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Gene and (tandem) repeat annotation 

For gene annotation, liftoff (v.1.6.3) (Shumate and Salzberg 2021) was used to transfer the Cobs2.1 

annotation (Errbii et al. 2021) to Cobs3.1 with default parameters and the -polish option. For repeat 

annotation, we used RepeatMasker (v.4.0.7) (http://www.repeatmasker.org) and a previous TE library 

(Errbii et al. 2021). TE islands were defined as previously described (Errbii et al. 2021) by calculating the 

TE content in 250 kb nonoverlapping windows and grouping consecutive windows with more than 50% TE 

content. The boundaries of the TE islands were then manually curated and refined. 

The Tandem Repeats Finder tool (v.4.09.1) (Benson 1999) was used with recommended parameters (2 5 

7 80 10 50 2000) to identify tandem repeats (TRs) in the genome. The annotation was used with 

RepeatMasker (options: -s -norna -gff -u -pa 20 -a -nolow) to mask Cobs3.1 and TR content was calculated 

as the proportion of masked bases per 250 kb nonoverlapping windows. Additionally, TRs from five ant 

species (Melters et al. 2013; Huang et al. 2016) were used with RepeatMasker to explore their enrichment 

in the genome of C. obscurior.  

Calculation of absolute divergence 

To explore genetic divergence between lineages of C. obscurior, the average number of nucleotide 

substitutions between DNA sequences (dXY) was estimated. Absolute divergence was also calculated 

between grandparental haplotypes (gp-dXY). 

Published paired-end short reads data from single workers of the Old World (Taiwan and Leiden) and New 

World (Itabuna and Una) lineages of C. obscurior (Errbii et al. 2021) were filtered and mapped to Cobs3.1 

as described above. Note that reads from both lineages can be aligned to the reference genome with high 

confidence (Supplemental Fig. S27). SNP calling and initial hard filtering were performed using the 

HaplotypeCaller and VariantFiltration tools within GATK (v.4.1.2.0), with all positions including invariant 

sites retained (set1). For the grandparents (set2), we combined the high-quality markers produced above 

http://www.repeatmasker.org/


with invariant sites obtained using parental sequencing. The two sets were then merged to generate a 

single VCF file with variant and invariant sites. Using VCFtools, we retained positions that were genotyped 

in >80% of the samples, had a maximum of two alleles, had a genotype quality of at least 20 and read 

coverage of at least 5. This resulted in a total of 154,202,917 successfully genotyped positions. Absolute 

divergence was then calculated in 250 kb windows using scripts available at 

https://github.com/simonhmartin/genomics_general. 

Structural variant identification 

To identify SVs, we adopted an approach by Mérot et al. (Mérot et al. 2023) using published paired-end 

short read data from 16 workers from five populations (Errbii et al. 2021). Reads were filtered and mapped 

to Cobs3.1, and read duplicates were removed using Picard’s MarkDuplicates. SVs were identified using 

three different tools: Manta (v.1.6.0) (Chen et al. 2016), smoove (v.0.2.8) 

(https://github.com/brentp/smoove) which is based on LUMPY (Layer et al. 2014), and DELLY (v.0.8.1) 

(Rausch et al. 2012), all run with default parameters. 

We excluded SVs that were shorter than 50 bp or longer than 100 kb, and those overlapping a gap of more 

than 10 Ns. After excluding all SVs flagged as “LowQual”, 1,130, 3,060, and 9,343 SVs were identified by 

Manta, smoove, and DELLY, respectively. We then used Jasmine (Kirsche et al. 2023) to merge the three 

sets (options: --min_dist=50 --mutual_distance --ignore_strand). Using BCFtools, we retained SVs that 

were identified by at least two different tools, and with VCFtools we excluded SVs with a MAF <0.05 or 

genotyped in less than 80% of the individuals.  This resulted in a total of 1,410 SVs, including 660 deletions, 

174 duplications, and 576 inversions. RepeatMasker and the TE library (Errbii et al. 2021) were used to 

annotate the SVs and remove those with more than 80% repeat content. SVs were then assigned the 

recombination rate of the corresponding 250 kb window. When a SV matched more than one window 

https://github.com/brentp/smoove


(two at most), the mean recombination rate of those windows was assigned. A total of 771 SVs were 

retained, of which 481 SVs were located outside TE islands. 

To identify genomic inversions potentially affecting recombination in the F1 queen, we followed the same 

approach described above. Using the three tools, we identified inversions in the two grandparents and 

the two F1 parents, resulting in 425 and 118 candidates detected by DELLY and smoove, respectively. 

Manta did not detect any inversions in this data set. We then filtered these candidate inversions to only 

retain those that were heterozygous in the F1 queen. Furthermore, we required these inversions to be 

homozygous for different alleles in the grandparents or heterozygous in the grandmother (i.e., presenting 

no Mendelian errors). 

For indels, we used the raw variant calls generated by GATK’s HaplotypeCaller for the 16 workers. Indels 

were extracted and subjected to GATK’s recommended hard filtering criteria (QD < 2.0; QUAL < 30.0; FS > 

200 and ReadPosRankSum < -20.0). We further refined the dataset using VCFtools, retaining only biallelic 

indels with a MAF >0.05 and genotyped across >80% of the samples. The resulting set of 95,841 indel 

variants was then used to calculate diversity in nonoverlapping 250 kb windows with VCFtools. We also 

separated intergenic indels from those affecting genes using BEDTools and calculated diversity for both 

sets. 

Estimating substitution rates 

To explore the correlation between recombination and the efficiency of selection, we calculated omega 

(ω) for single-copy ortholog genes between C. obscurior and three ant species (Monomorium pharaonis 

(GCA013373865v2), Solenopsis invicta (UNIL_Sinv_3.0) and Ooceraea biroi (Obir_v5.4)) and the parasitoid 

wasp Nasonia vitripennis (Nvit_psr_1.1). Genomic and protein sequences, and gene annotations, were 

downloaded from the Ensembl database (release-54). 



We used SeqKit (v.2.3.0) (Shen et al. 2016) to extract the longest protein isoform and corresponding CDS 

for each gene and retrieved all single-copy orthologs using OrthoFinder (v.2.5.4) (Emms and Kelly 2019). 

Using ClustalO (v.1.2.4) (Sievers et al. 2011), amino acid alignments for each of the 6,562 single-copy 

ortholog groups were generated and converted into nucleic acid alignments using Pal2Nal (v.14) (140 

genes failed) (Suyama et al. 2006). After removing poorly aligned positions from each of the alignments 

using Gblocks (Talavera and Castresana 2007), we generated a phylogenetic tree for the 6,421 remaining 

genes (longer than 100 bases) using RAxML (v.8.2.12) (Stamatakis 2014). 

To estimate the branch-wide rate ω and rates of synonymous (dN) and synonymous mutations (dS), we 

applied HyPhy’s aBSREL (v.2.5.48) (adaptive Branch-Site Random Effects Likelihood) (Smith et al. 2015) to 

the 6,421 orthologous coding sequences. This model tests whether a proportion of sites have evolved 

under positive selection for each branch in the phylogeny. We also applied the FitMG94 model, 

implemented in the HyPhy package, to fit the Muse-Gaut model (Muse and Gaut 1994) of DNA sequence 

evolution, which estimates the number of synonymous and nonsynonymous substitutions per nucleotide 

site for each branch on the tree. To ensure the quality of subsequent analyses, we excluded genes with 

high ω values exceeding 2, resulting in 5,630 genes, using rates for the branch leading to C. obscurior. 

Using BEDTools’ map function, genes were then assigned to the recombination rate of the 250 kb window 

where they were located. We excluded TE islands as well as introgressed regions from the correlation 

analysis due to their distinct evolutionary dynamics compared to the recipient populations used for 

linkage mapping, retaining a final set of 3,916 genes. Since the two models produced similar rates (𝜌 = 

0.96, p < 2.2× 10-16), we restricted the correlation analyses to rates produced by the FitMG94 model.  

Gene expression bias 

To investigate the relationship between local recombination rate and developmental gene expression 

bias, we calculated the plasticity index (Schrader et al. 2017), capturing gene expression bias across 



multiple caste/morph contrasts. High values indicate caste-specific gene expression, while low values 

suggest uniform expression across castes. RNA-seq data of worker, queen, wingless male, and winged 

male third instar larvae (n = 7 individuals each) were retrieved from NCBI (BioProject: PRJNA237579) 

(Schrader et al. 2015, 2017). Reads were quality-filtered for adapter contamination using Trimmomatic 

(options: ILLUMINACLIP:TruSeq3-SE.fa:2:30:10 SLIDINGWINDOW:4:20 MINLEN:30), and ribosomal RNA 

sequences were removed with SortMeRNA (v.4.3.4) (Kopylova et al. 2012) and the Silva databases (Quast 

et al. 2013). The filtered single-end reads were mapped to Cobs3.1 using STAR (v.2.6.0c) (Dobin et al. 

2013) with default parameters, and mapping quality was evaluated with Qualimap. We used 

featureCounts (v.2.0.3) (Liao et al. 2014) to count reads per annotated gene, and differential expression 

analysis was performed with the R package limma (Ritchie et al. 2015) following Smyth et al. (2018). Read 

counts were converted to log2 counts per million and genes with fewer than 20 reads were removed. We 

applied the method of trimmed mean of M-values (Robinson and Oshlack 2010) from edgeR (Robinson et 

al. 2010) for normalization. 

Plasticity indices were computed following Schrader et al. (2017) for genes to assess overall gene 

expression plasticity. Genes were then assigned to the recombination rate of the corresponding 250 kb 

window using BEDTools’ map function. After excluding genes located in TE islands and introgressed 

regions, we retained 6,807 genes for the correlation analysis. 
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