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            Abstract
Inversions play an important role in disease and evolution but are difficult to characterize because their breakpoints map to large repeats. We increased by sixfold the number (n = 1,069) of previously reported great ape inversions by using single-cell DNA template strand and long-read sequencing. We find that the X chromosome is most enriched (2.5-fold) for inversions, on the basis of its size and duplication content. There is an excess of differentially expressed primate genes near the breakpoints of large (>100 kilobases (kb)) inversions but not smaller events. We show that when great ape lineage-specific duplications emerge, they preferentially (approximately 75%) occur in an inverted orientation compared to that at their ancestral locus. We construct megabase-pair scale haplotypes for individual chromosomes and identify 23 genomic regions that have recurrently toggled between a direct and an inverted state over 15 million years. The direct orientation is most frequently the derived state for human polymorphisms that predispose to recurrent copy number variants associated with neurodevelopmental disease.
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                    Fig. 1: Inversion call summary.[image: ]


Fig. 2: Lineage-specific simple inversions and their evolutionary rates.[image: ]


Fig. 3: Shared inversions and inversion hotspots.[image: ]


Fig. 4: Evolutionary impact of inverted duplications.[image: ]


Fig. 5: Impact of copy-neutral inversions on genome topology and differential gene expression.[image: ]
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                Data availability

              
              Strand-seq data aligned to GRCh38 and ape-specific composite files are available at zenodo, (https://doi.org/10.5281/zenodo.3818043); the PacBio and Bionano datasets are reported in Supplementary Tables 11 and 14; Supplementary data are available at GitHub (https://github.com/daewoooo/ApeInversion_paper); the PacBio and Bionano inversion callset are available at GitHub (https://github.com/daewoooo/ApeInversion_paper/tree/master/Supplementary_datasets).

            

Code availability

              
              The primatR package is available at GitHub (https://github.com/daewoooo/primatR); the breakpointR package is available at GitHub (https://github.com/daewoooo/breakpointR) (devel branch); custom scripts are available at GitHub (https://github.com/daewoooo/ApeInversion_paper/tree/master/Custom_scripts); software releases at the publication date are available at Zenodo (https://doi.org/10.5281/zenodo.3556774).
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