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            Abstract
The influence of genetic background on driver mutations is well established; however, the mechanisms by which the background interacts with Mendelian loci remain unclear. We performed a systematic secondary-variant burden analysis of two independent cohorts of patients with Bardet–Biedl syndrome (BBS) with known recessive biallelic pathogenic mutations in one of 17 BBS genes for each individual. We observed a significant enrichment of trans-acting rare nonsynonymous secondary variants in patients with BBS compared with either population controls or a cohort of individuals with a non-BBS diagnosis and recessive variants in the same gene set. Strikingly, we found a significant over-representation of secondary alleles in chaperonin-encoding genes—a finding corroborated by the observation of epistatic interactions involving this complex in vivo. These data indicate a complex genetic architecture for BBS that informs the biological properties of disease modules and presents a model for secondary-variant burden analysis in recessive disorders.
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                    Fig. 1: Graphical outline of the study and mutational burden across cases and controls.[image: ]


Fig. 2: Genetic and modular interactions in BBS cases and controls.[image: ]
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Extended data

Extended Data Fig. 1 Distribution of burden-contributing variation across case and control cohorts.
a, Burden-contributing variants across cases of the Discovery cohort (n = 102), Replication cohort (n = 175), and Meta-analysis of all BBS cases (n = 277) across four population-based minor allele frequency (MAF) cutoffs (1%, 0.5%, 0.1%, and 0.001%). b, Values of burden-contributing variation between BBS cases of the Discovery cohort (n = 102) and the cohort of NEU controls (n = 384) showing a 2.5-fold enrichment for ultra-rare (MAF < 0.001%) alleles in cases compared to controls. c, BBS cases of the Replication cohort (n = 175) and the Replication control cohort (n = 488) showing a 2.5-fold enrichment for ultra-rare (MAF < 0.001%) alleles in cases compared to controls. d, Collapsed case, control and “non-BBS recessive” cohorts. e, f, Distribution of individuals with burden-contributing alleles with MAF < 1% (e) and with MAF < 0.001% (f) in control individuals (blue bars) and BBS cases (orange bars).


Extended Data Fig. 2 Distribution of burden-contributing variation across case and control cohorts in each of four discrete MAF bins.
a, The Discovery case cohort shows a 2.5-fold enrichment for ultra-rare (0.001% > MAF > 0%) alleles compared to controls. b, The Replication cohort shows a 2-fold enrichment of such alleles compared to the exome control cohort. c, The BBS case meta-analysis shows a 2.2-fold enrichment compared to the combined control cohorts. d, Collapsed cohorts. a–d show plots across four MAF bins (1% > MAF > 0.5%, 0.5% > MAF > 0.1%, 0.1% > MAF > 0.001%, and 0.001% > MAF > 0%).


Extended Data Fig. 3 Estimate of protein impact for the least disruptive of the diagnostic variants for BBS cases and non-BBS recessive individuals, with at least one missense change in the primary locus.
With high BLOSUM62 scores denoting biochemically similar amino acid changes and lower scores marking radical amino acid changes, the graph shows evidence for bona fide BBS cases harboring more disruptive variants.
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