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Understanding how genomic divergence drives biodiversity remains a central question in evolutionary biology. The nem-
atodes Caenorhabditis briggsae and its sister species Caenorhabditis nigoni provide an ideal model system to address this question, as
they exhibit extensive genomic divergence with limited gene flow from C, briggsae to C. nigoni. Despite previous comparative
genomic studies, a comprehensive analysis of both conspecific and interspecific variations, and their potential impact on
hybrid incompatibility, remains lacking. Here, we present a pangenome study of populations from both species, revealing
that C. nigoni consistently possesses larger genomes and higher gene counts than C, briggsae. This difference primarily results
from markedly larger interspecific unaligned regions in C. nigoni, which overlap significantly with C. nigoni intraspecific un-
aligned segments that are also substantially larger than those in C. briggsae. Moreover, the increased gene number in C. nigoni is
largely owing to the expansion of species-specific dispensable gene families. Notably, both the inter- and intraspecific un-
aligned regions and the expanded dispensable genes in C. nigoni show a significant enrichment in rapidly evolving genes en-
coding Cullin-E3 ubiquitin-ligase adaptors, particularly F-box proteins, which are speculated to mediate immune and stress
responses in nematodes. A detailed examination of a recently evolved F-box gene family ( fbxn family), which includes a spe-
ciation gene Cni-neib-1, demonstrates extensive polymorphism among populations, which may contribute to hybrid incom-
patibility. Collectively, our findings underscore the significance of fast-evolving ubiquitination and protein degradation
pathways in driving genomic divergence, and suggest a potential link between incompatible immunity and speciation.

[Supplemental material is available for this article.]

Genomes undergo continuous variations, thereby enabling organ-
isms to adapt to dynamic shifts in both extrinsic and intrinsic en-
vironments throughout evolution (Taylor and Larson 2019).
Species must strike a delicate balance between preserving genetic
stability and generating sufficient variability to both maintain spe-
cies identity and respond to environmental changes. This equilib-
rium in genome evolution underpins the unique genetic identity of
each species, such that mixing genomes from different species or
even populations can lead to catastrophic consequences, frequent-
ly manifesting as compromised fitness exemplified by hybrid in-
compatibility (HI) (Coyne and Orr 2004; Moran et al. 2021). Yet,
how species achieve this balance, specifically, how adaptive ge-
nome evolution and divergence precipitate HI and ultimately es-
tablish reproductive barriers, remains largely unknown. Despite
decades of research into the genetic basis of speciation, only a
very limited number of genes responsible for HI have been cloned
(Maheshwari and Barbash 2011). Concurrently, comparative geno-
mic analyses have become increasingly imperative for inferring HI
mechanisms (Moran et al. 2021; Mohan et al. 2024). On one hand,
HIs are predominantly polygenic (Nosil et al. 2021), requiring
whole-genome approaches to unravel subtle, interconnected ef-
fects that traditional genetic studies may overlook. On the other
hand, analyses of genomic variation frequently reveal a complex
interplay among sequence changes, including single-nucleotide
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polymorphisms (SNPs) and structural variations (SVs), which are
associated with altered gene expression and phenotypic traits
(Collins et al. 2020; Jiao et al. 2025). These interactions often fuel
hybrid genomic conflicts. Short-read sequencing technologies
have struggled to resolve such complexities owing to inherent lim-
itations in genome assembly. In contrast, the advent of long-read
sequencing technologies, such as of Pacific Biosciences (PacBio)
and Oxford Nanopore Technologies (ONT), has markedly en-
hanced both the efficiency and accuracy of genomic studies
(Sedlazeck et al. 2018). These technological advances have also pro-
pelled pangenome analyses. Initially developed for bacterial stud-
ies (Sherman and Salzberg 2020), the pangenome approach has
now gained prominence across diverse species (Sirén et al. 2021;
Liao et al. 2023). By analyzing gene repertoires across populations
within a species, pangenome studies capture the full spectrum of
genetic diversity, often emphasizing unique haplotypes and se-
quence variations (Todesco et al. 2020; Sirén et al. 2021;
Bredemeyer et al. 2023). This approach is particularly valuable for
speciation research, as it can screen for critical elements that drive
the transition from genetically partially isolated populations to
completely separated species (Cutter 2023), thereby unveiling
key contributors to speciation that might be overlooked in tradi-
tional pairwise comparative analyses relying on a single reference
genome per population or species.

© 2026 Xie et al. This article is distributed exclusively by Cold Spring Harbor
Laboratory Press for the first six months after the full-issue publication date
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The nematode species pair Caenorhabditis briggsae and
Caenorhabditis nigoni has emerged as a powerful model for dissect-
ing the genetic and genomic bases of speciation. Although both spe-
cies are closely related to the model organism Caenorhabditis
elegans (Lietal. 2016; Ren et al. 2018), the androdioecious C. briggsae
possesses a markedly smaller genome (~106 Mb) compared with the
dioecious C. nigoni (~129 Mb). Despite these differences, the two
species are able to interbreed and produce partially viable hybrids
(Woodruff et al. 2010; Kozlowska et al. 2012). Notably, gene flow
is unidirectional under laboratory conditions, occurring from C.
briggsae to C. nigoni: backcrossing F; female hybrids to C. briggsae
leads to complete embryonic lethality, whereas backcrossing to C.
nigoni yields viable progeny of both sexes (Woodruff et al. 2010;
Xie et al. 2022, 2024). This parallel asymmetry in genome sizes
and gene flow suggests that unique genomic components in C.
nigoni underlie the numerous HI phenotypes observed between
these species (Bi et al. 2015, 2019; Xie et al. 2024). Transcriptomic
analyses have indeed uncovered key C. nigoni—specific elements as-
sociated with these HI phenotypes (Li et al. 2016; Ren et al. 2018;
Sanchez-Ramirez et al. 2021; Xie et al. 2022). More importantly,
we recently cloned a speciation gene pair, comprising a newly
evolved C. nigoni-specific F-box gene Cni-neib-1, that specifically
disrupts an essential phosphoglucomutase (PGM) from C. briggsae,
leading to hybrid embryonic lethality (Xie et al. 2024). These find-
ings underscore the disproportionate role of C. nigoni genomic ele-
ments in establishing reproductive barriers. Given that Cni-neib-1
has undergone rapid birth-and-death evolution among C. nigoni
wild isolates, it is plausible that many additional C. nigoni-specific
elements have experienced similar dynamics and contributed to
HI between the two species. Nevertheless, the identities of these fac-
tors and how they contribute to the genetic and genome divergenc-
es between the populations of the two nematodes, driving their
incompatibilities, remain elusive.

Here we performed a comparative pangenome analysis across
populations of C. briggsae and C. nigoni to elucidate the genomic

divergences underlying their speciation. We generated high-qual-
ity genome assemblies and annotations for seven C. briggsae strains
and nine C. nigoni strains, including both reference strains.
Through comparative pan-genomic analyses of both nematode
species, we aim to identify the critical structural and genetic varia-
tions that drive intra- and interspecific genome evolution, ulti-
mately leading to speciation.

Results

C. nigoni strains consistently carry larger genomes with higher
gene counts compared with C briggsae strains

Previous studies, including our own, have shown that C. nigoni
possesses a considerably larger genome and a higher gene count
than C. briggsae (Yin et al. 2018; Xie et al. 2024). Specifically, the
C. nigoni reference strain JU1421 exhibits approximately a 22% in-
crease in genome size and a 35% higher gene number compared
with the C. briggsae reference strain AF16 (Fig. 1; Xie et al. 2024).
This disparity is consistent with the observed unidirectional
gene flow from C. briggsae to C. nigoni but not vice versa
(Woodruff et al. 2010; Kozlowska et al. 2012; Xie et al. 2022,
2024). To investigate the mechanisms underlying this unidirec-
tional gene flow and its association with asymmetric genome sizes
and gene numbers, we conducted a pangenome analysis of geo-
graphically diverse populations of both species. Specifically, we se-
lected eight C. nigoni and six C. briggsae wild isolates for genome
assembly and annotation (Supplemental Fig. S1). For C. nigoni,
we performed genome assembly using a combination of ONT
long-read sequencing and Illumina high-throughput sequenc-
ing for eight newly collected wild isolates (Xie et al. 2024). For
C. briggsae, we utilized previously published genome data, refining
the long-read assembled scaffolds (Widen et al. 2023) into chromo-
somal-level assemblies or directly leveraging chromosomal-level
scaffolds (for strain details, see Methods) (Stevens et al. 2022).
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Comparative genome analysis reveals larger genome sizes and higher gene numbers in C. nigoni strains relative to C. briggsae strains. (Left)

Phylogenetic relationships of eight C. nigoni and six C. briggsae wild isolates, along with their corresponding reference strains, namely, JU1421 and
AF16 (highlighted in bold), respectively. The phylogenetic tree was constructed using concatenated protein sequences of orthologous genes based on
the maximum likelihood method. (Right) Comparative genomic features between interspecific and intraspecific strains, including genome sizes (A),
gene numbers (B), repeat content as a percentage of the genome (C), proportions of repeat types among total repeats (D), gene length distributions
(E), and coding DNA sequence (CDS) length distributions (F). (Retro TE) Retrotransposon, (RC TE) rolling circle transposon.
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Through primary assembly, read correction, polishing, and refer-
ence-based scaffolding using high-quality chromosomal-level ge-
nomes of JU1421 (C. nigoni) or AF16 (C. briggsae; see Methods)
(Xie et al. 2023), we generated chromosomal-level genomes with
scaffold N50 values ranging from 17.08 Mb to 17.30 Mb for C. brigg-
sae isolates and from 19.17 Mb to 21.01 Mb for C. nigoni isolates
(Supplemental Table S1). These values are comparable to those of
the high-quality reference genomes that we de novo assembled
(Supplemental Table S1; Xie et al. 2023). The quality of the assem-
bled genomes was further validated using Benchmarking Universal
Single-Copy Orthologs (BUSCO) scores, which ranged from 96.5%
to 96.9% for C. briggsae isolates and from 98.3% to 99.2% for C.
nigoni ones, suggesting that the quality is on par with that of the ref-
erence genomes (Supplemental Table S1). To ensure consistency
and minimize potential biases in gene family comparisons, we ap-
plied a uniform gene prediction pipeline across all wild isolates, mir-
roring the approach used for the reference strains (see Methods).
This standardized pipeline enabled the prediction of protein-coding
genes without masking species-specific expanded gene families.
Using this approach, we estimate gene numbers ranging from
28,076 to 30,675 for C. nigoni and from 22,830 to 23,282 for C. brigg-
sae isolates (Fig. 1A,B; Supplemental Table S1).

We subsequently examined both inter- and intraspecific var-
iations in genome sizes and protein-coding gene numbers. C.
nigoni wild isolates consistently exhibited genome sizes ~20%-—
33% larger than those of C. briggsae reference strain AF16, whereas
the genome sizes of all C. briggsae wild isolates were comparable to
to those of AF16 (~106 Mb) (Fig. 1A; Supplemental Table S1). Sim-
ilarly, C. nigoni wild isolates invariably displayed higher gene num-
bers compared with C. briggsae strains (Fig. 1B; Supplemental Table
S1). We observed substantially greater variation in both genome
sizes and gene numbers among C. nigoni strains compared with
C. briggsae strains. For instance, the coefficient of variation (CV)
for genome size and gene number in C. nigoni strains is 0.0373
and 0.0360, respectively, with corresponding mean values of
132.60 Mb and 28,916. In contrast, C. briggsae exhibits lower
CVs of 0.0058 for genome size and 0.0304 for gene number,
with mean values of 106.46 Mb and 22,739, respectively. More-
over, the correlation between genome size and gene number is
markedly stronger in C. nigoni than in C. briggsae (Fig. 1A,B; Sup-
plemental Fig. S2). These findings suggest a higher degree of se-
quence and gene number divergence in the obligate outcrossing
C. nigoni compared with the self-fertilizing C. briggsae, consistent
with previous findings (Yin et al. 2018; Teterina et al. 2023). Nota-
bly, species-specific expansions of repetitive sequences do not ex-
plain the larger genome sizes in C. nigoni, nor do they account for
intraspecies variations, because both species exhibited similar pro-
portions of total and individual repeat types (Fig. 1C,D; Supple-
mental Table S2). Similarly, the lengths of genes and coding
DNA sequences (CDSs) were indistinguishable among strains of
the two species (Fig. 1E,F; Supplemental Table S2). Taken together,
these results demonstrate consistently larger genome sizes and
higher gene numbers in C. nigoni populations compared with
those of C. briggsae, with greater variations observed in C. nigoni.

Genome size variation between C. nigoni and C. briggsae is primarily
driven by differences in unalignable regions

We next investigated the sequence divergences underpinning the
larger genome sizes of C. nigoni strains relative to C. briggsae strains.
To this end, we leveraged the genomic variation detection tool
SyRI (Goel et al. 2019), which systematically identifies and catego-

rizes both large-scale SVs and small-scale sequence variations
based on pairwise genome alignments. Genomic regions that can-
not be properly aligned in a one-to-one correspondence within the
existing high-quality genome (excluding cases in which absence of
alignments arise from incomplete assembly) are classified as un-
aligned regions, whereas those that align are further categorized
as syntenic or rearranged regions, serving as the basis for subse-
quent characterization of both large-scale SVs and small-scale var-
iations. Large-scale SVs were classified into categories as inversion,
translocation, duplication, and inverted translocation/duplica-
tion, whereas small-scale variations included SNPs, tandem dupli-
cations, copy number gains or losses, and insertions and deletions
(indels) (Goel et al. 2019). Notably, although both small and large
indels were characterized (see Methods), those <100 bp predomi-
nated between the two species (Supplemental Table S3). Initial
comparisons between the reference strains JU1421 (C. nigoni)
and AF16 (C. briggsae) revealed that small-scale sequence varia-
tions contributed negligibly to genome size differences (Supple-
mental Fig. S3A). Comparable small-scale sequence variations are
observed when each wild isolate is compared to the reference
strain of the alternate species (Supplemental Fig. S3B). Both species
exhibited similar sizes of SVs, with inversions being the predomi-
nant type (Fig. 2A). Additionally, the sizes of syntenic regions,
which largely encompass the intronic regions of orthologous
genes, were comparable between the two species (~62 Mb for
AF16 vs. ~65.5 Mb for JU1421). In contrast, unaligned regions,
particularly those of large sizes, account for the bulk of the genome
size divergence (~30.9 Mb for AF16 vs. ~49.6 Mb for JU1421) (Fig.
2A; Supplemental Fig. S3C), consistent with previous findings
(Yin et al. 2018). Comparable proportions of syntenic and un-
aligned regions were also observed when each wild isolate was
compared with the reference strain of the counterpart species.
(Supplemental Fig. S3D).

To assess to what extent the observed interspecific genome di-
vergences correlate with intraspecific variability, we performed
pairwise genome alignments between each wild isolate and its re-
spective reference strain. We first observed a significantly higher
proportion of SNPs among C. nigoni wild isolates compared with
C. briggsae isolates (Supplemental Fig. S3E). This finding aligns
with a previous study that reported nearly a 10-fold increase in nu-
cleotide divergence in the obligate outcrossing Caenorhabditis
remanei relative to the self-fertilizing C. elegans (Teterina et al.
2023). We then observed a striking difference in the size of intra-
specific unaligned regions (Fig. 2B). C. nigoni populations exhibit-
ed substantially larger unaligned regions, ranging from ~12.6 Mb
to ~25.5 Mb, whereas those in C. briggsae were much smaller, rang-
ing from ~0.8 Mb to ~3.5 Mb (Fig. 2B). These results demonstrate
that unaligned regions dominate both intra- and interspecific ge-
nome divergence.

We next examined the chromosomal distribution of inter-
and intraspecific SVs and their impacts on nucleotide-level diver-
gence. Consistent with previous findings (Ren et al. 2018; Yin
et al. 2018), interspecific SVs between JU1421 (C. nigoni) and
AF16 (C. briggsae) were predominantly localized to chromosomal
arms, including a previously unidentified large inversion on the
left arm of Chr I (Fig. 2C). This distribution pattern was also ob-
served in wild isolates of both C. nigoni and C. briggsae, which is
opposite to the pattern of nucleotide conservation along chromo-
somes (Fig. 2D,E). For instance, phylogenetic P-value (phyloP)
conservation scores, which measure nucleotide site conservation
(values >0 indicate higher conservation, whereas values <0 indi-
cate higher divergence; see Methods), were consistently lower on
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by pairwise comparison of the two. The sizes of the unaligned and syntenic regions are indicated within the bars. (B) Stacked bar plot showing the com-
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chromosomal arms and higher in chromosomal centers (Fig. 2D,
E). These results indicate that SVs are associated with both intra-
and interspecific nucleotide-level divergence, although they do
not play a major role in genome size differences.

To determine how intraspecific unaligned regions contribute
to interspecific genome divergence, we finally analyzed the geno-
mic distribution of both intra- and interspecific unaligned regions.
Despite the highly strain-specific nature of intraspecific unaligned
regions, with minimal overlap between strains (Supplemental Fig.
S4), the cumulative intraspecific unaligned regions in C. nigoni
were largely shared with interspecific ones. Specifically, ~35.8
Mb (61% of the total ~58.4 Mb) of the aggregated intraspecific un-
aligned regions in C. nigoni overlapped with 72% of the interspecif-
ic unaligned regions (~35.8 Mb out of ~49.6 Mb) (Fig. 2F). In
contrast, C. briggsae contributed far less to interspecific unaligned
regions, with only ~5.1 Mb (61% of the total ~7.3 Mb) of its aggre-
gated intraspecific unaligned regions corresponding to 17% of the
interspecific unaligned ones (~5.1 Mb out of ~30.9 Mb) (Fig. 2G).
These findings suggest that regions with extensive intraspecific
divergence among C. nigoni strains substantially contribute to
the interspecific genome divergence between these two species.

Gene-based pangenome analysis reveals disproportionate
expansions of dispensable gene families between C. nigoni
and C, briggsae

To understand intra- and interspecific divergences at the gene fam-
ily level, we classified orthologous gene families in the two species
using OrthoFinder (Emms and Kelly 2019). We identified a total of
24,690 orthologous gene families in the C. nigoni strains, of which
69% (17,095) were classified as core genome (shared by all strains),
leaving 7595 gene families categorized as dispensable (shared by
some but not all strains) (Fig. 3A). In contrast, these numbers
drop to 21,657 (pan), 16,198 (core), and 5459 (dispensable) in C.
briggsae (Fig. 3A), consistent with the lower total number of genes
in C. briggsae relative to C. nigoni. To assess the completeness of the
current pangenomes, we modeled variations in pan-gene and core-
gene family numbers using the combinations of different genome
numbers (ranging from one to seven for C. briggsae and one to nine
for C. nigoni) (Fig. 3A). In both species, the number of gene families
approached a plateau (Fig. 3A), indicating that the current pange-
nomes are largely representative and that the inclusion of addi-
tional genomes is unlikely to significantly alter the sizes of the
pangenome or core-genome.

To facilitate comparison, we combined the two pangenomes
and categorized each gene family based on its presence or absence
across all strains into six distinct groups: Shared core gene families
are present in all strains of both species, whereas species-unique
core gene families exist in all strains of only one species (denoted
as Cni-unique and Cbr-unique) (Fig. 3B; Supplemental Table S4).
Similarly, dispensable gene families present in some strains of
one species but absent in the other were classified as species-specif-
ic dispensable families (denoted as Cni-specific and Cbr-specific),
whereas dispensable gene families shared across both species
were categorized as commonly dispensable (denoted simply as dis-
pensable) (Fig. 3B; Supplemental Table S4). Out of 27,083 total
gene families identified across all strains, 14,773 (55%) are shared
core families, whereas species-unique core families constitute
only 4% and 5% (1476 in C. nigoni and 1168 in C. briggsae, respec-
tively) (Fig. 3B,C; Supplemental Table S4). Notably, 5426 (20%)
of the gene families are C. nigoni-specific dispensable families,
in contrast to 2393 (9%) for C. briggsae-specific ones (Fig. 3B,C),

highlighting the substantial expansion of C. nigoni-specific dis-
pensable gene families. Consistent with this, although ~86%
(12,661 out of 14,773), 54% (801 out of 1476), and 51% (590
out of 1168) of shared core, C. nigoni-unique core, and C. brigg-
sae-unique core gene families are also present in at least one out-
group nematode (C. elegans, C. remanei, and Caenorhabditis
brenneri; see Methods), only 5% (294 out of 5426) and 2.5% (60
out of 2393) of C. nigoni-specific and C. briggsae-specific dispensa-
ble genes, respectively, are shared with these outgroups (Fig. 3B;
Supplemental Table S4). This suggests that these gene families
have evolved under distinct, species-specific selection pressures.
Moreover, we observed lower expression levels of species-specific
dispensable genes compared with core genes in mixed-stage
worms of both C. nigoni and C. briggsae (Supplemental Fig. S5), sug-
gesting potential stage-specific or cell-specific expression patterns
for these dispensable genes. We then assessed the gene numbers
within each gene family type. Although shared core and C.
nigoni-unique core genes exhibit some copy number expansions,
the number of C. nigoni-specific dispensable genes (ranging from
3698 to 4416) is significantly higher than that of C. briggsae (rang-
ing from 796 to 1708) across strains (Fig. 3D). This disproportion-
ate expansion of C. nigoni-specific dispensable genes largely
explains the higher total gene numbers observed in C. nigoni
populations.

To investigate whether different gene family groups exhibit
varying levels of polymorphism, we calculated the mean nucleo-
tide diversity () for genes within each family type in both C. nigoni
and C. briggsae. We observed that species-specific dispensable
genes exhibit significantly higher genetic variation compared
with shared core genes in both nematodes (P<0.0001, Wilcoxon
rank-sum test) (Fig. 3E; Supplemental Fig. S6). Similarly, the nucle-
otide conservation (phyloP score) of flanking genomic regions is
also reduced in species-specific genes (Supplemental Fig. S6).
Notably, C. nigoni-specific dispensable genes display significantly
higher nucleotide diversity relative to C. briggsae-specific ones (P <
0.0001, Wilcoxon rank-sum test), consistent with the higher ex-
tent of SNP variation observed among C. nigoni populations (Fig.
3E). To explore the selective pressures acting on species-specific
dispensable genes, we further calculated Tajima’s D values for dif-
ferent gene categories in both species. C. nigoni-specific dispensa-
ble genes exhibit significantly lower Tajima’s D values compared
with other gene groups (P<0.0001, Wilcoxon rank-sum test), a
trend that is not observed for C. briggsae genes (Fig. 3F; Supplemen-
tal Fig. S7). These results suggest that C. nigoni—specific dispensable
genes are likely subject to strong and species-specific positive selec-
tion, driving their elevated sequence divergence compared with C.
briggsae.

To investigate differences in gene types among species-specif-
ic dispensable genes, we performed Gene Ontology (GO) analysis
of biological processes for all C. briggsae-specific and C. nigoni-spe-
cific dispensable gene families. The top enriched biological pro-
cesses differed substantially between the two species (Fig. 3G,H).
Notably, although the gene families associated with the innate im-
mune response were enriched in both species-specific dispensable
gene families, the number of such gene families was drastically
higher in C. nigoni strains (45 to 69) (Fig. 3G) compared with
C. briggsae strains (one to four) (Fig. 3H). In fact, innate immune
response genes are the most significantly enriched across all the
C. nigoni strains (Fig. 3G). These findings suggest that C. nigoni
populations may experience substantially higher selection pres-
sure from pathogens in their native environments compared
with C. briggsae populations.
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Figure 3. Gene-based pangenome analysis reveals the distinction of species-specific dispensable gene families between C. nigoni and C. briggsae. (A)
Gene-based pangenome (red) and core-genome (black) accumulation curves for all possible combinations of genomes within each species. Genome num-
bers range from one to nine for C. nigoni (triangles) and one to seven for C. briggsae (circles), respectively. (B) Presence (dark blue) and absence (light gray)
matrix of all gene families across strains of both species. Gene families are classified into six categories: shared core (red), C. nigoni-unique core (purple), C.
briggsae—unique core (yellow), dispensable (gray), C. nigoni-specific (green), and C. briggsae-specific (blue). The presence (pink) and absence (light green)
of each gene family in the outgroup species are shown as bars at the top. (C) Pie chart showing the number and proportion of each type of gene family as
shown in panel B. The histogram shows the counts and types of gene families shared across different numbers of genomes. (D) Proportion and counts of
genes belonging to each gene family group (as shown in panel B) for each strain of C. nigoniand C. briggsae. (E) Box plot comparing the mean values of
nucleotide sequence diversity (rm nucleotide) of C. nigoni (left) or C. briggsae (right) genes belonging to each gene family group. Wilcoxon rank-sum tests
were performed to evaluate significant differences. (F) Box plot comparing the mean values of Tajima’s D for C. nigoni genes belonging to each gene family
group. Wilcoxon rank-sum tests were performed to evaluate significant differences. (G,H) Gene Ontology (GO) enrichment analysis of biological processes
for C. nigoni-specific dispensable genes (H) and C. briggsae-specific dispensable genes (G). The most significantly enriched category for C. nigoni-specific

dispensable genes, namely, innate immune response, is highlighted in red.

Genes encoding Cullin-E3 ubiquitin-ligase-adaptors are major
contributors to both gene family and genomic sequence
divergence between C. nigoni and C. briggsae

Given the significant enrichment of immune response genes
among C. nigoni—specific dispensable genes, we next investigated
whether genes encoding specific protein domains are selectively
enriched. To address this, we performed domain enrichment anal-
ysis on C. nigoni-specific dispensable genes from all C. nigoni
strains. F-box, BTB/POZ, and MATH emerged as the top three
most significantly enriched domains, all of which can be essential
domains for Cullin-E3 ubiquitin-ligase adaptors (Fig. 4A). These
adaptor proteins mediate substrate binding during poly-ubiquiti-
nation of Cullin-E3 ubiquitin-ligase complexes. Additionally, do-
mains associated with F-box genes, such as the FOG-2 Homology

(FTH) domain, were also highly enriched (Fig. 4A). Genes contain-
ing these domains typically undergo rapid birth-and-death evolu-
tion and are speculated to play critical roles in innate immune
responses in nematodes (Thomas 2006). These findings suggest
that C. nigoni populations are likely to experience some stronger se-
lection pressures such as pathogen exposure compared with C.
briggsae, driving the species-specific expansion and evolution of
the ubiquitin-ligase-adaptor genes.

Given the C. nigoni—specific abundance of unaligned regions
and dispensable genes (Figs. 2, 3), we hypothesized that the E3 ubig-
uitin-ligase-adaptor genes may primarily arise from both intra- and
interspecific genomic sequence divergence. To test this, we conduct-
ed a similar domain enrichment analysis on genes located within
the interspecific unaligned regions of JU1421 (as shown in Fig.
2A) and aggregated intraspecific unaligned regions across C. nigoni

6 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on October 7, 2026 . Published by Cold Spring Harbor Laboratory Press

Genomic divergence via ubiquitin adaptor genes

A B
BTE;E%XdeOmai_n —._ _IOQw(p value) F-box domain -log,(p value)
MATH domain Ko L REE ey ;8%%2:3;12!' ° 5 125
Domain of unknown functon (SUF a6t o) 100 MATH domain o © 100
F-box associated (@) WD domain, G-beta repeat [0}
Homeodomain o 75 Immunoglobulin I-set domain o 75
HTH domain in Mos1 transposase @] HTH domain in Mos1 transposase (o]
Domain of unknown function (DUF545) o 50 Collagen triple helix repeat (20 copies) (o) 50
Immunoglobulin I-set dowam -] Lustrin, cysteine-rich repeated domain
UDP-glucoronosy! and UDP socoan nciomes | @ © 25 Z:L‘;?.i?;;ﬁ‘:i Goomen] © =25
o e | 2 0 500 W e ] I 2200
ShK domain-like { @ O 1 000 Kunitz/Bovine pancreatic trypsin inhibitor domain Q
0 1 2 3 1 2 3 0600
Gene ratio (%) Gene ratio (%) Os00
C
BTB/POZ domain ° [©) -log,o(p value) D E
omain
WDdcr::rr_Ila)ir‘;)((B-geéar;‘egiera\t @) O ¥ 200 Expansion / Contraction F-box BTB/POZ| MATH
FTH domain o 150 ni ;
Immunoglobulin I-set domain o Cni | +103/-1| +60/-4 | +36/-1
Collagen triple helix repeat (20 copies) 6} 100 Cbr
Ankyrin e oo 1T @ ] Cbr | +8/-61 | +8/-33 | +4/-19
e oot e | S i 50 L ecre Cre | *6212 | +16/-1 | +10/0
RDIf:bv;llg:p(gL?%? H . o 812%%% e Con | 38/ 2 | +14/0 | +6/-0
rotein kinase domain 03000 (+62/-3) Cel | +10/-1 | #2710 | +2/-0
05 1 15 2 O 4000 -.Cel
Gene ratio (%) O5000
F B |
F-box gene distribution Gene number 2 4 6 8 >10
Cni Chr | Cni Chr Il Cni Chr lll Cni Chr IV Cni Chr V Cni Chr X
JU1421-| I [ | ‘ [ T | [ | [
EG52681 | I I I
JU1422 | I [l I
Ju24844| || [ I |
JU26171 I I
JU43564 | || I I
VSL2202- ‘
YR106 I I |
pa b7/ B AL B 110 T 0 T O
0 25 50 751000 25 50 751000 25 50 75 1000 25 50 75 1000 25 50 75 1000 25 50 75 100
Relative position (%)
G BTB/POZ gene distribution
Cni Chr | Cni Chr Il Cni Chr Il Cni Chr IV Cni ChrV Cni Chr X
JU14214 I I
EG5268 1 I L
JU1422 I
Ju2484 - | I
JU2617 | I
JU4356 - I I
VSL22024
YR106 | I
ZF1220-' I | | | L | I | | i |. | . L I ] i JL i . '| i . i . |
0 25 50 751000 25 50 751000 25 50 75 1000 25 50 75 1000 25 50 75 1000 25 50 75 100
Relative position (%)
H MATH gene distribution
Cni Chr | Cni Chr Il Cni Chr lll Cni Chr IV Cni Chr V Cni Chr X
JU14214 [ I|
EG5268 I I
JU14224
JUu2484 - I I
JU2617 4
JU4356 - |
VSL2202
YR106 |
ZF1220 I I

0 25 50 751000 25 50 751000 25 50 75 1000 25 50 75 1000 25 50 75 1000 25 50 75 100
Relative position (%)

Figure 4. E3 ubiquitin-ligase-adaptor genes contribute to both gene family and genomic sequence divergence between C. nigoniand C. briggsae. (A-C)
Bubble plot showing protein domain enrichment analysis for genes belonging to C. nigoni-specific dispensable gene families (as shown in Fig. 3B; A), genes
located within interspecific unalignable regions of C. nigoni (as shown in Fig. 2A; B), and genes located within intraspecific divergent regions of C. nigoni
wild isolates (as shown in Fig. 2B; C). The most significantly enriched domains, namely, F-box, BTB/POZ, and MATH, are highlighted. (D) Gene family ex-
pansion and contraction analysis across five Caenorhabditis nematodes. The predicted number of expanded (red) and contracted (green) gene families are
indicated for each species as well as the ancestral node. (Cre) C. remanei; (Cbn) C. brenneri; (Cel) C. elegans. (E) Predicted numbers of expanded (red) and
contracted (green) gene families encoding F-box, BTB/POZ, and MATH domain-containing proteins in each of the five nematode species as shown in panel
D. (F-H) Chromosomal distribution of genes encoding proteins with F-box domains (F), BTB/POZ domains (G), and MATH domains (H) across all the C.
nigoni strains. Relative chromosomal positions are used to account for differences in chromosome lengths across the strains.
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populations (as shown in Fig. 2B). As expected, domains associated
with ubiquitin-ligase adaptors were similarly enriched in these re-
gions (Fig. 4B,C). Moreover, both the upstream and downstream 2
kb sequences, as well as the gene bodies of genes encoding these do-
mains, exhibited significantly lower levels of nucleotide conserva-
tion (decreased phyloP score) compared with other genes in C.
nigoni (Supplemental Fig. S8). Taken together, these results demon-
strate the critical role of ubiquitination and protein degradation-re-
lated genes in driving both C. nigoni-specific dispensable gene
family expansions and intra- and interspecific sequence divergence
between the two nematodes.

The results are also consistent with previous findings that the
same three domains (F-box, BTB/POZ, and MATH) are among the
most significantly enriched in the JU1421 strain compared with
AF16 across all genes (Yin et al. 2018; Xie et al. 2024). Similar domain
enrichments were observed across all C. nigoni wild isolates relative
to C. briggsae wild isolates (Supplemental Fig. S9), indicating a gene-
ral expansion of genes encoding these E3 ubiquitin-ligase-adaptor
domains in C. nigoni. To systematically analyze the expansion trajec-
tory of these gene families, we employed CAFES (Mendes et al.
2020), a computational tool designed to evaluate the evolution of
gene families using phylogenetic data. Using C. nigoni and C. briggsae
reference strains (JU1421 and AF16), along with three outgroup
nematodes (C. elegans, C. remanei, and C. brenneri), we identified
1137 significantly expanded and 368 significantly contracted gene
families in C. nigoni and C. briggsae, respectively (Fig. 4D). GO enrich-
ment analysis of biological processes further confirmed that both
expanded and contracted gene families were significantly enriched
for immune response genes (Supplemental Fig. S10). We then fo-
cused on gene families encoding the enriched ubiquitin-ligase-
adaptor domains identified earlier. We observed a consistently high-
er number of expanded gene families in outcrossing species, with
C. nigoni showing the most pronounced expansion across all
three domains (Fig. 4E). In contrast, C. briggsae exhibits a contrac-
tion in gene families containing these domains (Fig. 4E). Taken to-
gether, these results suggest a presumably differential selection
pressure imposed by pathogens or other stresses between the two
species.

Previous studies demonstrated that fast-evolving genes tend to
be located on the autosomal arms, whereas conserved ones are pre-
dominantly found in the centers (Rockman and Kruglyak 2009). To
determine whether the enriched ubiquitin-ligase-adaptor genes
show any chromosomal distribution bias, we analyzed their geno-
mic locations across C. nigoni strains. Although these genes were
broadly distributed across all chromosomes, we observed a striking
clustering of F-box genes on the right arm of Chr V in all C. nigoni
strains (Fig. 4F). Genes encoding the BTB/POZ and MATH domains
were predominantly located on the right arm of Chr II (Fig. 4G,H),
which may be because nearly half of the BTB/POZ domain-contain-
ing genes also encode a MATH domain. Similar distribution patterns
were observed in C. briggsae strains, albeit in a less pronounced
manner (Supplemental Fig. S11). These results suggest that these
genes might have already undergone local gene duplications in
the common ancestor of the two species.

F-box genes have undergone a remarkable expansion
in C. nigoni compared with C, briggsae

Given the substantial expansion and the largest numerical differ-
ences in F-box genes between C. nigoni and C. briggsae, we conduct-
ed an in-depth analysis of these genes in both species. Using
previous CAFES results, we examined the expansion and contrac-

tion of 212 F-box gene families identified across five species
(C. nigoni, C. briggsae, C. remanei, C. brenneri, and C. elegans) (Fig.
5A; Supplemental Table S5). In C. nigoni, 49% (103 families) ex-
panded, whereas <1% (one family) contracted (Fig. S5A;
Supplemental Table S5). In contrast, in C. briggsae only 4% (8 fam-
ilies) expanded and 29% (61 families) contracted (Fig. SA;
Supplemental Table S5), indicating substantial divergence in F-
box family evolution during or after their speciation. Notably, 93
families expanded exclusively in C. nigoni, a pattern not observed
even in the outcrossing species C. remanei and C. brenneri (Fig. SA;
Supplemental Table S5). This suggests that the expansion may re-
flect adaptations to specific environmental challenges only en-
countered by C. nigoni populations. Furthermore, we observed
that a subset of F-box gene families (mostly large in size) under-
went expansion in the common ancestor of the two species but
subsequently contracted in C. briggsae, implying that reduced se-
lection pressure in C. briggsae contributed to the loss of these genes
after its speciation with C. nigoni (Fig. SA).

F-box domains are frequently found in combination with
other functional domains to participate in diverse cellular path-
ways (Kipreos and Pagano 2000). To investigate whether the ex-
pansion of F-box genes is biased toward specific domain
associations, we classified F-box genes into distinct types based
on their coassociated domains. In C. elegans, F-box proteins typ-
ically harbor a C-terminal F-box-associated domain and a dispen-
sable N-terminal domain, often derived from transposons
(Thomas 2006; Wang et al. 2021). In C. nigoni and C. briggsae,
the common F-box-associated domains include F-box Associated
Domain 2 (FBA2), FTH, and several uncharacterized (“Un-
known”) domains (Fig. 5B). Notably, a subset of FTH-containing
and Unknown domain—containing F-box proteins also possess-
es a helix-turn-helix (HTH) domain derived from the TC1/Mari-
ner transposon, similar to those identified in C. elegans (Thomas
2006; Almeida et al. 2025). Based on these, we partitioned all F-
box genes in C. nigoni and C. briggsae into six types, as illustrated
in Figure 5B. Although the abundance of each type is consistent
among strains within each species, every F-box gene type is more
prevalent in C. nigoni than in C. briggsae, indicating a general ex-
pansion in C. nigoni (Fig. 5B). Notably, F-box genes carrying the
HTH + F-box + Unknown domain combination are exclusive to
C. nigoni strains (Fig. 5B), suggesting their recent C. nigoni-specif-
ic evolution. Further analysis revealed a strong correlation be-
tween the phylogenetic and physical distances among C. nigoni
F-box genes within individual types. For example, closely related
F-box genes tend to cluster on the same chromosome, with
pairwise distances decreasing as sequence identity increases, par-
ticularly in the three largest groups (genes containing FBA2,
FTH, or Unknown domains) in JU1421 (Fig. 5B,C; Supplemental
Fig. S12). These findings strongly support the hypothesis that
the extensive expansion of F-box genes in C. nigoni is largely
driven by local tandem duplication, likely through unequal
Crossover.

In C. elegans, F-box genes are predominantly expressed during
embryogenesis (Ma et al. 2024; Almeida et al. 2025). We observed a
similar expression pattern in C. nigoni: In the JU1421 strain, most
F-box genes were significantly upregulated during the embryonic
stage compared with the adult stage (Fig. SD; Supplemental Fig.
S13). In contrast, this trend was not evident among non-F-box
genes (Fig. SE; Supplemental Fig. S13). Collectively, these findings
suggest a broad and drastic expansion of F-box genes in C. nigoni
relative to C. briggsae, likely driven by species-specific pathogenic
pressures.
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The fbxn gene family is highly polymorphic across C. nigoni
populations

We recently discovered the first HI gene pair between C. nigoni
(JU1421) and C. briggsae (AF16), comprising a PGM-encoding
gene, Cbr-shls-1 in C. briggsae, and a C. nigoni-specific F-box
gene, Cni-neib-1 (Xie et al. 2024). Cni-NEIB-1 selectively targets
Cbr-SHLS-1 for degradation, leading to hybrid embryonic lethality,
which is consistent with a two-gene Dobzhansky-Muller incom-
patibility (DMI) model (Fig. 6A). Notably, Cni-neib-1 does not tar-
get its own PGM (Cni-SHLS-1), thereby allowing Cni-shis-1 to
compensate for PGM deficiency and mask the DMI effect in
wild-type F; hybrids (Fig. 6A). We further demonstrated that Cni-
neib-1 is a member of a C. nigoni-specific F-box gene family, the
fbxn family, which has undergone extensive expansion and consti-
tutes the largest C. nigoni-specific F-box gene family at least in
JU1421 (Xie et al. 2024). We wondered whether the species-specif-
ic expansion of the fbxn gene family is conserved across C. nigoni
populations.

We found that all C. nigoni strains possess the fbxn gene fam-
ily, which is similarly located on the right arm of Chr IV (Fig. 6B).
In accordance with our previous findings in JU1421, all Cni-neib-1
loci are centrally positioned on Chr IV, except in ZF1220, which
lacks a Cni-neib-1 gene locus (Fig. 6B; Xie et al. 2024). The remain-
ing fbxn genes form a cluster on the right arm of Chr IV (Fig. 6B).
Although the genomic regions surrounding this gene cluster show
lower conservation (i.e., reduced phyloP scores) than those flank-
ing Cni-neib-1, the syntenic genes bordering both regions remain
conserved (Fig. 6B). This conservation suggests that the fbxn family
evolved in the common ancestor of C. nigoni populations rather
than arising independently in specific strains. We further exam-
ined the fbxn gene cluster delimited by Cni-F21D5.3 and Cni-klp-
11 (Fig. 6C). We observed substantial variation in both cluster
length and fbxn gene count (Fig. 6C). For example, strain
EG5268 contains 46 fbxn genes spanning ~546 kb, whereas
ZF1220 has only 10 fbxn genes covering 144 kb, and JU4356 har-
bors 12 fbxn genes spanning 134 kb. Moreover, although strains
such as JU2617, VSL2202, and YR106 maintain a cluster length
comparable to that of JU1421, their fbxn counts (25, 19, and 19, re-
spectively) are lower than JU1421’s 33 genes (Fig. 6C). These find-
ings indicate a highly dynamic evolutionary pattern of the fbxn
gene cluster region across C. nigoni populations. Supporting this
notion, we detected extensive sequence rearrangements in specific
fbxn genes within JU1421, likely resulting from either tandem du-
plications and/or transposon-mediated sequence reshuffling
(Supplemental Fig. S14).

To further elucidate the mechanism underlying the rapid evo-
lution of fbxn genes, we analyzed additional genes within the fbxn
gene cluster region. Although most of these genes are C. nigoni
specific and exhibit variable conservation across strains, two nem-
atode orthologs, namely, Cni-shils-1 and Cni-otub-3, are consistent-
ly present in this region (Fig. 6C,D). Interestingly, along with the
polymorphism observed in the fbxn family, we detected gene rear-
rangements involving these orthologs. Specifically, although both
genes are located on Watson'’s strand in most strains, their orienta-
tions are reversed in the strains VSL2202 and ZF1220 (Fig. 6C,D).
We previously demonstrated that the gene order of F21DS5.3,
shils-1, and otub-3 is conserved across all Caenorhabditis nematodes,
with an inversion occurring only in the ancestor of C. briggsae and
C. nigoni (Xie et al. 2024). This inversion is maintained in all
C. briggsae strains analyzed in this study, yet additional inversions
affecting Cni-shls-1 and Cni-otub-3 are observed in only certain

C. nigoni strains, likely driven by the expansion of fbxn genes
(Fig. 6D). Furthermore, the pairwise cDNA sequence identity
(wild isolates vs. JU1421) of Cni-shils-1 and Cni-otub-3 is relatively
lower in VSL2202 and ZF1220 than in other strains (Fig. 6E).
Consistent with this, single-copy orthologous genes located with-
in C. nigoni intraspecific unaligned regions exhibit markedly re-
duced ¢cDNA sequence identity compared with those located
outside these regions (Supplemental Fig. S15). Taken together,
these results demonstrate that the evolution of fbxn genes influ-
ences both the orientation and sequence conservation of adjacent
conserved genes, presumably via accelerated recombination dur-
ing fbxn gene duplication, thereby reinforcing genetic divergence
among populations and between species.

An unusually conserved genomic region is identified
surrounding Cni-neib-1

Given the highly dynamic nature of fbxn genes across C. nigoni
populations and the translocation of one of its members, Cni-
neib-1, to the center of Chr IV (Xie et al. 2024), we initially antici-
pated that the genomic region encompassing Cni-neib-1 would
also exhibit rapid evolution. Unexpectedly, the ~40 kb region sur-
rounding Cni-neib-1 is invariant (>99% sequence identity) across
both the cDNA sequences of the resident genes and the intergenic
regions (Fig. 6F). The cDNA sequences of Cni-neib-1 are 100% iden-
tical across all strains (Fig. 6E,F). Interestingly, in ZF1220, which
lacks the Cni-neib-1 locus, an ~30 kb C. nigoni-specific sequence
that normally flanks Cni-neib-1 is also absent (Fig. 6F), and
this absence is accompanied by a reduction in sequence identity
of the surrounding syntenic region to ~86.5%-97% (Fig. 6F).
Collectively, these observations suggest that exceptional selection
force acts on the region harboring Cni-neib-1. Whether the loss
of the 30 kb flanking sequence is directly related to the observed
reduced conservation of adjacent sequences warrants further
investigation.

Cni-neib-1 appears to have been lost in ZF1220 during its lineage-
specific evolution

We finally investigated whether Cni-neib-1 failed to evolve in
ZF1220 or was initially present but subsequently lost. The struc-
tural and sequence conservation of Cni-neib-1 in eight of the
nine C. nigoni wild isolates suggests its loss in ZF1220 (Fig. 6F).
We previously demonstrated that the presumable coevolution of
Cni-shls-1 with Cni-neib-1 prevents accidental negative interac-
tions between the two (Xie et al. 2024). However, in the absence
of Cni-neib-1 and with a consequent relaxation of selection pres-
sure in C. briggsae, Cbr-shls-1 is inadvertently targeted (Xie et al.
2024). Based on this assumption, we reasoned that if ZF1220 had
never evolved Cni-neib-1, its Cni-shls-1 would also be susceptible
to targeting by Cni-neib-1 (Fig. 6G). To test this, we crossed Cni-
shls-1~/~ homozygous mutant males from JU1421 with females
from both AF16 and ZF1220. In contrast to the nearly complete le-
thality observed in the JU1421 (Cni-shis-1 ~/7)x AF16 cross, only
~5% lethality occurred in the JU1421 (Cni-shls-17"") x ZF1220
cross (Fig. 6H), indicating that Cni-neib-1 does not target the Cni-
shis-1 allele from ZF1220. To further validate this, we introduced
the amplified JU1421 Cni-neib-1 genomic sequence into ZF1220,
a sequence previously shown to be functionally expressed in
both JU1421 and AF16 (Xie et al. 2024). Consistently, no signifi-
cant difference in hatching rates was observed between embryos
from the Cni-neib-1 injection and the control injection (Fig. 6I).
Collectively, these results support the conclusion that Cni-neib-1
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Figure 6. The fbxn gene family is highly polymorphic across C. nigoni populations. (A) Schematics illustrating the two-gene Dobzhansky-Muller incompat-
ibility (DMI) between the F-box gene Cni-neib-1 and the phosphoglucomutase (PGM)-encoding gene Cbr-shlis-1. The presence of Cni-shls-1 masks the DMIin
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other remaining genes (white). All regions and gene models are shown to scale. (D) Schematic comparison of gene orders for the four orthologous genes (as
shown in panel C) across Caenorhabditis ancestors, all C. briggsae strains, and all C. nigoni strains. Red boxes highlight differences in gene orders. Note that Cni-
shis-1 and otub-3 are inverted only in C. nigoni wild isolate VSL2202 and ZF1220 compared with C. briggsae strains. (E) Heatmap showing cDNA sequence
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control buffer versus amplified Cni-neib-1 sequences. P=0.2636, Fisher’s exact test. Error bars, 95% Cl.
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was recently lost in strain ZF1220 and that Cni-shlis-1 in this strain
has already evolved to avoid mistargeting by Cni-neib-1.

Discussion

How conspecific and interspecific genomic variation leads to re-
productive isolation remains poorly understood. In this study,
we performed a comprehensive pan-genome analysis in order to
understand the intra- and interspecific genome evolution among
closely related nematode species, C. briggsae and C. nigoni, between
which widespread reproductive isolation is observed although
they can still produce partially viable hybrid progeny. We generat-
ed the first genomic representations for eight wild isolates of C.
nigoni using both ONT long reads and Illumina high-throughput
short reads and for six chromosomal-level genomes of C. briggsae
using previously established contigs (Widen et al. 2023). These as-
semblies provide an excellent complement to the genomes of wild
isolates previously reconstructed mainly from short-read data
(Thomas et al. 2015; Yin et al. 2018). We compared both intraspe-
cific variations within C. nigoni and C. briggsae populations and in-
terspecific differences between the two species. Our analyses reveal
novel insights into inter- and intraspecific genomic divergences
that may ultimately drive speciation. Notably, we identified sub-
stantially larger unaligned genomic regions among C. nigoni pop-
ulations compared with C. briggsae populations, which account for
the significant genome size difference between the two species
(Fig. 2). We also observed a disproportionate expansion of C.
nigoni-specific dispensable genes, which represent the major
source of interspecific gene content variation (Fig. 3). These find-
ings culminated in the identification of E3 ubiquitin-ligase-adap-
tor genes, particularly F-box genes, as major contributors to
these genomic variations (Figs. 4, 5). In addition, our pangenome
analysis revealed elevated divergence (e.g., more unaligned re-
gions) and increased nucleotide variation (e.g., more abundant
SNPs) among C. nigoni populations compared with C. briggsae,
consistent with the hypothesis that outcrossing worms harbor
greater extremely divergent regions than do androdiecious ones
(Teterina et al. 2023). These findings suggest that the dioecious
C. nigoni may adapt more rapidly to environmental stress through
genome evolution than the primarily self-fertilizing C. briggsae.
The results also underscore the power of long-read sequencing in
pangenome analysis, which provides unprecedented insights
into genomic diversity and the evolutionary processes driving spe-
ciation. For example, recent studies on C. elegans wild isolates have
significantly advanced our understanding of evolutionary trajec-
tories in geographically isolated populations and the mechanisms
of incipient speciation (Boocock et al. 2021; Crombie et al. 2024).
We anticipate that further refinements of pan-genomic methodol-
ogies, such as graph-based approaches, will deepen our under-
standing of genomic variation and its role in speciation.

A striking finding of this study is the pronounced disparity
in unaligned regions between C. nigoni and C. briggsae (Fig. 2).
These regions closely mirror the punctuated hyperdivergent re-
gions previously identified in C. elegans (Thompson et al. 2015;
Lee et al. 2021) and parasitic nematodes (Stevens et al. 2023).
Genes enriched in punctuated hyperdivergent regions are also fre-
quently associated with environmental and immune responses
(Thompson et al. 2015; Lee et al. 2021). We therefore anticipate
that hyperdivergent/unaligned regions in C. nigoni and C. briggsae
are similarly maintained by balancing selection as observed in oth-
er nematodes (Lee et al. 2021; Stevens et al. 2023), thereby preserv-
ing genetic variation. Marked by extensive gene and sequence

variability, these regions may participate in host-pathogen arms
races, analogous to those observed in parasitic nematodes, albeit
with nematodes acting as pathogens rather than hosts (Stevens
et al. 2023). Similarly, hyperdivergent regions in vertebrates also
frequently carry genes enriched for host-pathogen interactions
(Leffler et al. 2013), and human MHC loci are also located within
highly dynamic genomic regions (Raymond et al. 2005).

In addition to mediating immune responses, C. nigoni-specif-
ic genes appear to participate in various additional biological pro-
cesses, as indicated by the significant enrichment of multiple gene
families beyond those associated with immunity (Fig. 4B). The rel-
atively larger hyperdivergent/unaligned regions in C. nigoni likely
reflect differential selection pressures from environmental or path-
ogenic challenges, driving the rapid evolution of immune-related
or other stress-related genes. As to the expansion of protein degra-
dation pathway genes such as F-box ones, this dynamicis expected
to increase the risk of mistargeting essential proteins, thereby ac-
celerating the chance of negative epistatic interactions between
C. nigoni and C. briggsae, which we refer to as incompatible immu-
nity. In support of this notion, we recently identified one of these
fast-evolving genes encoding an F-box gene in C. nigoni, Cni-neib-
1, which functions as an adaptor for E3 ligase-mediated protein
ubiquitylation and degradation (Xie et al. 2024). The recent birth
of this gene blocks gene flow from C. nigoni to C. briggsae by specif-
ically targeting the C. briggsae essential and conserved gene Cbr-
shls-1, ultimately resulting in hybrid embryonic lethality in the ab-
sence of C. nigoni’s SHLS-1. Presumably, C. nigoni’s shls-1 acquires
some new mutations, which prevents the autoimmunity-like self-
targeting by Cni-neib-1. Therefore, in complement to the previous
findings that HI gene hotspots are often located in regions with in-
versions (Noor et al. 2001), our results demonstrate that hyperdi-
vergent/unaligned regions may also frequently harbor HI genes.

We demonstrated a significant expansion of genes encoding
for Cullin-E3 ubiquitin-ligase complex adaptors, especially F-box
genes of all types (including novel variants with specific domains)
in C. nigoni compared with C. briggsae (Fig. 5). This asymmetrical
expansion may stem from differential turnover rates of F-box
genes, as observed in other nematodes (Ma et al. 2021; Wang
et al. 2021; Adams et al. 2023). The dynamic evolution of F-box
genes facilitates their co-option for novel functions (Nayak et al.
2005; Guo et al. 2009) and the acquisition of new domains
(Almeida et al. 2025), potentially reflecting species-specific im-
mune responses or responses to environmental changes. Support-
ing this, pathogen exposure induces the upregulation of F-box
genes (Bakowski et al. 2014), and C. briggsae but not C. nigoni ex-
hibits susceptibility to infection by the intracellular microspori-
dian pathogen, Nematocida parisii (Wadi et al. 2023). Moreover,
the highly clustered arrangement of F-box genes frequently
flanked by various repeats, such as those in the fbxn gene family
and other ubiquitin-ligase-adaptor gene families, a pattern also ob-
served in previous studies (e.g., the case of the Cbr-she-1 paralogs)
(Guo et al. 2009), reflects their rapid turnover, likely driven by un-
equal crossover. This rapid evolution not only facilitates polymor-
phism but also induces local sequence rearrangements that
accelerate the divergence of adjacent conserved genes. These rear-
rangements, such as inversions that suppress local recombination
and trigger gene divergence, may contribute to the lineage-specific
evolution of speciation genes (Noor et al. 2001). Similarly, Arabi-
dopsis HI loci (e.g., DM gene clusters) are typically associated
with lineage-specific expansions and contractions accompanied
by local genomic rearrangements (Calvo-Baltanas et al. 2021). Fur-
thermore, although DMI can be triggered by F-box genes like Cni-
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neib-1, other HIs such as a toxin-antidote (TA) model can also be
associated with ubiquitination and protein degradation-related
gene families. Supporting this, F-box genes and their variants
have been identified within TA-containing punctuated divergent
regions (Noble et al. 2021) and have been confirmed to encode an-
tidotes in TA pairs in nematodes (Seidel et al. 2008; Ben-David et al.
2017; Tikanova et al. 2025) and rice (You et al. 2023). Given the ex-
tensive expanded repertoire of F-box genes in nematodes, we an-
ticipate that additional F-box genes or their functional analogs
may play similar roles in pathogen defense or other stress respons-
es, inadvertently establishing new or enforcing existing reproduc-
tive barriers as a byproduct. Notably, we also demonstrated that
the high turnover rate of F-box genes is not necessarily associated
with population-level variation. For example, the exceptional
100% sequence identity of Cni-neib-1 (Fig. 6F) and the striking sim-
ilarity of its flanking regions suggest the action of some strong se-
lection forces across all C. nigoni populations, potentially driven by
a common pathogen (e.g., an intracellular one). Alternatively, this
pattern could result from genomic hitchhiking of other linked el-
ements that maintain linkage disequilibrium.

Finally, our finding here is consistent with our “creation by
degradation” hypothesis (Xie et al. 2024), which emphasizes the
role of differential protein degradation between populations or spe-
cies, particularly that related to immune responses, in driving/en-
forcing speciation. The highly polymorphic nature of immune-
related genes or genomic regions renders them particularly prone
to mistargeting, potentially triggering autoimmune-like responses,
namely, incompatible immunity. The fbxn gene family exemplifies
this process, as the dynamic evolution of F-box genes is analogous
to the high divergence observed in immune response genes among
plants (Chae et al. 2014; Van de Weyer et al. 2019) or human pop-
ulations (Nielsen et al. 2017; Browning et al. 2018). Notably, the re-
markable dynamics of F-box genes in C. nigoni largely resemble
those of plant nucleotide-binding leucine-rich repeat (NLR) genes,
whose expansion and extensive polymorphism not only ensure
broad target recognition against diverse pathogens but are also
frequently linked to hybrid necrosis (Calvo-Baltanas et al. 2021).
In mammals, this diversity is further amplified by a combination
of both somatic modifications and heritable genetic variations, as
evidenced by recent findings showing that germline variations sub-
stantially contribute to the human antibody repertoire (Rodriguez
et al. 2023). We anticipate that the speciation mechanism driven
by incompatible immunity, which involves differential protein
degradation extends well beyond nematode species.

Methods

Worm maintenance and strains used

All worms were cultured at 25°C on nematode growth medium
(NGM) plates with twice the standard agar concentration to avoid
worm burrowing. JU1421 and AF16 were used as the reference
strains for C. nigoni and C. briggsae, respectively. Wild isolates of
C. nigoni included JU1422 as well as seven recently collected
strains: EG5268, JU2484, JU2617, JU4356, VSL2202, YR106, and
ZF1220 (Supplemental Fig. S1; Xie et al. 2024). Wild isolates of
C. briggsae included ED3036, HK104, JU439, QR24, QX1410, and
VX34.

RNA extraction and sequencing

Worms from two 90 mm plates containing mixed-stage popula-
tions for each C. nigoni wild isolate were washed and collected prior

to total RNA extraction using TRIzol reagent (Invitrogen), follow-
ing the manufacturer’s protocol. mRNA was subsequently purified
and sequenced by Novogene, using the Illumina TruSeq stranded
mRNA library preparation method on a HiSeq instrument
(paired-end, 150 bp).

Genomic DNA sequencing

Starved worms from at least six 90 mm plates were collected and
washed for genomic DNA library preparation. High-molecular-
weight (HMW) genomic DNA was extracted using the
MasterPure complete DNA and RNA purification kit (Biosearch
Technologies) following a worm-optimized protocol from the
ONT community. For long-read sequencing, 4 pg of genomic
DNA was processed using R10.4.1 flow cells (FLO-MIN114) with
the ligation sequencing kit (SQK-LSK114). Sequencing and base-
calling were performed on an ONT GridION device using default
settings in MinKNOW software (v5.9.18), and only passed reads
were retained for downstream analysis. Short-read genomic DNA
sequencing was performed by Novogene on an Illumina HiSeq
platform with paired-end reads (150 bp).

Genome assembly, gene prediction, and annotation of C. nigoni
and C. briggsae strains

Genome assemblies for the reference strains of C. briggsae (AF16)
and C. nigoni (JU1421) were previously generated using ONT
long-read DNA sequencing in combination with chromatin con-
formation capture (Hi-C) data (Xie et al. 2023). Genome assembly
for wild isolates of C. nigoni and C. briggsae were constructed by ei-
ther assembling new contigs from raw reads or aligning existing
contigs to the corresponding reference genomes, thereby achiev-
ing chromosomal-level assemblies. Ab initio protein-coding gene
prediction was then performed with AUGUSTUS (v3.5.0) (Stanke
and Morgenstern 2005). Detailed genome assembly processes are
outlined in the Supplemental Methods.

Sequence rearrangement detection and analysis

To analyze sequence rearrangements between the two reference
strains and among wild isolates of C. nigoni and C. briggsae, pair-
wise alignments were performed. The two reference genomes
were aligned against each other, and each wild isolate was aligned
to its corresponding reference (C. nigoni JU1421 or C. briggsae
AF16) using the NUCmer tool from the MUMmer suite with the
parameters ““--mum --mincluster 100 --maxgap 300.” The align-
ment files were then imported into SyRI (v1.7.0) (Goel et al.
2019) to detect unaligned regions, syntenic blocks, and sequence
rearrangements. Detailed classification of sequence rearrangement
types by SyRI are outlined in the Supplemental Methods.

Gene-based pangenome analysis

Orthologous gene families were inferred from the proteomes of
nine C. nigoni strains, seven C. briggsae strains, and three outgroup
Caenorhabditis species, namely, C. elegans (N2), C. remanei
(PX506), and C. brenneri (PB2801) (obtained from the NCBI
BioProject database [https://www.ncbi.nlm.nih.gov/bioproject/]
under accession numbers PRJNA13758, PRJNA577507, and
PRJNA20035, respectively). Orthologous clustering was performed
using OrthoFinder (v2.15) (for the orthogroup tables, see Supple-
mental Table S6; Emms and Kelly 2019) with the arguments “-M
msa -A muscle -T igtree,” which utilized MUSCLE (v5.1) for se-
quence alignment and IQ-TREE (v2.1.2) (Nguyen et al. 2015) for
phylogenetic inference. Proteomes for the outgroup species were
retrieved from WormBase (WS280). For each gene, only the
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longest isoform was retained, extracted using the agat_sp_keep_
longest_isoform.pl script from the AGAT toolkit (v1.0.0). Core
gene families were defined as those present in every strain within
a species, whereas dispensable genes were those found in only a
subset of conspecific strains. To simulate the dynamics of pan-
and core-genome sizes as a function of genome sampling, various
combinations of strains were extracted from the previously gener-
ated orthologous table, and the corresponding genome sizes were
inferred. A LOESS regression was applied using the geom_smooth
function from the ggplot2 package (v3.5.1) to model changes in
pan- and core-genome sizes.

Multiple-genome alignment and phyloP calculation

To assess evolutionary conservation at single-nucleotide resolu-
tion, reference-free whole-genome alignments of all C. nigoni or
C. briggsae strains were performed using Progressive Cactus
(v2.6.9-20.04) (Armstrong et al. 2020). The single-sequence align-
ments of each chromosome, along with the phylogenetic tree
models for intraspecific strains (see Phylogeny Analysis), were
then analyzed using phyloFit from the Phylogenetic Analysis
with Space/Time Models (PHAST) software package (v1.6; http
://compgen.cshl.edu/phast/). The detailed parameters for the anal-
ysis are listed in the Supplemental Methods.

Population genetics calculation

CDS sequences from all genomes were extracted using the agat_
sp_extract_sequences.pl from the AGAT toolkit (v1.0.0) to facili-
tate the calculation of n nucleotide and Tajima’s D values.
Specifically, CDS sequences for each gene family were aligned us-
ing MAFFT (v7.525); n nucleotide and Tajima’s D values were
then calculated using the Population and Evolutionary Genetics
Analysis System (pegas) package (Paradis 2010).

Phylogeny analysis

The phylogenetic tree for all C. nigoni and C. briggsae strains (Fig. 1)
was constructed using OrthoFinder, with the same parameters as
described in the gene-based pangenome analysis. Phylogenetic re-
lationships were inferred by concatenating the sequences of all sin-
gle-copy orthologous genes. Similarly, the phylogenetic tree
encompassing the C. nigoni and C. briggsae reference strains, along
with three outgroup nematode species (C. elegans, C. remanei, and
C. brenneri), was generated using OrthoFinder with parameters de-
scribed in the gene family expansion and contraction analysis. The
resulting trees were visualized using the ggtree (Yu et al. 2017)
package. Multiple sequence alignments of all F-box protein se-
quences were performed using MAFFT (v7.525) (Katoh and
Standley 2013), and maximum-likelihood (ML) phylogenetic trees
were constructed using RAXML-NG (v1.2.1) (Kozlov et al. 2019)
with the “-all” parameter, which performs both ML tree searches
and automatic detection of the appropriate number of bootstrap
replicates.

Gene family expansion and contraction analysis

Orthologous gene families and the phylogenetic relationships
among five nematode species (C. briggsae [AF16], C. nigoni
[JU1421], C. elegans, C. remanei, and C. brenneri) were predicted us-
ing OrthoFinder with the same parameters as described in the
gene-based pangenome analysis (for the orthogroup tables, see
Supplemental Table S7). Gene family expansion and contraction
along specific lineages and ancestral nodes were analyzed with
Computational Analysis of Gene Family Evolution (CAFES; v1.1)
(Mendes et al. 2020), which models the evolutionary dynamics

of gene family size variation based on phylogenetic relationships.
The analysis was performed using the base model with default pa-
rameters. Gene families with a P-value <0.05 for size changes were
deemed significantly expanded or contracted, whereas those with
P-values>0.05 were classified as unchanged (Supplemental Table
S5).

Gene expression and enrichment analysis

Gene expression data for embryonic and adult C. nigoni (JU1421)
were retrieved from our previous study (Xie et al. 2022) and
from Sanchez-Ramirez et al. (2021), respectively, under NCBI
BioProject accession numbers PRINA849332 and PRJNA659254.
For adult expression, data from both male and female samples
were combined. Raw RNA-seq reads were trimmed using Trim
Galore! (https://github.com/FelixKrueger/TrimGalore) and subse-
quently aligned to the JU1421 genome (CN3) using STAR
(v2.7.0b) (Dobin et al. 2013). Gene counts were generated using
featureCounts (v2.20.0) (Liao et al. 2014). Genes with low expres-
sion (fewer than 10 mapped reads in all three replicates) were ex-
cluded from downstream analysis. Differential expression
analysis was conducted using DESeq2 (v1.40.2) (Love et al. 2014).

Functional annotation of genes across all C. nigoni and C.
briggsae strains was performed by querying protein sequences of
all genes against the InterPro database using InterProScan
(v5.65). InterPro integrates multiple sources of protein domain
and ontology information, including Pfam and GO, thereby en-
abling the annotation of protein domains and assignment of GO
terms for each gene. GO enrichment analysis was subsequently
carried out using clusterProfiler package (v3.2), and domain en-
richment analysis was performed using a Fisher’s exact test as de-
scribed previously (Xie et al. 2024).

Characterization of F-box, BTB/POZ, or MATH domain-
containing genes and the fbxn gene family

Genes containing F-box, BTB/POZ, or MATH domains were identi-
fied by extracting those annotated with Pfam IDs PF00646,
PFO0651, and PFO0917, respectively, from the functional annota-
tion results. F-box genes were further classified into subtypes based
on the presence of additional Pfam domains, including FBA2
(PFO7735), FTH (PF01827), and HTH (PF17906). F-box genes lack-
ing any predicted C-terminal domain were categorized as carrying
an “unknown” domain, whereas genes with all the other domains
were assigned to the “other” category. The fbxn gene members in
wild isolates of C. nigoni were identified from the orthologous table
(Supplemental Table S6) predicted using OrthoFinder as described
in the gene-based pangenome analysis, and their annotations were
further manually verified for accuracy. Syntenic genomic regions
of fbxn genes in C. nigoni strains were visualized using the ggge-
nomes package (v1.0.1) (Hackl et al. 2024), and the sequence sim-
ilarity of the genomic regions flanking Cni-neib-1 was assessed
using BLASTN with default parameters.

Data access

Raw sequencing reads, including ONT long-read, Illumina short-
read genomic DNA-seq, and Illumina RNA-seq data generated
in this study, have been submitted to the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject/) under accession
number PRINA1219697. The reference genomes CN3 and CBS,
along with their annotation files have been submitted to the
NCBI BioProject database under accession number PRJINA917437
and are accessible from GitHub (Xie et al. 2024; https://github
.com/PikaPatch/CB-CN). The genomes and annotation files for
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all wild isolates of C. briggsae and C. nigoni were submitted to the
European Nucleotide Archive (ENA; https://www.ebi.ac.uk/ena/)
under accession number PRJEB100562 and are also available at
GitHub (https://github.com/PikaPatch/F-box/tree/main/genome).
All customized scripts used for data analysis and graph generation
are available at GitHub (https://github.com/pikapatch/f-box/tree/
main/code) and as Supplemental Code.
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