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Abstract

The evolution of reproductive mode is expected to have profound impacts on the genetic composition of populations. At the
same time, ecological interactions can generate close associations among species, which can in turn generate a high degree
of overlap in their spatial distributions. Caenorhabditis elegans is a hermaphroditic nematode that has enabled extensive ad-
vances in developmental genetics. Caenorhabditis inopinata, the sister species of C. elegans, is a gonochoristic nematode that
thrives in figs and obligately disperses on fig wasps. Here, we describe patterns of genomic diversity in C. inopinata. We per-
formed RAD-seq on individual worms isolated from the field across three Okinawan island populations. C. inopinata is about
five times more diverse than C. elegans. Additionally, C. inopinata harbors greater differences in diversity among functional
genomic regions (such as between genic and intergenic sequences) than C. elegans. Conversely, C. elegans harbors greater
differences in diversity between high-recombining chromosome arms and low-recombining chromosome centers than
C. inopinata. Fst is low among island population pairs, and clear population structure could not be easily detected among
islands, suggesting frequent migration of wasps between islands. These patterns of population differentiation appear com-
parable with those previously reported in its fig wasp vector. These results confirm many theoretical population genetic pre-
dictions regarding the evolution of reproductive mode and suggest C. inopinata population dynamics may be driven by wasp
dispersal. This work sets the stage for future evolutionary genomic studies aimed at understanding the evolution of sex as well
as the evolution of ecological interactions.
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Significance

Caenorhabditis elegans is a hermaphroditic nematode model system widely used in molecular and developmental gen-
etics, but very little is known about patterns of genomic diversity in female/male Caenorhabditis species. Here, we de-
scribe such patterns in the sister species of C. elegans, Caenorhabditis inopinata, a fig-associated nematode that
migrates on fig wasps. We find C. inopinata harbors higher patterns of genomic diversity, greater efficacy of selection,
more uniform levels of diversity within chromosomes, and lower levels of intrachromosomal linkage disequilibrium than
C. elegans. Additionally, we find low levels of population differentiation among island populations of C. inopinata, sug-
gesting widespread migration on its fig wasp vector. Our findings largely confirm the predictions of population genetic
theory regarding the evolution of sexual systems, and they set the stage for further work regarding the evolution of eco-
logical interactions.
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Introduction

Reproductive systems vary widely across phylogeny (Bell
1982). Self-fertile hermaphrodites propagate via the union
of gametes generated by the same individual, and selfing
has evolved multiple times independently in eukaryotes
(Jarne and Charlesworth 1993; Jarne and Auld 2006).
Because such radical changes in sexual reproduction are ex-
pected to have profound impacts on patterns of genetic di-
versity (Glémin et al. 2019), the evolution of selfing has long
been of interest to evolutionary biologists. For instance,
selfers are expected to harbor less diversity (Haldane
1932), maintain smaller effective population sizes (Pollak
1987), and retain much longer linkage disequilibrium (LD)
tracts (Nordborg 2000) than outcrossing species.
Empirical population genetic studies have generally sup-
ported theoretical predictions (Cutter 2019; Glémin et al.
2019), although there are some exceptions (such as pat-
terns of transposable element loads (Szitenberg et al.
2016; Glémin et al. 2019; Woodruff and Teterina 2020)).
However, while there have been a number of studies ad-
dressing the genetic consequences of the evolution of self-
ing (Wright et al. 2007; Cutter et al. 2008; Foxe et al. 2008;
Glémin and Muyle 2014; Chen et al. 2017; Cutter 2019),
very few have examined the impacts of selfing on the gen-
omic organization of diversity across whole chromosomes
(Burgarella et al. 2023; Teterina et al. 2023). Only in recent
years have chromosome-level genome assemblies become
tractable and cost-effective to complete; such assemblies
enabled such comparisons to be explicitly made. How
does the evolution of self-fertile hermaphrodism mold
chromosomal patterns of diversity?

At the same time, ecological interactions are expected to
shape patterns of genomic diversity. Organisms thriving in
transient resource patches often have dispersal mechan-
isms for finding new patches, and phoresy is a common
ecological relationship (wherein one species carries an-
other) that facilitates such dispersal. Additionally, the car-
rier and the carried also frequently differ greatly in size:
remora fish disperse on loggerhead sea turtles and whales
(O'Toole 2002; Bartlow and Agosta 2020), and tardigrades
disperse on birds (Mogle et al. 2018; Bartlow and Agosta
2020). Such interactions require the comigration and colo-
calization of individuals of different species in space. Thus,
interspecific relationships like phoresy have the potential to
drive concordant patterns of spatial genetic differentiation
among divergent species. That is, because they migrate and
live together, it is reasonable to suspect that species in these
kinds of relationships may have similar patterns of spatial
genetic structure. Indeed, such patterns may not be limited
to phoresy but may also extend to other intimate interspe-
cific relationships like those between hosts and parasites/
pathogens (Mazé-Guilmo et al. 2016). How do such inter-
actions affect patterns of genetic diversity across vast

spatial scales, and do interspecific interactions lead to co-
variance of genetic diversity among community members
inhabiting the same transient resource?

The nematode Caenorhabditis inopinata is well-
positioned to address the population genomic consequences
of both selfing and comigration. C. inopinata, an outcrossing
species, is the closest known relative of the self-fertile herm-
aphroditic species, C. elegans (Kanzaki et al. 2018). In
Caenorhabditis nematodes, self-fertile hermaphroditism
evolved three times independently from outcrossing
ancestors (including C. elegans) (Sloat et al. 2022). As both
species have chromosome-level assemblies (Kanzaki et al.
2018; Yoshimura et al. 2019), these species represent a nat-
ural focus of studies aimed at understanding how the
evolution of selfing impacts the genomic organization of di-
versity. Recently, the first description of an outcrossing
Caenorhabditis species, Caenorhabditis remanei, was pub-
lished (Teterina et al. 2023). Here, it was found that C. rema-
nei was ten times more diverse than the hermaphroditic C.
elegans, while the intrachromosomal structuring of genetic
diversity was conserved among the two species (Teterina
et al. 2023). The differences among these two species were
largely interpreted to be driven by differences in effective
population size (and reproductive mode), and the similarities
in patterns of diversity along chromosomes were attributed
to similarities in intrachromosomal recombination rate vari-
ation among species (Teterina et al. 2023). The examination
of an additional outcrosser, one more closely related to C. efe-
gans, affords an opportunity to further clarify the population
genomic consequences of reproductive mode evolution in
Caenorhabditis nematodes.

Not only does the phylogenetic position of C. inopinata
afford natural experiments for understanding the
genomic consequences of selfing. The ecological niche of
C. inopinata also allows hypotheses regarding the popula-
tion genomic consequences of comigration to be tested.
C. inopinata thrives in fresh Ficus septica figs (Kanzaki
et al. 2018; Woodruff and Phillips 2018), which are ephem-
eral resources that harbor complex communities of wasps
(Weiblen 2002), ants (Jandér 2015), moths (Sugiura and
Yamazaki 2004), mites (Jauharlina et al. 2012), nematodes
(Martin et al. 1973), and fungi (Martinson et al. 2012).
While figs famously require fig wasps for pollination
(Herre et al. 2008), fig wasps and fig nematodes obligately
comigrate. Nematodes travel on pollinating fig wasps in or-
der to colonize and proliferate in new fresh figs (Van Goor
et al. 2023). Briefly, the fig wasp life cycle begins when one
or more female foundress pollinating fig wasps enter the fig
lumen via specialized opening called the ostiole (Weiblen
2002). Figs are not exactly fruits; rather, they are inflores-
cences with the flowers facing inward (syconia) (Janzen
1979). When the foundress enters, free-living nematodes
disembark and reproduce. Concurrently, the foundress pol-
linates the florets and lays eggs in some of the fig ovules.
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The foundress dies, and the wasp progeny develop. Male
wasp progeny (whose entire lives are restricted to the inter-
ior of a single fig) emerge first and mate with female wasps
before they hatch. Male wasps cut a hole in the fig, and the
females emerge and leave the fig to repeat the life cycle.
Before females disperse, nematode dauer juveniles embark
on such females to likewise continue their life cycle.
Notably, for both fig nematodes and fig wasps, meiosis
and syngamy are restricted entirely to the lumen of an indi-
vidual fig (Weiblen 2002; Van Goor et al. 2023). Fig wasps
are also capable of migrating hundreds of kilometers des-
pite their small size (Ahmed et al. 2009). Thus, C. inopinata
is well-positioned to understand how interspecific interac-
tions can drive genetic structure among community mem-
bers of the same transient resource.

Both the evolution of selfing (Pollak 1987) and comigra-
tion (Gilbert and Whitlock 2015; Engelbrecht et al. 2016)
are expected to influence effective population sizes, and
the extent to which these forces interact to shape patterns
of genomic diversity remain unclear. The evolution of re-
productive mode is also expected to cooccur with changes
in recombination rate (Glémin et al. 2019), which itself in-
teracts with effective population size to drive genome-wide
patterns of evolutionary change. C. inopinata provides a
unigue opportunity to examine the influence of the mode
of reproduction on patterns of genomic diversity in a sys-
tem that is closely related to one of the most important
model systems in biology (Corsi et al. 2015). Here, we
describe chromosome-wide patterns of genomic diversity
in C. inopinata. First, we compare these patterns with
C. elegans to understand how the evolution of self-fertile
hermaphroditism impacts genomic diversity at chromo-
somal scales. Then, we compare the spatial structuring of
C. inopinata island populations with previously published
reports of its fig wasp vector to understand how comigra-
tion may influence patterns of population differentiation.

Results

The Genomic Landscape of Polymorphism in
C. inopinata

To understand patterns of genetic diversity in C. inopinata, we
performed reduced-representation genome sequencing (i.e.
bestRAD (Ali et al. 2016)) on 24 individual C. inopinata animals
isolated from three islands of the Yaeyama archipelago, the
westernmost islands of Okinawa, Japan (Fig. 1; see Sheets 1
and 2 in supplementary table S1, Supplementary Material on-
line for GPS coordinates and sample sizes, respectively). We
also retrieved previously published alignment files of C. elegans
wild isolates (Cook et al. 2017; Lee et al. 2021; Crombie et al.
2024) to compare genome-wide levels of diversity between C.
inopinata and C. elegans. Only alignments associated with the
same restriction site we used for RAD in our C. inopinata

samples were used for population estimates in
C. elegans. After aligning and genotyping C. inopinata se-
guences, we retained 218,388 biallelic single-nucleotide poly-
morphism (SNPs) across 195,265 loci of the C. inopinata
genome (comprising 4,835,448 bp when including invariant
sites; see Sheets 3 to 5 in supplementary table ST,
Supplementary Material online for read counts as well as align-
ment and coverage information). These revealed even cover-
age across the genome after accounting for variation in
restriction site density along C inopinata chromosomes
(supplementary fig. S1, Supplementary Material online). We
then found C. inopinata exhibits levels of genome-wide poly-
morphism that are about five times higher than C. elegans
(Fig. 2a; C. inopinata: mean ©=0.011, range =0.0 to 0.085;
C. elegans mean ©=0.0022, range=0.0 to 0.060 [whole-
population mean m across 10 kb genomic windows]).
Additionally, genome-wide polymorphism is three times
more variable in C. inopinata than in C. elegans (C. inopinata
n variance=6.0 x 10™>; C. elegans = variance=2.0x 107>
[whole-population variance in mean & across 10 kb genomic
windows]). As previously reported in C. elegans and other
Caenorhabditis species (Koch et al. 2000; Cutter and Payseur
2003; Maydan et al. 2007; Cutter et al. 2009; Andersen
et al. 2012; Thomas et al. 2015; Noble et al. 2021; Teterina
et al. 2023), polymorphism is elevated on chromosome arms
relative to chromosome centers in C. inopinata (Fig. 2b;
mean Tams =0.012, mean meenters = 0.010). However, the
magnitude of elevated diversity on chromosome arms is
much lower in C. inopinata (Cohen's d effect size=0.26)
than in C elegans (Fig. 2b; Cohen'’s d effect size =0.61).
Additionally, both C. elegans and C. inopinata reveal less en-
richment of polymorphism on the arms of the X chromosome
(Fig. 2a), although this difference is magnified in C. elegans
(autosome Cohen'’s d effect size=0.69; X Cohen’s d effect
size=0.083) compared with C inopinata (autosome
Cohen'’s d effect size=0.27; X Cohen’s d effect size =0.25).
Taken together, these results suggest that broad patterns of
the genomic organization of polymorphism are conserved
between these species despite differences in reproductive
mode. But although C. inopinata has much higher levels of
polymorphism than the hermaphroditic species C. elegans,
C. inopinata is only modestly diverse compared with
other outcrossing Caenorhabditis species (supplementary
fig. S2, Supplementary Material online; Caenorhabditis
brenneri, Caenorhabditis sinica, C. remanei, Caenorhabditis la-
tens, and Caenorhabditis japonica; t=~0.01 to 0.16 (Wang
et al. 2010; Dey et al. 2012; Dey et al. 2013; Li et al. 2014)).

Patterns of Diversity across Functional Genomic Regions

Patterns of diversity were also assessed across genomic re-
gions harboring putatively variable selective forces. For in-
stance, bases at the third codon position are expected to
be under weaker selection than bases at the second codon

Genome Biol. Evol. 16(2) https://doi.org/10.1093/gbe/evae020 Advance Access publication 1 February 2024 3

20z Aienige4 gz uo Jasn es|n -ewoyep|O 10 Alsieaiun Agq 5Z£96S/2/02088A8/206/S601 01 /10p/3|o1e-a0ueApe/aqB/woo dno-oiwspese//:sdiy wolj papeojumoq


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae020#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae020#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae020#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae020#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae020#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae020#supplementary-data

Woodruff et al.

GBE

(@)

(b)

Yonaguni

; Ishigaki
Iriomote

25 km

Fic. 1.—Geographic distribution of genotyped individuals. Twenty-four individual worms were genotyped from five trees across three islands in Okinawa.
a) Regional view including major neighboring nations. b) The islands of Ishigaki, Iiomote, and Yonaguni. Two trees sampled on Yonaguni are so close to each
other that the points overlap. Maps were generated with Mapbox, OpenStreetMap, and their data sources. © Mapbox, © OpenStreetMap (https:/Awww.

mapbox.com/about/maps/; http:/Avww.openstreetmap.org/copyright).

position due to the degeneracy of the genetic code (Kimura
1977). Additionally, exons are expected to be under stron-
ger selection than introns, and genic regions should be
more evolutionarily constrained than intergenic regions.
Our data allowed us to look at the extent of genomic diver-
sity across such functional regions in an obligate outcrosser
(C. inopinata) and self-fertile hermaphrodite (C. elegans).
Additionally, the chromosomal scale of our data allowed
us to look at such patterns across putatively high-
recombining (“arms”) and low-recombining (“centers”) re-
gions of the genome (Rockman and Kruglyak 2009; Ross
et al. 2011; Noble et al. 2021; Stevens et al. 2022).

In C. elegans, genetic diversity is only marginally
higher in intergenic regions (mean = =0.0021) than genic
regions (mean ©=0.0019; Cohen’'s d effect size=0.09;
Wilcoxon rank sum test P=1.3x107°* Figs. 3 and 4;
supplementary fig. S3, Supplementary Material online).
Similarly, diversity in introns (mean = =0.0018) is only mar-
ginally higher than exon diversity (mean n=0.0017;
Cohen'’s d effect size =0.07; Wilcoxon rank sum test P=
1.9%107'%7; Figs. 3 and 4). In contrast, in C. inopinata,
there are substantial differences in diversity among these
genomic regions (Figs. 3 and 4). Intergenic diversity
(mean ©=0.013) is 30% higher on average than genic
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diversity (mean ©=0.010) in C. inopinata (Figs. 3 and 4;
supplementary fig. S3, Supplementary Material online;
Cohen’s d effect size =0.41; Wilcoxon rank sum test P<
2.2 x 1073%). This difference is even greater between in-
trons (mean == 0.013) and exons (mean = = 0.0062; about
double on average; Cohen's d effect size = 1.03; Wilcoxon
rank sum test P< 2.2 x 10728). A similar pattern is seen
among codon positions—C. inopinata reveals greater dif-
ferences in diversity across codon positions (Codon position
3is 396% more diverse on average than codon position 2)
than C. elegans (203%; Figs. 4 and 5). Codon position cov-
aries with genetic code degeneracy, and similar patterns
are observed among sites with 0-, 2-, and 4-fold degener-
acy (supplementary fig. S4, Supplementary Material on-
line). Synonymous and nonsynonymous variable sites
were not explicitly considered because by definition these
would not include invariant sites and would then be

difficult to compare with the other genomic regions consid-
ered above. Moreover, our RAD-seq approach limited the
number of these kinds of sites amenable to analysis.
Functionally variable genomic regions reveal consistently
higher differences in diversity in C inopinata than
C. elegans (Figs. 3 and 4). In contrast, when considering
each type of genomic region on its own, all of them reveal
greater differences among chromosome arms and centers
in C. elegans (Fig. 5). The magnitude of the difference in di-
versity between chromosome arms and centers is substan-
tial for all such genomic regions in C. elegans (Cohen’s
d effect size=0.48 to 0.68). This quantity is smaller in
C. inopinata for all functional genomic regions compared
with C. elegans (Cohen’s d effect size=0.14 to 0.48;
Figs. 5 and 6). This pattern is consistent with the previously
described genomic landscapes of diversity (irrespective of
functional context; Fig. 2). It is also consistent with patterns
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of intrachromosomal LD—in C. elegans, alleles in chromo-
some centers are more likely to cooccur than alleles in
chromosome arms (supplementary figs. S5 and S6,
Supplementary Material online). C. inopinata reveals no
such chromosomal variation in LD, with LD being uniformly
low across chromosomes (supplementary figs. S5 and S6,
Supplementary Material online). However, LD is higher in
C. inopinata (mean r? for presumably unlinked loci > 2 kb
apart is ~0.075; supplementary fig. S7, Supplementary
Material online) than would be expected by the sample
size alone (1/n (Hahn 2019) or ~0.042 to 0.059, depending
on the site; supplementary fig. S7, Supplementary Material
online). Thus, while C. inopinata reveals higher differences
in diversity among putatively variably constrained genomic
regions than in C. elegans (Fig. 6a), C. elegans reveals a
greater magnitude in the partitioning of diversity across
chromosomal regions than C. inopinata (Fig. 6b).

C. inopinata Harbors Potentially Elevated Inbreeding
and Low Population Differentiation

Because C. inopinata is distributed across the islands of
Okinawa and Taiwan (Kanzaki et al. 2018; Woodruff and
Phillips 2018; Hammerschmith et al. 2020) (and potentially

throughout the islands of southeast Asia (Zavodna et al.
2005; Lin et al. 2008; Rodriguez et al. 2017)), we explored
the possibility of genetic differentiation among island po-
pulations. However, Fst is generally low across all island
population pairs (Fig. 7; mean pairwise Fst=0.016; SD =
0.049; range = -0.44 to 0.75; Sheet 6 in supplementary
table S1, Supplementary Material online). Despite these
low values of Fst, they are significantly different from 0
(one-sample Wilcoxon rank sum test P<2.2x 107'° for
all pairwise comparisons). Additionally, principal compo-
nents analysis and network phylogenetic approaches do
not reveal clusters or clades that correspond with island
of origin (supplementary figs. S8 and S9, Supplementary
Material online). Discriminant analysis of principal compo-
nents (Jombart et al. 2010) likewise does not reveal genetic
partitioning across islands, plants, or figs across relevant va-
lues of K (supplementary fig. S8, Supplementary Material
online). These results all suggest C. inopinata migrates fre-
guently among the Yaeyama islands. At the same time,
genome-wide estimates of Fi (i.e. the inbreeding coeffi-
cient) are much higher and variable than those for Fst
(Fig. 7; mean fis=0.15, SD=0.20, range =—0.73 to 1.0),
suggestive of moderately high levels of mating among close
relatives in C. inopinata. We noticed that genomic regions
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of high fs were enriched on the C. inopinata X chromo-
some (Fig. 7; supplementary figs. S10 and S11,
Supplementary Material online). Inbreeding coefficients
on the C. inopinata X chromosome were nearly four
times higher on the X than on autosomes (mean f,/f ratio
of 3.96; Fig. 7; supplementary figs. S10, S11, and S13,
Supplementary Material online). In C. elegans, these values
were about the same (mean f/f ratio of 1.01; Fig. 7;

supplementary figs. S10, S11, and S13, Supplementary
Material online). However, C. elegans is a self-fertile herm-
aphroditic species with very high inbreeding coefficients
(supplementary fig. 1, Supplementary Material online), so
we also compared interchromosomal inbreeding coeffi-
cients in the outcrossing C. remanei (whose whole-genome
sequencing population genomic data were recently
analyzed and publicly shared (Teterina et al. 2023)).
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In C. remanei, inbreeding coefficients were slightly
elevated on autosomes compared with the X (mean
f/f ratio of 0.87; supplementary figs. S11 and S13,
Supplementary Material online), in contrast to the pattern
seen in C. inopinata. Because C. inopinata has lower genet-
ic diversity on the X (Fig. 2; supplementary fig. S11,
Supplementary Material online), we examined the relation-
ship between nucleotide diversity and inbreeding

coefficients both including and excluding the X chromo-
some (supplementary fig. S12, Supplementary Material on-
line). In C. inopinata, while the X chromosome has a large
impact on the negative relationship between fs and ,
this pattern persists even when the X chromosome is ex-
cluded (supplementary fig. S12, Supplementary Material
online). Additionally, while X chromosomes have similar
decreases in diversity compared with autosomes in both
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C. inopinata and C. remanei (supplementary fig. S11 and
S13, Supplementary Material online), C. remanei does not
reveal a comparable X chromosome-specific increase in
Fis (supplementary fig. S11 and S13, Supplementary
Material online). Regardless, these F statistics suggest the
unusual cooccurrence of frequent migration with high in-
breeding in this species.

C. inopinata and Its Fig Wasp Carrier Have Potentially
Comparable Patterns of Genetic Diversity

C. inopinata coexists with and is dispersed by the pollinat-
ing fig wasp Ceratosolen bisulcatus. We reasoned its pat-
terns of genetic diversity across islands may be explained
by its natural history and relationship with fig wasps. We re-
trieved previous C. inopinata ecological (Woodruff and
Phillips 2018); Fig. 8a and b) and Ceratosolen bisulcatus

population genetic ((Zavodna et al. 2005; Lin et al. 2008);
Fig. 8c) data to situate the above results in their broader
ecological context. Indeed, F. septica figs tend to be polli-
nated by a small number of pollinating wasps (Fig. 8a;
mean=1.9, range=0 to 11; N=162), and most wasps
carry only a small number of C inopinata animals
(Fig. 8b; mean=0.90, range =0 to 6, N=29) (Woodruff
and Phillips 2018). Moreover, two previous studies of
Ceratosolen bisulcatus examined differentiation among po-
pulations that both included islands separated by open
ocean in Indonesia (Zavodna et al. 2005) and Taiwan
(Taiwan and Lanyu Island (Lin et al. 2008)). Both studies re-
vealed low differentiation among populations (mean pair-
wise Fst in Zavodna et al. (2005)=0.015; mean pairwise
Fstin Zavodna et al. (2005) = 0.0047). They also observed
high inbreeding coefficients in Ceratosolen bisulcatus po-
pulations (mean Fs (Zavodna et al. 2005)=0.31; mean Fs
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(Lin et al. 2008) =0.24). Thus, Ceratosolen bisulcatus like-
wise migrates frequently across islands and exhibits high le-
vels of inbreeding (Zavodna et al. 2005; Lin et al. 2008),
mirroring our observations of the worms they carry (Fig. 8¢).

Discussion

Diversity, Selfing, and Outcrossing

Although myriad population genetic studies have been per-
formed in outcrossing Caenorhabditis species using a hand-
ful of genetic loci (Graustein et al. 2002; Jovelin et al. 2003;
Cutter et al. 2006; Cutter 2008; Jovelin 2009; Wang et al.
2010; Dey et al. 2012, 2013; Gimond et al. 2013; Li et al.
2014), this work examines diversity at a genomic scale in
an obligately outcrossing Caenorhabditis species (a recent
study of C. remanei also afforded such a comparison
(Teterina et al. 2023)). As much genomic work has been
performed on selfing Caenorhabditis species, this study
allows the opportunity to compare genomic patterns of
diversity among species with differing modes of repro-
duction. Indeed, the population genetic consequences
of selfing are expected to be wide-ranging (Cutter 2019).
In selfers, polymorphism is expected to be lower,

homozygosity higher, and effective population sizes smal-
ler. Moreover, selection is expected to be less efficient,
and LD tracts are expected to be longer. All of these pat-
terns emerge from high rates of self-fertilization—despite
the existence of meiosis, fertilization occurs largely within
the same individual. Selfing inhibits the segregation and re-
combination of alleles expected under outcrossing, leading
to high homozygosity and low levels of effective
recombination.

Our results provide a natural test of these expectations of
population genetic theory. C. elegans is five times less di-
verse than C. inopinata (Fig. 2). The diversity among exons
and introns, genic and intergenic regions, and codon posi-
tions is lower in C. elegans than C. inopinata (Figs. 3 to 6).
C. elegans is far more inbred than C. inopinata
(supplementary fig. S10, Supplementary Material online),
and C. elegans harbors far higher levels of intrachromoso-
mal LD than in C. inopinata (supplementary figs. S5 and
S6, Supplementary Material online). Thus, population
genetic expectations regarding differences in polymorph-
ism (Fig. 2), the efficacy of selection (Figs. 3 to 6), inbreed-
ing (Fig. 7; supplementary fig. S10, Supplementary Material
online), and LD (supplementary figs. S5 and S6,
Supplementary Material online) between selfers and

10  Genome Biol. Evol. 16(2) https://doi.org/10.1093/gbe/evae020 Advance Access publication 1 February 2024

20z Aienige4 gz uo Jasn es|n -ewoyep|O 10 Alsieaiun Agq 5Z£96S/2/02088A8/206/S601 01 /10p/3|o1e-a0ueApe/aqB/woo dno-oiwspese//:sdiy wolj papeojumoq


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae020#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae020#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae020#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae020#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae020#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae020#supplementary-data

GBE

Patterns of Genomic Diversity in C. inopinata

(a) 601 (C) 05 Paper
501 e Lin et al. 2008
§’4o- . e Zavodna et al. 2005
@ 0.4 . .
S 301
3
i 201 .. e
10 0.3 s .=
O_ . . . . . . . . . : . . ._ . [ ]
0123456 7 8 91011 . .
Number of wasps per fig L o2y o
(b) C. inopinata F g
20 mtmem mm o mm i mmm— =
0.1
15 . .

0.01 C. inopinata F,

Frequency
o 01 8
|
o

0 1 2 3 4 5 6 F, "
Number of worms per wasp Pollinating fig wasp F statistic

Fic. 8.—Low C. inopinata founding populations in figs and the fig wasp vector of C. inopinata has high dispersal and inbreeding. a) The distribution of
founding Ceratosolen bisulcatus pollinating fig wasps among pollinated F. septica figs. b) The distribution of C. inopinata worms observed traveling on
Ceratosolen pollinating fig wasps. Data in a) and b) are from Woodruff and Phillips (2018). ¢) The distribution of Ceratosolen bisulcatus Fis and Fs statistics
from two previous studies (Lin et al. 2008 and Zavodna et al. 2005). For Lin et al. (2008): 1,502 bp of the COI locus plus 15 microsatellites, 15 localities across
Taiwan and Lanyu Island used as populations, 86 trees and 219 (COI) or 398 (microsatellites) wasps, Fs data from Table 5 and pairwise Fst data from Table 6.
For Zavodna et al. (2005): five microsatellites, six localities including four islands across Indonesia used as populations, 74 wasps, Fs data from Table 3 and
pairwise Fst data from Table 5. Both studies revealed low differentiation among fig wasps on islands separated by open ocean (Lin et al. (2008), 60 km;
Zavodna et al. (2005), 40 km). Black horizontal bars represent means. Dotted and dashed lines denote mean island population pairwise Fst and mean Fg,

respectively, among 10 kb genomic windows in C. inopinata (Fig. 7).

outcrossers are aligned with our observations. Indeed, simi-
lar results were recently observed in another outcrossing
Caenorhabditis species, C. remanei (Teterina et al. 2023).
Thus, descriptions of nematode genomic diversity confirm
the predictions of population genetic theory regarding
the evolution of reproductive modes, consistent with previ-
ous studies (Cutter et al. 2009).

Diversity and Recombination

Differences in the extent of intrachromosomal diversity
were also observed (Figs. 2 to 6). Specifically, intrachromo-
somal differences in polymorphism were markedly greater
in C. elegans than C. inopinata (Fig. 2). This general
chromosome-level pattern has long been noted and has
been observed in other selfing species of Caenorhabditis
(Koch et al. 2000; Cutter and Payseur 2003; Maydan
et al. 2007; Cutter et al. 2009; Andersen et al. 2012;
Thomas et al. 2015; Cook et al. 2016, 2017; Lee et al.
2021; Noble et al. 2021). This pattern is likely to be driven
by variation in recombination rates within chromosomes,
as chromosome centers have far lower recombination rates
than chromosome arms in three selfing Caenorhabditis spe-
cies (Rockman and Kruglyak 2009; Ross et al. 2011; Noble

etal. 2021; Stevens et al. 2022). And a similar pattern was
recently described in the outcrossing species C. remanei
(Teterina et al. 2023). It remains unclear how recombin-
ation rate variation is structured in C. inopinata chromo-
somes. Although the difference is smaller in C. inopinata,
chromosome arms are still more diverse than chromosome
centers (Fig. 2). Conversely, genomic landscapes of trans-
posable element density and gene density are more uni-
form in this species compared with its close relatives
(Woodruff and Teterina 2020). The cooccurrence of these
more uniform landscapes suggests a change in intrachro-
mosomal recombination rates may cause changes in the
distribution of genes and transposable elements across
chromosomes. This hypothesis could be tested through
phylogenetic comparative approaches. There is at least
one additional Caenorhabditis species associated with figs
(Ficus hispida (Jauharlina et al. 2022)) that is likely to be re-
lated to C. inopinata. The characterization of its genomic
patterns of diversity, recombination, gene density, and
transposable element density could inform when these fea-
tures evolve and the possibility of recombination-driven
changes in genome organization. Moreover, at least two
additional Caenorhabditis species have potentially inde-
pendently evolved uniform transposable element genomic
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landscapes (Caenorhabditis bovis (Stevens et al. 2020) and
C. japonica (Woodruff and Teterina 2020)). Additional
chromosome-contiguous assemblies, population genomic
surveys, and recombination mapping across the
Caenorhabditis genus will inform whether changes in gen-
omic organization is highly correlated with the evolution of
intrachromosomal recombination rates (and when these
various patterns evolve). Regardless, it is likely that low glo-
bal effective recombination, high levels of LD in gene-rich
chromosome centers, and linked selection (Andersen
etal 2012; Lee et al. 2021) lead to the large disparity in in-
trachromosomal diversity in C. elegans. Outcrossing, effect-
ive global recombination, and perhaps lower differences in
intrachromosomal recombination rate may lead to lower
differences in intrachromosomal diversity in C. inopinata.
Ongoing work in genetic map construction in C. inopinata
will inform the role of recombination in molding patterns of
genomic diversity in this species.

Population Differentiation, Inbreeding, and the Fig
Wasp Life Cycle

Our observations yield the unusual pattern of elevated in-
breeding with low differentiation among island populations
(Fig. 7). Specifically, inbreeding is not expected to occur if al-
leles easily disperse, and outbreeding is expected if individuals
are freely migrating across large areas. How is this pattern we
observe then possible? We propose that the ability of fig
wasps to travel long distances, in tandem with low founding
populations in individual figs, generates this pattern. That is,
the unique life cycles, propagule sizes, and comigration of
fig wasps and fig nematodes together drive high inbreeding
with low differentiation among islands in both species. Fig
wasps can disperse for dozens of kilometers on the wind
(Ahmed et al. 2009), even across expanses of open ocean
(Zavodna et al. 2005; Lin et al. 2008). C. inopinata nematodes
travel on such wasps (Woodruff and Phillips 2018), and their
dispersal and life cycle likely depend on this phoretic relation-
ship. However, despite their ability to travel long distances,
the reproductive (i.e. mating) phases of both fig wasp and
fig nematode life cycles are restricted to the confined lumen
of the individual fig (Weiblen 2002; Woodruff and Phillips
2018; Van Goor et al. 2023). And as wasp (and nematode)
founding populations are small (Fig. 8a), reproduction is likely
to occur between close relatives. Indeed, figs with one found-
ress wasp are common (Fig. 8a)—in this case, mating neces-
sarily occurs between the siblings who all share one mother.
Thus, life cycles, the high dispersal ability of wasps, obligate
comigration of nematodes with wasps, and low founding
numbers in figs all converge to generate this unusual parti-
tioning of alleles among individuals and islands (Fig. 7).
And, both wasps and worms have similar levels of Fs and
Fst (Fig. 8b), consistent with comigration underlying this pat-
tern. Not all members of the fig microcosm may necessarily

share this costructuring—the nonpollinating and pollinating
fig wasp species of Ficus hirta harbor variable levels of isola-
tion by distance (Deng et al. 2021). However, our compari-
sons of fig wasp and fig nematode diversity should be met
with caution as we are comparing data sets separated by
years, geographic regions, and methodology (Zavodna et al.
2005; Lin et al. 2008). Indeed, we have only sampled a portion
of the geographic range of F. septica (Rodriguez et al. 2017),
and future work may reveal genetically distinct populations. If
these cooccur among fig nematodes and fig wasps, geo-
graphic distance may drive such differences, as has been re-
ported in F. hirta and its Valisia pollinators (Tian et al. 2015).

Fig nematode migration may also be influenced by hu-
man activity. Although most Indo-Australian Ficus species
are not thought to be traditional food sources, a number
of fig species have historically been used for dietary and me-
dicinal purposes (Shi et al. 2018). F. septica leaves have
been reported as a treatment of illnesses in Papua New
Guinea (Holdsworth et al. 1980; Holdsworth and
Lacanienta 1981) and the Solomon Islands (Altschul
1973). Beyond historical uses, contemporary human activ-
ity may likewise influence nematode migration patterns
as the introduction of nonnative Ficus species to new local-
ities does occur (Galias et al. 2018; Peniwidiyanti et al.
2022). Additionally, as F. septica syconia are frequently
consumed by bats (Shilton et al. 1999), this interaction
may also facilitate fig nematode migration.

We also found the C. inopinata X chromosome to be en-
riched for these high inbreeding coefficients (Fig. 7;
supplementary figs. S10 to S13, Supplementary Material
online). Assuming neutrality and unbiased sex ratios, nu-
cleotide diversity on the X is expected to be 75% of that
on the autosomes ((Wilson Sayres 2018); although this is
not to expected to hold for the self-fertile hermaphrodite,
C. elegans). Diversity on the C. inopinata X chromosome
is 64% of autosomal nucleotide diversity (supplementary
fig. S13, Supplementary Material online). Under random
mating, no inbreeding is expected, and as X chromosome
inbreeding coefficients depend largely on specific pedi-
grees (Wright 1933; Crow and Kimura 2009) or specific
demographic scenarios (Wang 1999), assigning a null in-
breeding hypothesis is difficult. Yet, under inbreeding
with no bias in male-female cross directions, the X:auto-
some inbreeding coefficient ratio is expected to approach
4/3 (1.333...) as the distances between relatives increases
(Freire-Maia and Freire-Maia 1961). In C. inopinata, this ra-
tio is far higher (3.96; supplementary fig. S13,
Supplementary Material online). As its X:autosome in-
breeding coefficient ratio is quite high (supplementary fig.
S13, Supplementary Material online), it is possible complex
demographic histories (Wang 1999), selection, or other fac-
tors may be driving this observation. As X chromosomes are
generally expected to be subject to differing evolutionary
forces than the autosomes (Vicoso and Charlesworth
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2006), any of these could likewise interact to promote
asymmetries on the X chromosome in C. inopinata. Most
of the individuals we sequenced were female (Sheet 1 in
supplementary table S1, Supplementary Material online),
so it is unlikely that an excess of males in our sample
is connected to this unexpected pattern. This high X:auto-
some inbreeding coefficient ratio is also unlikely to be a
technical artifact as coverage is comparable across auto-
somes and the X chromosome (supplementary fig. ST,
Supplementary Material online). A more likely explanation
is that natural populations of C. inopinata harbor unequal
sex ratios, which would be expected to generate unequal
ratios of X:autosome inbreeding coefficients. Pollinating
fig wasps themselves famously modulate their sex ratios de-
pending on the potential for local mate competition (Herre
1985, 1987). Fig nematodes may also do this, which could
generate such asymmetrical patterns on the X chromo-
some. A highly speculative explanation for this observation
could be environmental sex determination (ESD)—in fig-
associated Parasitodiplogaster and Ficophagus nematodes,
sex ratios in syconia were more female-biased than those
observed on fig wasps (Van Goor et al. 2022). Moreover,
nematode sex ratios in syconia had a far lower variance
than expected (Van Goor et al. 2022). If ESD can transform
X0 animals into females, ESD could promote high observed
X chromosome inbreeding coefficients (as X0 females
would appear to be entirely homozygous on the X chromo-
some), as well as lead to the kinds of demographic scen-
arios that can increase inbreeding coefficients on the X
chromosome (Wang 1999; Crow and Kimura 2009). Sex
determination has likely evolved in C. inopinata as her-1,
a gene encoding a signaling ligand critical for male fates
in C. elegans (Perry et al. 1993), has been disrupted by a
transposon insertion in this species (Kanzaki et al. 2018).
And, XO-to-female transformants have been observed
among Caenorhabditis hybrid broods (Baird 2002), show-
ing such transformations are at least possible in this group.
However, ESD has not been reported in the Caenorhabditis
genus (to the best of our knowledge), although it has
evolved multiple times in nematodes (Haag 2005). Future
work involving evolutionary simulations (Haller and
Messer 2023) could potentially disentangle these possible
causes of asymmetry among the X chromosome and the
autosomes. Regardless, future work on fig wasps and ne-
matodes sampled at the same time, in the same places,
and interrogated with the same methods will be required
to confirm this apparent alignment of their patterns of gen-
etic differentiation.

C. inopinata Diversity in Its Phylogenetic Context

Patterns of chromosome-scale variation were recently de-
scribed in the outcrossing species, C. remanei (Teterina
et al. 2023). How do these results compare? As in the

case of C. remanei (Teterina et al. 2023), we found the out-
crossing C. inopinata is far more genetically diverse than the
selfing C. elegans (Fig. 2). Additionally, like in the previous
report (Teterina et al. 2023), we find that diversity is en-
riched on chromosome arms relative to chromosome cen-
ters in both outcrossers (Figs. 2 and 3). And, we likewise
find that diversity among functional genomic regions
(such as introns and exons) are much greater in outcrossers
than selfers (Figs. 3 to 6), indicative of more efficient
selection in outcrossing species (Teterina et al. 2023).
Qualitatively, our results are then aligned with previous in-
terpretations that levels of genomic diversity are driven by
differences in reproductive mode, while conserved distribu-
tions along chromosomes are driven by conserved patterns
of intrachromosomal recombination rates (Teterina et al.
2023).

Despite this overlap, our work reveals at least one major
qualitative difference with that of Teterina et al. (2023).
Specifically, intrachromosomal differences in variation
were greater in C. remanei (Cohen’'s d=1.08) than
C. elegans (Cohen’s d=0.62) (Teterina et al. 2023). We
find the opposite pattern—the differences in diversity
between chromosome arms and centers were greater in
C. elegans (Cohen’s d=0.61) than C. inopinata (Cohen’s
d=0.26; Figs. 2, 3, and 6). In Teterina et al. (2023), the
greater intrachromosomal diversity disparity in outcrossers
was attributed to their greater effective population recom-
bination rate. As C. inopinata has far lower intrachromoso-
mal LD than C. elegans, it likely also that it has a much
greater effective population recombination rate than this
selfing species. Notably, C. inopinata’s lower degree of in-
trachromosomal diversity mirrors its similar lack of structur-
ing of gene density and transposable elements along
chromosomes (while C. elegans and C. remanei have simi-
lar, structured intrachromosomal distributions of gene
number and repeat content) (Woodruff and Teterina
2020). Speculatively, this low intrachromosomal diversity
is suggestive of a divergent genomic recombination land-
scape in C. inopinata. If C. inopinata has a uniform recom-
bination rate among chromosome arms and centers, then
this uniformity would be consistent with its more uniform
intrachromosomal patterns of diversity, gene density, and
repeat content. Ongoing work involving the construction
of a C. inopinata genetic map will be invaluable toward
testing this possibility.

Beyond intrachromosomal variation, there are a number
of quantitative differences between this work and the
C. remanei study (Teterina et al. 2023). For instance, our es-
timate of C. elegans nucleotide diversity (x=0.0022) is
nearly double the Teterina et al. (2023) estimate (x=
0.0012). Teterina et al. (2023) used whole-genome se-
guencing; examined one Toronto population of C. remanei
and one Hawaiian population of C. elegans and used a dif-
ferent computational workflow compared with our study.
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We used RAD-seq and attempted to capture a broad range
of diversity in C. inopinata and C. elegans (i.e. we looked at
three island populations of C. inopinata and included the
“divergent set” of previously sequenced C. elegans strains
(Cook et al. 2017; Lee et al. 2021; Crombie et al. 2024)).
We then suspect most of these quantitative differences de-
rive from methodological and sampling (which has been
shown to influence biological interpretations (Stadler
etal. 2009; Cutter et al. 2012)) variation. And as our results
are largely qualitatively concordant as discussed above,
they appear robust to such changes in methodological
approach.

The Caenorhabditis genus is noteworthy in the range of
intraspecific polymorphism among its constituent species
(Wang et al. 2010; Andersen et al. 2012; Dey et al. 2012,
2013; Gimond et al. 2013; Li et al. 2014; Thomas et al.
2015; Noble et al. 2021) (supplementary fig. S2,
Supplementary Material online). This range in polymorph-
ism is driven largely by the independent evolution of self-
fertile hermaphroditism in three species (including C. ele-
gans) that have lower levels of polymorphism due to high
selfing rates. Conversely, most Caenorhabditis species (in-
cluding C. inopinata) are obligate outcrossers (Kiontke
et al. 2011; Cutter 2015; Kanzaki et al. 2018). A number
of these species appear to harbor exceptional levels of di-
versity (i.e. are “hyperdiverse” with n>0.05) suggestive
of massive population sizes (Cutter et al. 2013). C. inopinata
harbors low levels of polymorphism compared with its hyper-
diverse outcrossing relatives while being far more diverse
than self-fertilizing Caenorhabditis species (supplementary
fig. S2, Supplementary Material online). Its modest diversity
as a female/male species may be explained by its vector spe-
cialist lifestyle. It is thought that specialists should have lower
population sizes and more differentiation among popula-
tions compared with generalists because there are fewer op-
portunities for them to thrive and reproduce in space (Li et al.
2014). Notably, C. japonica is another vector specialist that
also has lower levels of diversity among outcrossing
Caenorhabditis (Li et al. 2014). These comparatively lower le-
vels of diversity in C. inopinata and C. japonica provide evi-
dence for this specialist-generalist variation hypothesis
(SGVH (Li et al. 2014)). However, the lack of population dif-
ferentiation in C. inopinata is inconsistent with the expecta-
tions of population fragmentation under the SGVH (Fig. 7).
This incongruity could result from the notable migration dis-
tances of fig wasps (Ahmed et al. 2009), the limited spatial
area of our study, or both. Moreover, there are more known
Caenorhabditis vector specialists and generalists whose di-
versity has not been determined (Cutter 2015; Sloat et al.
2022). Exploring diversity in more Caenorhabditis species
and situating them in their phylogenetic context, as well as
the geographic range and extent of population differenti-
ation in C. inopinata, will be needed to show if the SGVH
holds in this group.

Caveats

It is important to note some potential limitations of this
study. The number of individuals sampled per population
is relatively small (Ningiviquas= 6, 12, and 6 for the islands
of Iriomote, Ishigake, and Yonaguni, respectively). These
low sample sizes have the potential to pose statistical sam-
pling issues in our estimates of population genetic measures
connected to population differentiation. That is, estimates
of Fstmay be inaccurate due to small per-population sample
sizes. Indeed, such parameters are largely assumed to be
sensitive to sample size (Holsinger and Weir 2009), and
the failure to capture rare alleles due to small sample sizes
can lead to underestimates of Fst (Bhatia et al. 2013). On
the other hand, both simulations (Willing et al. 2012) and
empirical data (Nazareno et al. 2017) have suggested that
these parameters are robust to sample size variation, and
if anything, extremely small sample sizes should lead to
overestimates of Fst (Willing et al. 2012). In this scenario,
our conclusions would not be impacted as our estimates
of Fst are quite low and suggest rampant migration among
islands. An overestimate in Fst values would then suggest
our populations are even less differentiated than reported
here. Regardless, additional sampling of these areas, in add-
ition to increased sampling across the known geographic
range of F. septica, holds the potential to capture uncharac-
terized alleles and provide a more accurate picture of gen-
omic variation in C. inopinata.

Additionally, this study characterizes genomic variation
via a rarely used combination of linear genomic amplifica-
tion and RAD-seq. The use of genome amplification must
be approached with some caution as the underlying mo-
lecular biases are unclear—here, we are assuming all alleles
are amplified with equal fidelity. Notably, we see do vari-
ation in coverage across the genome, but this variation is
readily explained by the distribution of GC content across
the genome (i.e., we used EcoRl as a restriction enzyme
for RAD-seq, and its recognition sequence is not uniformly
distributed along chromosomes; supplementary fig. ST,
Supplementary Material online). However, the possibility
remains that biases in genome amplification have led to
the exclusion of some alleles in our data. Despite the wide-
spread presence of heterozygous calls (indeed, many gen-
omic regions reveal an excess of heterozygotes compared
with Hardy-Weinberg expectations; Fig. 7b), we cannot de-
finitively exclude this possibility. Future whole-genome se-
guencing studies will reveal whether or not biases in
linear amplification impact our ability to characterize gen-
omic variation. Similarly, we used RAD-seq to measure gen-
omic diversity. Indeed, we only captured ~4% of the
C. inopinata genome in our dataset (4.8 MB out of a gen-
ome assembly size of 123 MB) despite the evenness of
coverage across the genome (supplementary fig. ST,
Supplementary Material online). Comparisons of the
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C. elegans pseudo-RAD data with WGS data suggest that
RAD-seq may underestimate nucleotide diversity
(supplementary fig. S14, Supplementary Material online).
Moreover, sampling only 24 C. elegans strains also leads
to an underestimate of nucleotide diversity compared
with a sample of 330 strains (supplementary fig. S14,
Supplementary Material online) (Lee et al. 2021). The lim-
itations of RAD-seq in characterizing patterns of genomic
diversity are even more apparent considering known hyper-
divergent regions in nematode genomes (Lee et al. 2021;
Stevens et al. 2022, 2023). These regions are of particular
interest because they are frequently associated with segre-
gating selfish genetic elements (Ben-David et al. 2017,
2021; Noble et al. 2021; Widen et al. 2023). A recent paper
characterizing hyperdivergent regions in C. elegans defines
such regions as having at least nine consecutive 1 kb win-
dows harboring >16 variants or harboring substantially
low coverage compared with a genome-wide average
(Lee et al. 2021). As we did not assemble genomes de
novo, we could not use low read depth as a metric for po-
tential hyperdivergence (in fact, to ensure confidence in
genotype calls, we only looked at regions with high cover-
age and consistent alignment with reference assemblies).
Because RAD-seq captures sequences associated with re-
striction sites, we only rarely captured segregating sites
across nine consecutive windows (11 such genomic regions
in our C. inopinata data; 18 in the C. elegans pseudo-RAD
data; supplementary figs. S15 and S16, Supplementary
Material online). None of the regions we captured qualified
as hyperdivergent by the definition above using our data
alone (supplementary fig. S15, Supplementary Material on-
line). However, although our data cannot be used to dis-
cover hyperdivergent regions (as defined by Lee et al.
(2021)), nearly all of the previously characterized hyperdi-
vergent regions contain sites captured by our C. elegans
pseudo-RAD data (299/312 regions with overlap; 96%).
Indeed, hyperdivergent regions were reported to cover a
nontrivial fraction of the C. elegans genome (20% (Lee
etal. 2021)). As a consequence, a fraction of our C. elegans
pseudo-RAD data falls within such regions (14%;
2,105,793 sites). Our C. inopinata RAD-seq data are then
likely to include sites in hyperdivergent regions as well, al-
though whole-genome sequencing data will be required
to pinpoint these regions. Thus, our diversity measures
are surely underestimated. Regardless, whole-genome se-
guencing of a large and diverse sample of C. inopinata in-
dividuals will be required to address the shortcomings of
reduced-representation sequencing in characterizing the
genomic diversity of populations.

The Promise of Understanding Coevolutionary Patterns

Understanding the causes of spatial genetic structure is a
fundamental goal of molecular ecology. Here, we suggest

fig nematodes and their fig wasp vectors may share similar
patterns of genetic differentiation due to their shared
modes of dispersal and their common symbiotic relation-
ship with figs. Interspecific relationships that involve the co-
localization and comigration in space of individuals from
different species are ubiquitous. Host—-pathogen, host—
parasite, and phoretic relationships (among others) abound
and could lead to similar alignments of genetic diversity
among divergent species. Future work examining a larger
sample and range of fig nematodes and fig wasps will in-
form if ecological interactions can drive the alignment gen-
etic structure despite the vast range of geographic
distances and body sizes of the species involved.

Methods

Nematode Isolation, Sample Preparation,
and Sequencing

Animals were collected from the field in previously de-
scribed work (Woodruff et al. 2018; Hammerschmith
et al. 2022). Briefly, 24 individual C. inopinata animals
were isolated from fresh, dissected F. septica figs from
three Okinawan islands in May 2016. Live animals were
fixed in 100% ethanol and kept at =20 °C for 3 to 11
mo. Fixed animals were then washed three times in
phosphate-buffered saline (PBS), and individual worms
were transferred to individual tubes. Animals were digested
with Proteinase K in 20 uL reactions. The proteinase was
heat-inactivated (10 min at 95 °C), and then, half of the re-
action was used for linear amplification with the lllustra
GenomiPhi V3 amplification kit (GE Lifesciences). DNA
was then purified with the Zymo Genomic DNA Clean
and Concentrator kit. EcoRl bestRAD libraries were pre-
pared (Ali et al. 2016), and paired-end 150 bp reads were
generated with the lllumina Hi-Seq 4000.

Genotyping and Inference of Population Genetic
Statistics

Reads were reoriented for processing with Flip2BeRad (https./
github.com/tylerhether/Flip2BeRAD), and the first 2 base pairs
were removed from all reads with fastx_trimmer (version
0.0.13; options -f 3 -Q 33; http:/hannonlab.cshl.edu/fastx_
toolkit/) for downstream processing. Reads were then demul-
tiplexed with stacks process_radtags (version 2.0; options -e
ecoRl -r -c -q) (Rochette et al. 2019, 2). Reads were aligned
to the reference C. inopinata genome assembly (Kanzaki
et al. 2018) with gsnap (version 2018 March 25; options
--trim-mismatch-score=0 --trim-indel-score=0 —format=sam)
(Wu et al. 2016). Unique alignments were then extracted (see
align_genotype_pop_gen.sh; all code associated with this
work have been deposited in GitHub: https:/github.com/
gcwoodruff/inopinata_population_genomics_2020).
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Genotypes were called with bcftools mpileup call (version
1.9; options mpileup -Ou; options call -c -Ob —ploidy-file —
samples-file) (Li 2011); X chromosome sites in males were
called as haploid, while female X chromosome and all auto-
some sites were called as diploid. Alignment files of all sam-
ples were then merged with bcftools merge (version 1.9;
options --info-rules DP:join, MQOF:join, AF1:join, AC1:join,
DP4:join, MQ:join, FQ:join). Sites with coverage <15x and
with <80% of samples having genotype calls were removed
with bedtools view (version 1.9; for coverage: options -i
“DP>=15"; for missing genotype calls on autosomes: op-
tions -i “COUNT(GT = “mis"”) < 5"; for missing genotype calls
on X chromosomes: options -i “COUNT(GT = “mis") < 4").
Biallelic sites were extracted with bedtools view (version 1.9;
options: -m2 -M2 -v snps --min-ac 2:minor) and combined
with invariant sites to produce a single VCF for inference of
population genetics statistics (Quinlan and Hall 2010).
Additionally, separate VCF files were generated for estimating
population genetics statistics of the X and autosomes.

VCF files were processed with popgenwindows.py
(https:/github.com/simonhmartin/genomics_general/blob/
master/popgenWindows.py) to estimate x (retrieved 2019
May 28; options --windType coordinate -w 10000 -s
10000 -m 160 -f phased) and Fst (options --windType co-
ordinate -w 10000 -s 10000 -m 160 --analysis popPairDist
-f phased -p ishigaki -p iriomote -p yonaguni --popsFile) in
10 kb genomic windows. The script codingSiteTypes.py
was used to extract sites in protein-coding genes by codon
positions, and popgenwindows.py was used as above to es-
timate nucleotide diversity. To estimate nucleotide diversity
in other genomic regions (introns, exons, intergenic re-
gions, and genic regions), bedtools intersect (version
2.25.0) (Quinlan and Hall 2010) was used with annotation
files to extract regions of VCF files spanning respective gen-
omic regions (site counts across genomic and chromosome
regions are included in Sheet 7 in supplementary table S1
and supplementary fig. S17, Supplementary Material on-
line). Stacks populations (Rochette et al. 2019) was used
to estimate site Fs (version 2.2; options --sigma 3333
--genepop --structure --phylip), and bedtools map (version
2.25.0; -0 mean -c 4) (Quinlan and Hall 2010) was used to
initially determine the mean Fs in 50 bp genomic windows.
This was done to account for the high number of missing
sites resulting from reduced-representation RAD sequen-
cing. After the removal of windows composed only of miss-
ing sites, bedtools map (version 2.25.0; -0 mean -c 4)
(Quinlan and Hall 2010) was used to find mean Fs
in 10 kb genomic windows. For comparing = on chromo-
somes arms and centers between C. inopinata and
C. elegans, windows were normalized by chromosome
position by setting the median chromosome base pair to
0 and the end chromosome base pairs to 0.5 (as in
Woodruff and Teterina (2020)). Chromosome “centers”
were defined as those genomic windows with normalized

chromosomal position < 0.25 and chromosome “arms”
as those with normalized chromosomal position > 0.25.

F statistics data in Ceratosolen bisulcatus were collected
from Lin et al. (2008) (Tables 5 and 6) and (Zavodna et al.
2005) (Tables 3 and 5). Natural history data for C. inopinata
occupancy on fig wasps and fig wasp foundress number in
F. septica figs were communicated in Figs. 5 and 6 and sup-
plementary fig. S1, Supplementary Material online of
Woodruff and Phillips (2018). VCFtools (version 0.1.16, op-
tion --geno-r2) (Danecek et al. 2011) was used to estimate
the correlation among genotypes (i.e. patterns of LD) with-
in each chromosome. Mean values of ° for each site were
used for the estimation of mean r? across 10 kb genomic
windows (with bedtools map as above).

For estimates in C. elegans, alignment files (BAM) of 24
previously whole-genome sequenced C. elegans strains
(BRC20067, CB4856, CX11271, CX11276, CX11285,
CX11314, DL200, DL226, DL238, ECA246, ECA251,
ECA36, ED3017, ED3040, ED3048, ED3049, EG4725,
JT11398, JU258, JU775, LKC34, MY16, MY23, and N2)
were retrieved from the CaeNDR database (Cook et al.
2017; Lee et al. 2021; Crombie et al. 2024) (retrieved
June 2021; version 20210121; https:/caendr.org/data/
data-release/c-elegans/20210121). These strains were cho-
sen because they included the “divergent set” of 12 strains
(CB4856, CX11314, DL238, ED3017, EG4725, JT11398,
JU258, JU775, LKC34, MY16, MY23, and N2; version
20210121; https:/caendr.org/data/data-release/c-elegans/
20210121) plus an additional arbitrarily chosen 12 strains
to produce a data set with a sample size comparable with
our C. inopinata data. The positions of EcoR/ cut sites in
the C. elegans reference genome were identified with
EMBOSS fuzznuc (version 6.6.0, -pattern “GAATTC”
-complement -rformat gff) (Rice et al. 2000). C. elegans
alignments located within 332 bp of an EcoR/ site were ex-
tracted with samtools view (options -b -L) (Danecek et al.
2021). Alignments were then genotyped with bcftools
mpileup call and processed as above. All analyses and
figures for this paper were generated in the R statistical
programming language (R Core Team). All statistics were
performed in R (all code used for this work have been
deposited in  GitHub; https:/github.com/gcwoodruff/
inopinata_population_genomics_2020). The R packages
“ggplot2” (Wickham 2016), “lemon” (Edwards 2020),
“ggforce” (Pedersen 2022a), “reshape2” (Wickham
2007), “cowplot” (Wilke 2020), “rstatix” (Kassambara
2023), “vcfr” (Knaus and Grunwald 2017), “adegenet”
(Jombart and Ahmed 2011), “plyr,” “cowplot,” and
“patchwork” (Pedersen 2022b) were used.

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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