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Crossing strategy and phenotyping 

To minimize heterozygosity in C. nigoni wild isolates, each strain was inbred for at least 10 generations 

via single male-female crossings, with triplet sets used in every round. Plates showing significantly 

reduced progeny numbers or severe phenotypic defects were excluded. The resulting inbred strains 

exhibited low heterozygosity, ranging from 0.117% to 0.514%, comparable to that of the C. nigoni 

reference strain JU1421 (Supplemental Table 1). For crosses involving Cni-shls-1(-/-) mutant males 

and either AF16 or ZF1220 females, five ZZY0997 males (Cni-shls-1 mutant in the JU1421 background) 

(Xie et al. 2024) were placed on a crossing plate (with an OP50 bacterial lawn at the center) together 

with at least ten L4 females (either AF16 she-1(VC43) mutant or ZF1220) overnight. Fertilized females 

were then transferred to new plates to lay eggs for 4-6 hours before their removal. The total number of 

eggs laid was recorded initially and re-counted after at least 12 hours to determine the hatching rate. 

Each cross was performed in at least three biological replicates. In microinjection experiments, Cni-

neib-1 genomic DNA (20 ng/μl in sterilized Milli-Q water) was injected into a minimum of 10 young 

adult ZF1220 females. After approximately three hours of recovery, injected worms were transferred 

to crossing plates and allowed to lay eggs for 4–5 hours, after which progeny hatching rates were 

similarly calculated, following an incubation period of at least 12 hours. The Cni-neib-1 genomic 

sequence was PCR amplified using previously described primers (Xie et al. 2024). Milli-Q water 

without DNA served as the injection control. 

 
De novo genome assembly of reference strains 

High-quality, chromosome-level genome assemblies for the reference strains C. briggsae (AF16) and 

C. nigoni (JU1421), referred to as CB5 and CN3, respectively, were previously generated using ONT 

long-read DNA sequencing in combination with chromatin conformation capture (Hi-C) data (Xie et al. 

2023). Briefly, long-read sequencing data at approximately 80× coverage were initially assembled into 

contigs using Flye (v2.9.3) (Kolmogorov et al. 2019). Raw Hi-C reads were subsequently aligned to 



these contigs using Juicer (v1.6) (Durand et al. 2016) to generate contact matrices in HIC format. The 

contigs were arranged into chromosome-level scaffolds by analyzing contact frequencies from the 

matrices, with correct order and orientation determined using the 3D-DNA pipeline (v180419) and 

subsequently curated manually with JuiceBox (v1.11.08). Finally, bacterial contamination was removed 

and genome polishing was performed using short-read NGS data, following the same procedures 

described for the Genome assembly of C. nigoni and C. briggsae wild isolates. 

 

Genome assembly of C. nigoni and C. briggsae wild isolates 

The raw ONT long reads for each C. nigoni wild isolate were first subjected to read correction using 

Canu (v2.2) (Koren et al. 2017) with the parameters “-correct genomeSize=130m”. The corrected reads 

were then assembled using Flye (2.9.3) (Kolmogorov et al. 2019) with the "-nano-raw" option optimized 

for nanopore sequencing. For C. briggsae wild isolates (QR24, ED3036, JU439 and HK104), Flye-

assembled contigs generated from ONT long-read sequencing were retrieved from Widen et al. (Widen 

et al. 2023). Subsequently, both the C. nigoni and C. briggsae contigs were subjected to reference-based 

correction and scaffolding to produce chromosome-level assemblies using RagTag (v2.1.0) (Alonge et 

al. 2022) with default settings. Briefly, the "correct" module in RagTag was used to fix misassemblies 

in the contigs via whole-genome alignment, using the ragtag.py correct command with MUMmer 

(v4.0.0) (Marcais et al. 2018) as the aligner. The alignment was carried out using the NUCmer tool 

from the MUMmer toolkit with the parameters “--mum --mincluster 100 --maxgap 300.” Next, the 

"scaffold" module in RagTag was employed to anchor the corrected contigs to the reference genomes 

(C. nigoni JU1421 or C. briggsae AF16) using the same alignment parameters. Scaffolds identified as 

bacterial contaminations through BLAST (v2.11.0) searches against the NCBI nucleotide (nt) database 

(using an E-value threshold of  >1e-09) were removed. The filtered scaffolds were then polished using 

Pilon (v1.24) (Walker et al. 2014) over five rounds to improve sequence accuracy. Polishing was 

performed by mapping Illumina short reads to the assemblies using BWA (v2.2.1) (Li and Durbin 2009) 

with default parameters. Two C. briggsae wild isolates, VX34 and QX1410, with pre-existing 

chromosome-level assemblies (Stevens et al. 2022), were utilized directly. Notably, these genomes do 



not include unassigned contigs, whereas the assemblies of all the other strains include unassigned ones. 

Heterozygosity levels for AF16, JU1421, as well as C. nigoni wild isolates were estimated using 

Merqury (v1.4.1) (Rhie et al. 2020), which applies k-mer-based methods (Supplemental Table 1). 

 

Gene prediction and annotation 

Repetitive sequences in the assembled genomes were processed similarly to previous C. nigoni genome 

studies (Yin et al. 2018). Specifically, de novo repeat libraries were generated for all 16 genomes of C. 

nigoni and C. briggsae using the BuildDatabase command from RepeatModeler (v2.0.3) (Flynn et al. 

2020). Potential protein-coding sequences (peptides containing 30 or more residues) in the repeat library 

were initially predicted with the getorf command from EMBOSS (v6.6.0.0) (Rice et al. 2000). True 

protein-coding sequences were identified using two complementary approaches: (1) Each predicted 

peptide sequence was aligned to the C. elegans proteome (WormBase WS280) (Sternberg et al. 2024) 

via BLASTP (v2.11.0) with an E-value threshold of 1e-09. (2) Protein domains within each predicted 

peptide were identified using InterProScan from InterPro (Blum et al. 2024). Any peptide that aligned 

to the C. elegans proteome or was annotated with a protein domain was classified as true protein-coding, 

and repeats containing these peptides were filtered out. The remaining repetitive DNA sequences were 

masked with RepeatMasker (v4.1.2) using the parameters “-xsmall -gff -e ncbi -gccalc”. Ab initio 

protein-coding gene prediction was then performed with AUGUSTUS (v3.5.0) using the following 

parameters: “--extrinsicCfgFile=$AUGUSTUS_PATH/config/extrinsic/extrinsic.M.RM.E.W.cfg --

softmasking=True --hintsfile=combined.hints.gff --uniqueGeneId=true --protein=on --introns=on --

start=on --stop=on --cds=on --codingseq=on --gff3=on --progress=true --species=caenorhabditis.” For 

the C. nigoni strains and C. briggsae AF16, hints files were derived from RNA-seq data of mixed-stage 

worms. In contrast, gene prediction for the C. briggsae wild isolates was performed without hints files. 

Specifically, raw RNA-seq reads were trimmed using Trim Galore! (v0.6.10) 

(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and aligned to the corresponding 

genome using STAR (v2.7.8a) (Dobin et al. 2013) with default parameters. Exon hints were obtained 

by converting mapped reads into wig files with the AUGUSTUS bam2wig tool and processing them 

with wig2hints.pl using the parameters “--width=10 --margin=10 --minthresh=2 --minscore=4 --src=W 



--type=ep --radius=4.5”. Intron hints were generated using AUGUSTUS bam2hints tool with default 

parameters. The concatenated exon and intron hints were provided as a combined hints file to 

AUGUSTUS for gene prediction, and the predicted protein sequences were subsequently extracted 

using the getAnnoFasta.pl script from AUGUSTUS. 

 

Sequence rearrangement detection by SyRI 

Aligned regions were classified as either syntenic or rearranged, with rearranged regions including 

inversions, translocations, duplications, and inverted translocations/duplications. Within both syntenic 

and rearranged blocks, sequence variations such as single nucleotide polymorphisms (SNPs), copy 

number gains and losses, tandem repeats, insertions, and deletions were also identified. The indel 

identification using SyRI distinguishes two classes: small and large indels. The small indels are detected 

by local whole-genome alignment tools. Specifically, by using the ‘--maxgap 300’ parameter during 

pairwise genome alignment with NUCmer, we ensure that these indels are typically less than 300 bp. 

In contrast, larger indels are identified by analyzing the gaps and overlaps between consecutive 

alignments within the same structural variation annotation block detected by SyRI. The results were 

visualized using Circos (v0.69-9) (Krzywinski et al. 2009), generating Circos plots that 

comprehensively illustrate synteny and rearrangement patterns. 

 
Multiple-genome alignment and phyloP calculation 

To assess evolutionary conservation at single-nucleotide resolution, 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).Each chromosome was split and aligned separately to create single-

sequence alignments, a prerequisite for subsequent phyloP analysis. The resulting HAL file was 

converted to MAF format via the cactus-hal2maf tool. The multiple-genome MAF alignment, along 

with the phylogenetic tree models for intraspecific strains (see Phylogeny Analysis), was then analyzed 

using phyloFit from the PHAST (Phylogenetic Analysis with Space/Time models) software package 

(v1.6) (http://compgen.cshl.edu/phast/). PhyloFit was executed with the following parameters: “--

target-coverage 0.25 --expected-length 12 --rho 0.4”, fitting the alignment via maximum likelihood. 



Subsequent conservation or acceleration p-values (phyloP) were then computed using the phyloP 

program within PHAST based on the alignments and the phylogenetic model. For visualization, phyloP 

values were averaged and binned into 10 bp intervals for plotting 2 kb upstream/downstream sequences 

of genes in different gene family groups, and into 100 kb intervals for chromosome-wide plots.  

 
 
Graph plotting and statistical analyses 

All graphs were generated using RStudio (R version 4.3.2) (https://www.R-project.org/), unless 

otherwise specified. Preliminary figures were subsequently refined, adjusting sizes and fonts, to 

produce publication-ready panels using Adobe Illustrator. Statistical analyses were performed as 

follows. The Wilcoxon rank-sum test was used to compare average pi nucleotide, Tajima’s D values, 

and average gene expression levels between adults and embryos of C. nigoni (JU1421). Confidence 

intervals for worm hatching rates were calculated using the Agresti-Coull method, and differences in 

hatching rates were assessed for significance using Fisher's exact test, with a significance threshold of 

P < 0.05. 

 
 

References 
 
Alonge M, Lebeigle L, Kirsche M, Jenike K, Ou S, Aganezov S, Wang X, Lippman ZB, Schatz MC, 

Soyk S. 2022. Automated assembly scaffolding using RagTag elevates a new tomato system 

for high-throughput genome editing. Genome Biol 23: 258. 

Armstrong J, Hickey G, Diekhans M, Fiddes IT, Novak AM, Deran A, Fang Q, Xie D, Feng S, Stiller 

J et al. 2020. Progressive Cactus is a multiple-genome aligner for the thousand-genome era. 

Nature 587: 246-251. 

Blum M, Andreeva A, Florentino LC, Chuguransky SR, Grego T, Hobbs E, Pinto BL, Orr A, Paysan-

Lafosse T, Ponamareva I et al. 2024. InterPro: the protein sequence classification resource in 

2025. Nucleic Acids Res doi:10.1093/nar/gkae1082. 

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR. 

2013. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29: 15-21. 



Durand NC, Shamim MS, Machol I, Rao SS, Huntley MH, Lander ES, Aiden EL. 2016. Juicer 

Provides a One-Click System for Analyzing Loop-Resolution Hi-C Experiments. Cell Syst 3: 

95-98. 

Flynn JM, Hubley R, Goubert C, Rosen J, Clark AG, Feschotte C, Smit AF. 2020. RepeatModeler2 

for automated genomic discovery of transposable element families. Proc Natl Acad Sci U S A 

117: 9451-9457. 

Kolmogorov M, Yuan J, Lin Y, Pevzner PA. 2019. Assembly of long, error-prone reads using repeat 

graphs. Nat Biotechnol 37: 540-546. 

Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy AM. 2017. Canu: scalable and 

accurate long-read assembly via adaptive k-mer weighting and repeat separation. Genome Res 

27: 722-736. 

Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, Jones SJ, Marra MA. 2009. 

Circos: an information aesthetic for comparative genomics. Genome Res 19: 1639-1645. 

Li H, Durbin R. 2009. Fast and accurate short read alignment with Burrows–Wheeler transform. 

Bioinformatics 25: 1754-1760. 

Marcais G, Delcher AL, Phillippy AM, Coston R, Salzberg SL, Zimin A. 2018. MUMmer4: A fast 

and versatile genome alignment system. PLoS Comput Biol 14: e1005944. 

Rhie A, Walenz BP, Koren S, Phillippy AM. 2020. Merqury: reference-free quality, completeness, 

and phasing assessment for genome assemblies. Genome Biol 21: 245. 

Rice P, Longden I, Bleasby A. 2000. EMBOSS: the European Molecular Biology Open Software 

Suite. Trends Genet 16: 276-277. 

Sternberg PW, Van Auken K, Wang Q, Wright A, Yook K, Zarowiecki M, Arnaboldi V, Becerra A, 

Brown S, Cain S et al. 2024. WormBase 2024: status and transitioning to Alliance 

infrastructure. Genetics 227. 

Stevens L, Moya ND, Tanny RE, Gibson SB, Tracey A, Na H, Chitrakar R, Dekker J, Walhout AJM, 

Baugh LR et al. 2022. Chromosome-Level Reference Genomes for Two Strains of 

Caenorhabditis briggsae: An Improved Platform for Comparative Genomics. Genome Biol 

Evol 14. 



Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, Cuomo CA, Zeng Q, Wortman 

J, Young SK et al. 2014. Pilon: an integrated tool for comprehensive microbial variant 

detection and genome assembly improvement. PLoS One 9: e112963. 

Widen SA, Bes IC, Koreshova A, Pliota P, Krogull D, Burga A. 2023. Virus-like transposons cross 

the species barrier and drive the evolution of genetic incompatibilities. Science 380: 

eade0705. 

Xie D, Gu B, Liu Y, Ye P, Ma Y, Wen T, Song X, Zhao Z. 2023. Efficient targeted recombination 

with CRISPR/Cas9 in hybrids of Caenorhabditis nematodes with suppressed recombination. 

BMC biology 21: 203. 

Xie D, Ma Y, Ye P, Liu Y, Ding Q, Huang G, Félix MA, Cai Z, Zhao Z. 2024. A newborn F-box gene 

blocks gene flow by selectively degrading phosphoglucomutase in species hybrids. Proc Natl 

Acad Sci U S A 121: e2418037121. 

Yin D, Schwarz EM, Thomas CG, Felde RL, Korf IF, Cutter AD, Schartner CM, Ralston EJ, Meyer 

BJ, Haag ES. 2018. Rapid genome shrinkage in a self-fertile nematode reveals sperm 

competition proteins. Science 359: 55-61. 

 


