or equal to 30%
of the swept haplotype were classified as swept chromosomes.
We classified isotypes with any swept I, IV, V, and X chromo-
somes as swept isotypes and isotypes without any swept I, IV, V,
and X chromosomes as divergent isotypes. Strains that belong to
swept isotypes and divergent isotypes were classified as swept
strains and divergent strains, respectively (Gilbert et al. 2020).

Genetic relatedness

Genetic variation data for 403 C. elegans isotypes were acquired
from the hard-filtered isotype variant call format (VCF) 20200815
CeNDR release. These variants were pruned to the 1,074,596 bial-
lelic single nucleotide variants (SNVs) without missing genotypes.
We converted this pruned VCF file to a PHYLIP file using the
vcf2phylip.py script (Ortiz 2019). The unrooted neighbor-joining
tree was made using the R packages phangorn (v2.5.5) and ggtree
(v1.14.6) (Schliep 2011; Yu et al. 2017).

Fecundity measurements

Prior to each assay, strains were grown for three generations
without bleaching, entering starvation, or encountering dauer-in-
ducing conditions (Andersen et al. 2014). For each C. elegans strain
in the fourth generation, single L4 larval stage hermaphrodites
were picked to each of five 3.5cm NGMA plates with OP50 and
were maintained at 20°. For each assay plate, the original her-
maphrodite parent was transferred to a fresh plate every 24 hours
for 96hours. A custom-built imaging platform (DMK 23GP031
camera; Imaging Source, Charlotte, NC, USA) was used to collect
images for each of the first four assay plates (0, 24, 48, and
72 hour samples) 48 hours after removal of the parent from each
plate. Most strains had few offspring after 96 hours. Images of the
fifth assay plates were collected 72 hours after the final transfer
of the parents. From each image, the total offspring was counted
by visual inspection using the Multi-point Tool in Image]
(v1.8.0_162) (Schneider et al. 2012). The original hermaphrodite
parents on the fifth assay plates were excluded from the counts.
The number of offspring in each of the first four assay plates cor-
responds to the daily fecundity. Numbers of offspring on the fifth
assay plates contained offspring from 3 days. For each biological
replicate of each C. elegans strain, the lifetime fecundity was cal-
culated as the total number of offspring from the five plates.
Replicates where the parent died were excluded from the analy-
sis. Only biological replicates with data from all five assay plates
were used in the calculations of daily and total fecundity. Daily
intrinsic growth rate (r) for each strain was calculated by r =
In(m,)/x, where x is animal age after hatching (2 +day of adult-
hood) and my is cumulative fecundity by each age (Vassilieva and
Lynch 1999; Anderson et al. 2011).

We collected fecundity data for 557 replicates of 121 C. elegans
strains [mean lifetime fecundity (MLF) = 231, standard deviations
(SD) = 55]: 84 strains with five replicates (MLF = 232, SD = 55), 28
strains with four replicates (MLF = 229, SD = 52), seven strains



G.Zhang,J. D. Mostad, and E. C. Andersen | 3

with three replicates (MLF = 214, SD = 49), and two strains with
two replicates (MLF = 292, SD = 19). These 121 strains were mea-
sured in 15 blocks, with 5-10 strains in each block
(Supplementary File S3). Six of the 15 blocks (blocks 2, 8, 12, 13,
14, and 15) only contained swept strains. Three of the 15 blocks
(blocks 1, 3, and 7) only contained divergent strains. The remain-
ing six blocks (blocks 4, 5, 6, 9, 10, and 11) contained a mix of
swept and divergent strains. We performed post hoc analysis to
detect potential block effects, using the aov() and the TukeyHSD()
functions in the R package stats (v3.5.3) (https://www.R-project.
org/). Of the 105 pairwise comparisons of lifetime fecundity
among the 15 blocks, only block 13 (with 10 swept strains)
showed significantly higher fecundity than four blocks: block 3
(seven divergent strains), block 4 (eight divergent strains and one
swept strains), block 6 (eight divergent strains and two swept
strains), and block 10 (four divergent strains and six swept
strains). Generally, block effects were rare and might be associ-
ated with genotypes of strains in blocks. We included all 121
strains of the 15 blocks in the following analysis.

GWA mapping

GWA mapping was performed on the mean fecundity measure-
ments of biological replicates from 121 C. elegans strains, which
belong to 121 distinct isotypes. Genotype data for each of the 121
isotypes were acquired from the hard-filtered isotype VCF
(20200815 CeNDR release). We performed the mapping using the
pipeline cegwas2-nf (https://github.com/AndersenLab/cegwas2-
nf) as previously described (Zdraljevic et al. 2019; Na et al. 2020).
Briefly, we used BCFtools (Li 2011) to filter variants that had any
missing genotype calls and variants that were below the 5% mi-
nor allele frequency. We used PLINK v1.9 (Purcell et al. 2007;
Chang et al. 2015) to prune the genotypes to 56,878 markers with
a LD threshold of > < 0.8 and then generated the kinship matrix
using the A.mat() function in the R package rrBLUP (v4.6.1)
(Endelman 2011). The number of independent tests (Niest) Within
the genotype matrix was estimated using the R packages RSpectra
(v0.16.0) (https://github.com/yixuan/RSpectra) and correlateR (0.1)
(https://github.com/AEBilgrau/correlateR). The eigen-decomposi-
tion significance (EIGEN) threshold was calculated as —log;4(0.05/
Niest). We used the GWAS() function in the rTBLUP package to per-
form the genome-wide mapping with the EMMA algorithm (Kang
et al. 2008). QTL were defined by at least one marker that was
above the Bonferroni-corrected significance (BF) threshold, to lo-
cate the best estimate of QTL positions with the highest signifi-
cance. We used the LD() function from the R package genetics
(v1.3.8.1.2) (https://cran.r-project.org/package=genetics) to calcu-
late the LD correlation coefficient r? among the QTL peak
markers associated with C. elegans lifetime fecundity.

We also performed GWA mapping using fecundity data in
DMSO control conditions from a previous study (Hahnel et al.
2018), where 236 C. elegans wild strains were cultured and pheno-
typed using the high-throughput fitness assays (HTA) as previ-
ously described. Briefly, L4 larval stage hermaphrodites were
cultured to gravid adult stage on plates and were bleached to ob-
tain synchronized offspring. The embryos were grown to L4 larval
stage in liquid (K medium) (Boyd et al. 2012) and fed an E. coli
HB101 lysate (Garcia-Gonzalez et al. 2017) in 96-well plates. A
large-particle flow cytometer (COPAS BIOSORT; Union
Biometrica, Holliston, MA, USA) was used to sort three L4 larvae
into each well of new 96-well plates containing K medium, E. coli
HB101 lysate, and 1% DMSO. Animals in the 96-well plates were
incubated at 20° for 96 hours to allow animals to grow and pro-
duce offspring, followed by measurements of various fitness

parameters, including fecundity. Raw fecundity data were
pruned, normalized, and regressed using the R package easysorter
(v1.0) (Shimko and Andersen 2014; Hahnel et al. 2018). The proc-
essed fecundity, norm.n, of each strain was used here for GWA

mapping.

Statistical analysis

Statistical significance of fecundity and intrinsic growth rate dif-
ferences between swept strains (groups) and divergent strains
(groups), and fecundity differences among different sampling
locations, were tested using the Wilcoxon test and P-values were
adjusted for multiple comparisons (Holm method) using the com-
pare_means() function in the R package ggpubr (v0.2.4) (https://
github.com/kassambara/ggpubr/). Broad-sense heritability of C.
elegans lifetime fecundity was calculated using the Imer() function
in the R package Ime4 (v1.1.21) with the model phenotype ~ 1+
(1|strain) (Bates et al. 2015).

Linkage mapping

We performed linkage mapping using fecundity data from a large
panel of recombinant inbred advanced intercross lines (RIAILs)
derived from QX1430 and CB4856 (Andersen et al. 2015). The fe-
cundity (norm.n) of the RIAILs and the parents were measured
using the HTA as described above, under three conditions: 1%
H,O (402 RIAILS), 1% DMSO (417 RIAILs), and 0.5% DMSO (432
RIAILs). Linkage mapping was performed on each trait using the
R package linkagemapping  (v1.3)  (https://github.com/
AndersenLab/linkagemapping) and the single-nucleotide varia-
tion data of the RIAILs in the package as described previously
(Evans and Andersen 2020). Briefly, logarithm of the odds (LOD)
scores for each genetic marker and each trait were calculated us-
ing the function fsearch(). The QTL threshold for significant LOD
scores in each mapping was defined by permuting trait values
1000 times, mapping the permuted trait data, and taking the 95th
quantile LOD score as the 5% genome-wide error rate. 95% confi-
dence intervals of each QTL were determined using the function
annotate_lods.

Data availability

The datasets, code for generating all figures, and Supplementary
figures can be found at https://github.com/AndersenLab/swept_
broods. Supplementary File S1 contains the haplotype data of 403
C. elegans isotypes from CeNDR release 20200815. Supplementary
File S2 contains genetic relatedness of 403 C. elegans isotypes.
Supplementary File S3 contains lifetime fecundity of 121 C. ele-
gans strains, their classification of swept strains and divergent
strains, and the assay blocks of these strains. Supplementary File
S4 contains daily fecundity and daily intrinsic growth rate of 121
C. elegans strains. Supplementary File S5 contains GWA results on
lifetime fecundity of 121 C. elegans strains. Supplementary File S6
contains genotype and phenotype data of 121 C. elegans strains at
the peak markers of GWA mapping. Supplementary File S7 con-
tains the sampling locations of 121 C. elegans strains.
Supplementary File S8 contains the GPS coordinates of sampling
locations of 121 C. elegans strains. Supplementary File S9 contains
lifetime fecundity and swept and divergent classifications of each
of the four swept chromosomes for each of the 121 C. elegans
strains. Supplementary File S10 contains LD results among the
three QTL of GWA using 121 C. elegans strains. Supplementary
File S11 contains the shared haplotypes of the 121 strains within
the QTL of GWA mapping. Supplementary File S12 contains GWA
results on fecundity data of 236 strains from a previous study
(Hahnel et al. 2018). Supplementary File S13 contains genotype
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and phenotype data of 236 strains at the peak marker of GWA
mapping. Supplementary File S14 contains the shared haplotypes
of the 236 strains within the QTL of GWA mapping.
Supplementary File S15 contains the linkage mapping results for
the 402 RIAILs in 1% water condition. Supplementary File S16
contains genotype and phenotype data of the 402 RIAILs at the
peak markers and phenotype data of the parents in linkage map-
ping results. Supplementary File S17 contains the linkage map-
ping results for the 417 RIAILs in 1% DMSO condition.
Supplementary File S18 contains genotype and phenotype data of
the 417 RIAILs at the peak markers and phenotype data of the
parents in linkage mapping results. Supplementary File S19 con-
tains the linkage mapping results for the 432 RIAILs in 0.5%
DMSO condition. Supplementary File S20 contains genotype and
phenotype data of the 432 RIAILs at the peak markers and pheno-
type data of the parents in linkage mapping results.

Results

Chromosome-scale sweeps shape C. elegans
strain relationships

Genomic information of 913 wild C. elegans strains, grouped into
403 genetically distinct isotypes, are currently available in
CeNDR (Cook et al. 2017). The latest CeNDR haplotype data, in-
ferred from identical-by-descent groups among the 403 isotypes,
include 22,859 distinct haplotypes across the genome. The num-
ber of haplotypes on each chromosome ranged from 2567 to
5199. We identified 11 most common haplotypes found in the
majority of wild strains. Of the 403 C. elegans isotypes, 331 share
more than 1Mb of regions with at least one of the 11 most com-
mon haplotypes, particularly on chromosomes I, IV, V, and X
(Figure 1A, Supplementary File S1). The haplotype structure of
shared haplotypes over large regions across 403 isotypes further
supported the selective sweeps identified previously (Andersen
etal. 2012).

The shared fraction of the most common haplotypes per chro-
mosome varies in each C. elegans isotype. Among chromosomes
with shared regions in the 331 isotypes, chromosomes I, II, III, IV,
V, and X have mean shared fractions and SD of 0.45 =+ 0.25,
0.21+0.19,0.22 £0.17,0.52 £0.28, 0.60 + 0.27, and 0.43 = 0.28, re-
spectively. We focused on swept haplotypes, the most common
haplotypes on chromosomes I, IV, V, and X, where evidence of se-
lective sweeps were identified (Andersen et al. 2012). The chromo-
somal sharing of swept haplotypes contributes substantially to
the genetic relatedness of C. elegans isotypes (Figure 1B,
Supplementary File S2). Isotypes with swept chromosomes,
which contain greater than or equal to 30% of swept haplotypes,
clustered together. Of the 331 isotypes noted above, 281 have at
least one swept chromosome (Figure 1B). We classified these 281
C. elegans isotypes as swept isotypes. We found that 244 swept
isotypes have at least two swept chromosomes. By contrast, most
of the 122 divergent isotypes with no swept chromosomes clus-
tered together (Figure 1B). Previous analyses on genome-wide av-
erage nucleotide diversity (n), Tajima’s D, and genome-wide
Hudson's Fsr between 43 Hawaiian isotypes (most are divergent
isotypes) and 233 non-Hawailan isotypes (most are swept iso-
types) also revealed a high degree of divergence, the highest of
which were found in genomic regions impacted by the selective
sweeps (Crombie et al. 2019). The high degree of genetic related-
ness across the species is driven by the selective sweeps, but the
fitness advantage causing the strong selective sweeps is yet un-
known.
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Figure 1 Swept chromosomes and genetic relatedness of wild C. elegans
isotypes. (A) Sharing of the most common haplotypes (red) across the
genome of C. elegans for 403 isotypes is shown. Genomic regions of
unswept haplotypes (haplotypes other than the most common
haplotypes) are colored gray. White segments are undetermined
haplotypes in regions where no identical-by-descent groups were found
(Crombie et al. 2019). The genomic position is plotted on the x-axis. Each
row on the y-axis represents one of the 403 isotypes, ordered as their
positions in (B). (B) A tree showing genetic relatedness of the 403 C.
elegans isotypes, using 1,074,596 biallelic segregating sites, is shown. The
tips of the tree are colored by the number of swept chromosomes (purple
for zero, deep blue for one, light blue for two, orange for three, and gold
for four) in each C. elegans isotype.

Natural variation in fecundity among swept and
divergent strains

To compare the fitness between swept and divergent isotypes, we
measured lifetime fecundity of 121 wild C. elegans strains sam-
pled across the globe (Supplementary Figure S1 and File S8).
Single fourth larval stage hermaphrodites were transferred daily
for 5 days and maintained under normal laboratory conditions.
We manually counted the viable offspring from images of assay
plates. The results showed large variation in lifetime fecundity
among wild C. elegans strains (Figure 2A, Supplementary File S3).
The MLF ranged from 106 to 335 offspring among the 121 strains.
We observed the species reproductive peak in the second day of
the assay, with a median peak number of 109 offspring (Figure
2B, Supplementary File S4).

Of the 121C. elegans strains, 68 strains were classified as
“swept” strains and 53 strains were classified as “divergent”
strains (see Materials and Methods, Figure 2B, Supplementary
Figure S1 and File S3). MLF of swept strains was significantly
higher than divergent strains (Wilcoxon test, adjusted P=9.1E-6)
(Figure 2B). Because different strains could have different swept
chromosomes, we extended the comparisons to chromosome lev-
els (Supplementary Figure S2 and File S9). We assigned strains
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Figure 2 Natural variation in C. elegans fecundity. (A) A bar plot for lifetime fecundity (y-axis) of 121 wild C. elegans strains is shown. Strains on the x-axis
are sorted by their MLF of two to five biological replicates. Error bars show standard errors of lifetime fecundity among replicates. The lab reference
strain N2 and the Hawaii strain CB4856 are colored orange and blue, respectively; other strains are colored gold for swept strains and purple for
divergent strains. (B) Comparisons of lifetime and daily fecundity between 68 swept strains (gold) and 53 divergent strains (purple) are shown as Tukey
box plots. Statistical significance was calculated using the Wilcoxon test and was corrected for multiple comparisons (Holm method). Significance of
each comparison is shown above each comparison pair (ns: adjusted P-value > 0.05; *: adjusted P-value < 0.05; **: adjusted P-value < 0.01; **: adjusted

P-value < 0.001; ***: adjusted P-value < 0.0001).

into swept groups or divergent groups in each swept chromo-
some, depending on whether isotypes had a specific swept chro-
mosome. Although the numbers of strains in the two groups
were different across swept chromosomes, swept groups always
showed significantly higher lifetime fecundity than divergent
groups (Wilcoxon test, adjusted P<0.0001) (Supplementary
Figure S2). The striking differences in lifetime fecundity sug-
gested that swept strains have higher fitness than divergent
strains under normal laboratory conditions. A later switch from
spermatogenesis to oogenesis during the development of C. ele-
gans could lead to the generation of more sperm and thus higher
lifetime fecundity. This later switch would likely be associated
with a trade-off of lower fecundity in early reproduction days.
Surprisingly, we found that swept strains showed significantly
higher daily fecundity than divergent strains in the first 3 days of
the assays (Wilcoxon test, adjusted P=0.0016, adjusted P=1.7E-
6, and adjusted P=0.014, respectively) (Figure 2B). Swept strains
also showed significantly higher intrinsic growth rate (r, maxi-
mum r was found at day two of adulthood for most strains) than
divergent strains (Wilcoxon test, adjusted P=9.9E-6)
(Supplementary Figure S3 and File S4). This significant difference
of fecundity between swept and nonswept groups provided an
opportunity to dissect the genetic basis of the natural variation in
lifetime fecundity. We calculated the broad-sense heritability
and found a substantial heritable genetic component (H? = 0.63)
of the phenotypic variance across these strains.

Three QTL are associated with natural variation
in C. elegans lifetime fecundity

To identify genomic loci that underlie fecundity variation, we
performed a marker-based GWA mapping using MLF data
from 121 C. elegans strains and the whole-genome variant
data from CeNDR. We identified three distinct QTL (Figure 3A,
Supplementary File S5). The first QTL, located on the right
arm of chromosome I, has a peak-marker at position
13,917,228 and explains 21% of the phenotypic variation
among the 121 strains. The second QTL located on the left
arm of chromosome II has a peak-marker position at 543,326
and explains 22% of the phenotypic variation. The third QTL
spans the center of chromosome V with the peak marker lo-
cated at 14,534,671 and explains 30% of the phenotypic varia-
tion. Because of the strong LD within and between
chromosomes in C. elegans (Andersen et al. 2012), linked
regions might be falsely discovered as QTL even though they
have no variants that underlie the phenotypic variation. To
test the independence of the three QTL, we calculated the
pairwise LD among their peak markers (Supplementary Figure
S4 and File S10). The results showed moderate levels of LD
(ranged from 0.387 to 0.512) for all three pairs, suggesting that
they might not be independent. Notably, at all QTL peak
markers, most swept strains have the reference alleles and
most divergent strains have the alternative alleles (Figure 3B,
Supplementary File S6). We further compared the sharing of
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Figure 3 Three QTL were identified in GWA mapping of lifetime fecundity variation in 121 C. elegans wild strains. (A) Manhattan plot indicating GWA
mapping results. Each point represents an SNV that is plotted with its genomic position (x-axis) against its —logo(p) value (y-axis) in mapping. SNVs that
pass the genome-wide EIGEN threshold (the dotted gray horizontal line) and the genome-wide BF threshold (the solid gray horizontal line) are colored
pink and red, respectively. (B) Tukey box plots showing lifetime fecundity between strains with different genotypes at the peak marker position in each
QTL. Each point corresponds to a C. elegans strain and is colored gold for swept strains and purple for divergent strains. On the x-axis, REF represents
strains with the N2 reference allele and ALT represents strains with the alternative allele.

haplotypes among the 121 strains within each QTL region
(Supplementary Figure S5 and File S11). The majority of the
strains with the reference alleles at the peak markers have
the most common haplotypes in the QTL regions. By contrast,
few strains with alternative alleles have the most common
haplotypes in the QTL regions. Taken together, these results
suggest that the genetic variants and different haplotypes un-
derlying lifetime fecundity variation might be linked to the se-
lective sweeps in the global population of C. elegans.

Hawaiian C. elegans exhibit lower lifetime
fecundity than strains sampled across the globe

Most of the 121 C. elegans strains were originally sampled from
three geographically isolated locations: 50 from the Hawaiian
Islands, 22 from North America, and 41 from Europe
(Supplementary Figure S1). Of the 50 Hawaiian C. elegans strains,
46 were classified as divergent, and the other four strains have no
more than two swept chromosomes (Figure 4, Supplementary
Figure S1 and File S7). Most C. elegans strains from North America
and Europe were classified as swept strains (Figure 4,
Supplementary Figure S1 and File S7). We compared lifetime fe-
cundity of strains isolated from these three locations (Figure 4).
Compared to strains from North America and Europe, Hawaiian
strains had significantly lower lifetime fecundity (Wilcoxon test,
adjusted P=0.0013 and adjusted P =2.2E-5, respectively). The dif-
ference in lifetime fecundity between strains from North
America and strains from Europe was not significant. These data
suggested that the selective sweeps that occurred outside Hawaii
contribute substantially to the geographical lifetime fecundity
difference.
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Figure 4 Lifetime fecundity comparisons in wild C. elegans strains among
different sampling locations. Comparisons of lifetime fecundity among
strains collected from Hawaii (50 strains), North America (22 strains),
and Europe (41 strains). Each point corresponds to a strain and is colored
gold for swept strains and purple for divergent strains. Statistical
significance was calculated using the Wilcoxon test. Significance of each
comparison is shown above each comparison pair (*: adjusted P-value <
0.01; ***: adjusted P-value < 0.0001). The difference of lifetime fecundity
between North American and European strains is not significant.

More QTL underlying lifetime fecundity of C.
elegans

We also mapped the fecundity data in the 1% DMSO control con-
dition from one of our published studies that used the high-
throughput fitness assays (HTA) (see Materials and Methods) to
measure various fitness parameters of 236 strains (209 swept
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strains and 27 divergent strains) (Hahnel et al. 2018). Here, we per-
formed GWA mapping using the fecundity measurements
(norm.n) and identified a QTL on chromosome X (from 3.9 to
5.4Mb, with the peak marker at 4,831,537) (Figure 5,
Supplementary Figure S6A and File S12). Divergent strains
showed no enrichment with either genotype at the peak marker
(Supplementary Figure S6B and File S13). However, most strains
with the reference allele have the most common haplotypes and
most strains with the alternative allele have unswept haplotypes
(Supplementary Figure S6C and File S14). These results suggest
that the genetic variants in this region might also be linked to the
recent selective sweeps in wild C. elegans populations.

Also using HTA as above, we measured fecundity in liquid cul-
ture using the C. elegans RIAILs derived from QX1430 (a derivative
strain of N2 with replacement of the N2 npr-1 allele with the
counterpart version from the CB4856 strain and a transposon in-
sertion into the peel-1 gene) and CB4856 (Andersen et al. 2015) un-
der three conditions: 1% water, 1% DMSO, and 0.5% DMSO (see
Materials and Methods). By contrast to the fecundity variation of
C. elegans strains cultured in agar plates, the QX1430 strain
showed lower fecundity than the CB4856 strain using HTA
(Supplementary Figures S7B, S8B, and S9B and Files 516, S18, and
S20), indicating that the gene npr-1 or environmental factors can
have drastic effects on C. elegans fecundity (Andersen et al. 2014).
We found seven QTL for fecundity on chromosomes II, IV, and V
under the three conditions (Figure 5, Supplementary Figures S7A,
S8A, and S9A). In 1% water, linkage mapping identified a single
QTL confidence interval (II: 3.4-4 Mb) on the left arm of chromo-
some II (Figure S, Supplementary Figure S7A and File S15). In 1%
DMSO, linkage mapping identified two QTL located on chromo-
somes IV (5-11.9Mb) and V (11.8-14.2 Mb), respectively (Figure 5,
Supplementary Figure S8A and File S17). In 0.5% DMSO, the four
QTL on chromosomes II (2.9-10.2Mb), IV (two loci, 3.9-17.5Mb),
and V (8.7-12.3Mb) recapitulated the three QTL detected in 1%
water and 1% DMSO, respectively (Figure 5, Supplementary
Figure S9A and File S19). Furthermore, the QTL on chromosome
V in both DMSO conditions overlapped with the GWA QTL on
chromosome V using the 121 wild strains in agar plates (Figure
5). Because linkage mapping using this set of C. elegans RIAILs can
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Figure 5 Multiple QTL impacting C. elegans lifetime fecundity in different
conditions. Four GWA mapping QTL of two conditions (121 strains
cultured in agar plate and 236 strains cultured in liquid with 1% DMSO)
and seven linkage mapping QTL of three conditions (C. elegans RIAILs
cultured in liquid with 1% water, 1% DMSO, and 0.5% DMSO,
respectively) are plotted. Each condition is plotted on the y-axis against
the genomic position of its QTL on the x-axis separated by chromosomes
with tick marks denoting every 5 Mb. Each QTL is plotted as a line with a
triangle indicating the peak marker and colored by the —log,o(p) value
(GWA QTL) or the logarithm of the odds (LOD) score (for linkage mapping
QTL), increasing in significance from blue to red.

only find QTL in the CB4856 strain, overlapping of QTL between
linkage mapping and GWA mapping suggests that the CB4856
strain carries the common alternative alleles among wild C. ele-
gans strains in the shared regions. Altogether, these results sug-
gest that C. elegans might have shared and separated loci
controlling fecundity in agar cultures and in liquid cultures with
slightly different concentrations of DMSO.

Discussion

In this study, we report natural variation of lifetime fecundity for
121 wild C. elegans strains and found that the previously reported
chromosome-scale selective sweeps play a key role in the differ-
ent fecundity among strains. We defined swept haplotypes,
swept isotypes, and swept strains, using the latest C. elegans hap-
lotype data from CeNDR. Swept strains that have at least one
chromosome with equal or greater than 30% of swept haplotypes
showed significantly higher lifetime fecundity than divergent
strains that have avoided the sweeps. We identified three QTL
that underlie differences in lifetime fecundity among the 121C.
elegans strains using single-marker based GWA mappings.
Remarkably, across all three QTL, swept strains tend to have
shared haplotypes and the reference alleles at peak markers. By
contrast, divergent strains tend to have unswept haplotypes and
the alternative alleles at peak markers. We also observed signifi-
cant geographical differences in lifetime fecundity between
Hawaiian strains and strains from other parts of the world, likely
because of the selective sweeps. We further mapped previous
data using GWA mapping and linkage mapping and identified
eight QTL underlying C. elegans fecundity in different environ-
ments. Taken together, our results showed the diverse genetic
basis of C. elegans fecundity and suggest that higher fecundity in
most C. elegans strains could be caused by alleles that have re-
cently swept throughout the world population.

Genetically divergent strains have substantially
lower fecundity than swept strains

We measured lifetime fecundity in 121 genetically distinct C. ele-
gans strains. In our measurements (Figure 2A), the laboratory ref-
erence strain N2 (known as the Bristol strain) and a frequently
used wild strain CB4856 (known as the Hawaii strain) had lifetime
fecundity of 308 and 237, respectively, with similar fecundity val-
ues as reported previously (Hodgkin and Doniach 1997; Wegewitz
et al. 2008; Andersen et al. 2014; Poullet et al. 2015). The CB4856
strain had been considered the most genetically distant strain
from the N2 strain for decades. In the last 5 years, researchers
have collected and identified many genetically divergent C. ele-
gans strains, some of which are more divergent from the N2
strain than the CB4856 strain is (Cook et al. 2017; Crombie et al.
2019; Lee et al. 2021). Most of these divergent strains were from
Hawaii and showed none or rare evidence of the globally distrib-
uted swept haplotypes (Figure 1, Supplementary Figure S1)
(Crombie et al. 2019; Lee et al. 2021). In our fecundity assays, we
included many of these divergent strains. Divergent strains
showed significantly lower fecundity than swept strains that
have large blocks of swept haplotypes, suggesting that divergent
strains have lower fitness than swept strains under normal labo-
ratory conditions. The disadvantage in fecundity of divergent
strains was present from the beginning of the reproductive period
throughout the peak. This lower fitness of divergent strains could
have at least two possible explanations. First, laboratory condi-
tions might favor swept strains over divergent strains. Standard
laboratory conditions to culture C. elegans have been designed,
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modified, and improved based on the growth of the N2 strain
(Brenner 1974), which is a swept strain. Most swept strains were
from temperate zones (Andersen et al. 2012; Félix and Duveau
2012; Petersen et al. 2014; Richaud et al. 2018), such as Western
Europe, whereas most divergent strains were isolated in the high
elevation and cool temperature niches in the Hawaiian Islands
(Crombie et al. 2019). The conditions of the natural habitats and
the microenvironments in the niches of swept strains could be dras-
tically different from niches of divergent strains. The closer the natu-
ral niche condition is to the laboratory condition, the higher fitness a
strain might have (Volkers et al. 2013). For example, compared to N2,
the strain CB4856 showed a clear thermal preference of approxi-
mately 17°, which is lower than the canonical and the most typical
C. elegans culture temperature of 20° in the laboratory (Brenner 1974;
Stiernagle 2006; Anderson et al. 2007). In a competition assay be-
tween two swept strains that were isolated from locations with dis-
tinct climates, CX11314 (isolated at 20.9°) showed higher fitness
than JU847 (isolated at 11.3°) at both 15° and 25°, but JU847 grew bet-
ter at 15° than at 25° (Evans et al. 2017). Divergent strains that were
isolated from cool regions might exhibit higher fitness at tempera-
tures lower than 20°.

The second explanation is that genetic variants at unknown
loci directly caused differences in lifetime fecundity between
swept strains and divergent strains. The environmental factors in
our assays might have similar or minor influences on the fecun-
dity for both swept strains and divergent strains. The major dif-
ferences in fecundity between swept strains and divergent
strains could be attributed to their genetic differences. For in-
stance, because a C. elegans hermaphrodite produces 200-300
sperm in the late L4 stage before irreversibly switching to oogene-
sis to produce up to 1000 oocytes, the number of sperm limits fe-
cundity of self-fertilized hermaphrodites (Ward and Carrel 1979;
Cutter 2004; Félix and Braendle 2010). Alleles at unknown loci in
swept strains might lead to an increased number of sperm and
thus a higher fecundity than divergent strains. It is also possible
that swept strains and divergent strains produce similar numbers
of sperm, but divergent strains have reduced sperm fertility,
defects in oogenesis, or higher embryonic lethality than swept
strains (Poullet et al. 2015). Because we quantified the viable off-
spring from each of the C. elegans strains as their fecundity (see
Materials and Methods), defects related to fertilization or higher
embryonic lethality could have caused the lower daily fecundity
in the first 3 days of the reproductive period and the lower life-
time fecundity observed in divergent strains. The higher fecun-
dity of swept strains in the first 3 days might also be caused by a
shorter duration of L4 larval stage and/or an earlier or more effi-
cient germline development (e.g., earlier onset or faster develop-
ment of spermatogenesis and/or oogenesis) than divergent
strains. We picked L4 stage animals to start each assay, so those
L4 larvae of swept strains might be more mature than divergent
strains. Swept strains might start laying embryos and enter into
reproductive peak faster than divergent strains, demonstrating
the earlier advantages. Although our GWA results might have
mapped genomic regions underlying spermatogenesis, oogenesis,
fertilization success, or embryonic lethality, future efforts to
quantify developmental timing, the numbers of sperm, and fertil-
ized embryos among wild C. elegans strains will help to further
elucidate the differences in fecundity among strains. Moreover,
some divergent strains continued to produce many offspring in
the last few assay days, at a time when most swept strains gradu-
ally reduce offspring production. It is possible that swept strains
have a shortened but accelerated reproductive period. By con-
trast, divergent strains could have a prolonged but slow

reproductive period. To investigate the variation of reproductive
schedules and underlying genetic basis, further work to quantify
fecundity should proceed until the full depletion of self-sperm.

Diverse QTL for lifetime fecundity in different
environments

We performed GWA mapping and identified three QTL on chro-
mosomes I, II, and V for lifetime fecundity of C. elegans, which
were grown on agar plates and fed E. coli OP50. The split of strains
by genotypes at peak markers and the haplotypes of each strain
in each QTL strongly suggest that the three QTL could be the ge-
netic basis of different lifetime fecundity between swept strains
and divergent strains. The reference alleles and the most com-
mon haplotypes in each QTL, which provided the selective ad-
vantage of higher fecundity, could have swept through the C.
elegans population as these strains spread throughout the world.
Under similar conditions, a previous study using linkage mapping
and a large panel of RIAILs derived from the N2 and CB4856
strains have mapped fecundity to QTL on chromosomes II (2.6-
3.6Mb) and X (4.6-7.7 Mb) (Andersen et al. 2014). A laboratory-de-
rived mutation in the gene npr-1 from N2 was identified to have
driven the QTL on chromosome X (McGrath et al. 2009; Andersen
etal. 2014).

In liquid culture and fed the E. coli strain HB101, a new panel
of C. elegans RIAILs with QX1430 and CB4856 was used to map fe-
cundity to a QTL on chromosome IV (10.7-12.8 Mb) using linkage
mapping (Andersen et al. 2015). Using the same RIAIL panel but
under three different liquid conditions (1% H,0, 1% DMSO, and
0.5% DMSO), we mapped fecundity to seven QTL on chromo-
somes II, IV, and V. In both DMSO conditions, the three QTL on
chromosome IV recapitulated the QTL in the above study
(Andersen et al. 2015); the two overlapping QTL on chromosome V
overlapped with the QTL using our 121 wild strains grown in agar
plates. We further used GWA to map previously published wild
strain fecundity data from liquid culture and 1% DMSO. A QTL
linked to the selective sweeps located on the left arm of chromo-
some X was identified. Although npr-1 is in the region of this QTL,
the laboratory-derived N2 npr-1 allele that is only found in the N2
strain could not underlie this QTL because it is not found in wild
strains. Distinct QTL were detected in the two GWA mappings.
The bleaching method to synchronize animals, liquid cultures,
and a different bacterial diet (E. coli HB101) might have affected
fecundity and the mapping results.

As a complex life history trait, lifetime fecundity could be
influenced by many loci (Houle 1992). Under different conditions,
GWA mappings identified QTL on chromosomes I, II, V, and X;
linkage mappings identified QTL on chromosomes II, IV, V, and X.
Because swept haplotypes shared among C. elegans strains might
have driven all the QTL in GWA mappings, genetic variants in
these swept haplotypes might be the beneficial alleles that swept
through the C. elegans population. Natural habitats of C. elegans
are likely quite different from both the laboratory standard con-
ditions and liquid cultures with DMSO. Our results of GWA and
linkage mappings suggest that shared and separate loci in the C.
elegans genome control fecundity in different environmental con-
ditions in the laboratory. We do not know how those environ-
ments relate to the wild, but it is possible that similar conditions
could occur (e.g., swimming or crawling in environments with
ample bacteria). Our results also suggest that fecundity of C. ele-
gans is sensitive to environmental changes in cultures (agar
plates vs liquid cultures; with or without DMSO) or diet (E. coli
OPS0 and HB101). Larval and germline development of C. elegans
were previously found to be sensitive to food availability, diet,
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and temperature (Poullet et al. 2015; Filina et al. 2020). Lifetime fe-
cundity of C. elegans might also be sensitive to changes in these
environmental factors. To deepen our understanding of the influ-
ence of genetic factors, environmental factors, and gene-environ-
ment interactions on fecundity, future efforts should include
more strains and compare their fecundity in diverse environ-
ments.

Potential adaptive alleles for C. elegans in
temperate zones

The QTL for lifetime fecundity using the 121 C. elegans strains
also shared genomic regions with QTL on weather and climate
variables related to natural habitats of 149 wild C. elegans strains
(Evans et al. 2017). Two of the GWA mapping QTL for relative hu-
midity were on chromosomes II and V, which overlapped with
our QTL on chromosomes II and V, respectively. GWA mappings
for 3-year average temperature also located the same QTL just
right of the center of chromosome V. We showed that C. elegans
strains sampled from Europe and North America had similar life-
time fecundity, which was significantly larger than fecundity of
Hawaiian C. elegans strains. Because Hawaii is in the tropical
zone, C. elegans isolated from high elevation areas in Hawaii could
have experienced high humidity and low temperatures in a much
more stable climate in the long term than C. elegans in temperate
zones. Alleles of swept strains in the shared QTL underlying life-
time fecundity and climate variables could have enhanced the
adaptability of C. elegans to variable humidity and temperatures
in temperate zones along the C. elegans expansion out of the
Pacific region (Andersen et al. 2012; Crombie et al. 2019; Lee et al.
2021). It is possible that, because of these adaptive alleles, the N2
strain showed no preference at these temperatures (Anderson
et al. 2007).

Some Hawaiian strains, exclusively isolated at lower eleva-
tions closer to the coasts, exhibited admixture with non-
Hawaiian populations, which might come from gene flow from
outcrossing with immigrating swept strains from outside to
Hawaii (Crombie et al. 2019). But compared to most non-
Hawaiian strains, Hawailan strains only contain, if any, small
fractions of swept haplotypes. Of the 50 Hawailan C. elegans
strains used in this study, four strains are classified as swept
strains, who have no more than two swept chromosomes
(Supplementary Figure S1). The alleles that increase lifetime fe-
cundity in swept strains might not contribute to higher fitness for
C. elegans strains in Hawail. In fluctuating environments in tem-
perate zones, the randomly distributed and limited habitats
might select for C. elegans that have higher fecundity, although
the high density of animals also facilitates dauer formation,
which could limit population growth but underlie future survival
success. Moreover, C. elegans populations in temperate zones also
undergo bottlenecks in winter, from which dauer larvae are more
likely to survive. By contrast, Hawaiian C. elegans might not need
to enter and stay in the dauer stage as often and long as non-
Hawaiian C. elegans in temperate zones. Habitats hypothesized to
have more ample bacterial food (e.g., rotting fruits) and a stable
environment in Hawail could lead to a higher survival rate and
lower fecundity as a trade-off (Stearns 1989; Marshall and
Sinclair 2010). Two genotypes of the gene srg-37 were found to co-
exist in the wild population and associate with different niches
(Lee et al. 2019). The deletion in srg-37, which likely originated
outside of Hawaii, reduces dauer formation and promotes repro-
duction in niches hypothesized to promote rapid growth. C. ele-
gans strains without deletion of srg-37 could have higher fitness
during the dispersal phase in nutrient-poor environments (Lee

et al. 2019). Among the 121 strains we studied, none of the diver-
gent strains have the srg-37 deletion. However, other QTL might
exist among divergent strains to reduce dauer formation (Green
et al. 2013, 2014). Future dauer formation assays, such as
responses to ascaroside pheromones, among divergent strains
could help dissect the interactions of traits that affect fitness of
C. elegans in the wild.

However, the QTL we found that underlie higher fecundity in
swept strains might not directly underlie the selective advan-
tages during the expansion of the species. Loci in C. elegans that
affect other fitness traits (e.g., dauer formation, response to natu-
ral food source of different bacteria, or resistance to natural
pathogens) might be under direct selective pressures in the wild.
Alleles that provided higher fitness in these traits might underlie
the selective sweeps in C. elegans population. The QTL for fecun-
dity variation in our results might be in LD with genomic regions
that affect these other fitness traits mentioned above and main-
tained by linked selection. The swept strains are widely distrib-
uted in different environments around the world, so the effects
of the interaction between genotype and environment could have
also influenced this expansion. To find the direct targets of selec-
tion and the principal drivers of selective sweeps, multiple abiotic
and biotic factors in natural habitats of C. elegans should be mea-
sured. Then, several fitness traits under different conditions
could be measured in the laboratory. For instance, fecundity and
viral load could be measured at different temperatures at the
same time (Félix et al. 2011; Samuel et al. 2016).
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