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            Abstract
The genetic etiology of autism spectrum disorder (ASD) is multifactorial, but how combinations of genetic factors determine risk is unclear. In a large family sample, we show that genetic loads of rare and polygenic risk are inversely correlated in cases and greater in females than in males, consistent with a liability threshold that differs by sex. De novo mutations (DNMs), rare inherited variants and polygenic scores were associated with various dimensions of symptom severity in children and parents. Parental age effects on risk for ASD in offspring were attributable to a combination of genetic mechanisms, including DNMs that accumulate in the paternal germline and inherited risk that influences behavior in parents. Genes implicated by rare variants were enriched in excitatory and inhibitory neurons compared with genes implicated by common variants. Our results suggest that a phenotypic spectrum of ASD is attributable to a spectrum of genetic factors that impact different neurodevelopmental processes.
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                    Fig. 1: Risk for ASD is attributable to multiple genetic factors including DNMs, rare inherited variants and polygenic risk.[image: ]


Fig. 2: Multivariable regression of six genetic factors to create a composite GRS.[image: ]


Fig. 3: Increased genetic load in females with ASD compared with males.[image: ]


Fig. 4: Negative correlation of rare variants and polygenic risk is consistent with a liability threshold model.[image: ]


Fig. 5: Differential effects of rare and common variation on behavioral traits in cases, sibling controls and parents.[image: ]


Fig. 6: The genetic basis of parental age effects on ASD risk in offspring is multifactorial.[image: ]


Fig. 7: ASD susceptibility genes implicated by rare variants are enriched in neuronal cell types of the developing brain.[image: ]
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                Data availability

              
              WGS data from the SSC and exome and SNP genotyping data from SPARK are available from SFARI (https://www.sfari.org/resource/autism-cohorts). Summary genetic data from WGS and exomes, including individual counts for dnLoF, dnMIS, inhLoF and PSs for all subjects in the present study and input data files for all analysis code, are also available from SFARI. WGS data from the REACH project are available from the National Institute of Mental Health Data Archive (NDA), including the structural variant callset and raw sequence (FASTQ), alignment (BAM) and VCF files from the REACH cohort (https://nda.nih.gov/edit_collection.html?id=2019). GWAS summary statistics are available from the Psychiatric Genomics Consortium (ASD and SZ) (https://www.med.unc.edu/pgc/download-results) and the Social Science Genetic Association Consortium (EA) (http://www.thessgac.org/data). Bulk tissue expression data on ASD susceptibility genes was obtained from the BrainSpan developmental transcriptome dataset (v.0; https://www.brainspan.org/api/v2/well_known_file_download/267666525). Cell-type expression levels of ASD susceptibility genes in fetal cortex were obtained through the web interface of the CoDEx viewer (http://solo.bmap.ucla.edu/shiny/webapp).
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Extended data

Extended Data Fig. 1 Rates of de novo mutations stratified by cohort and evaluation of potential confounders.
a, Rates of de novo synonymous (dnSyn) variants were not associated with ASD in the combined sample, but were enriched 1.1-fold in the SPARK cohort (Pâ€‰=â€‰0.021). b, We evaluated whether quality metrics or other confounders could explain the slight excess of dnSyn variants in SPARK cases. Quality metrics did not differ in cases and controls including coverage, transition:transversion ratio (Ti/Tv) or ratio of heterozygous calls (Het/Hom). c, Paternal age did not differ significantly between cases and controls.


Extended Data Fig. 2 The combined effects of dnLoF, inhLoF and sex on the transmission of rare variants in families.
a, A significant liability threshold for rare variants was evident based on a negative correlation of dnLoF and inhLoF (linear regression Pâ€‰=â€‰0.03), and this effect did not differ significantly by sex. b, Case-control odds ratios were compared for the transmission rates in families by sex (father-daughter, mother-daughter, father-son, mother-son). Both maternal and paternal rare variants contribute to ASD with a significant over-transmission from mother to daughter and from father to son. We did not observe a significant sex bias in the transmission of rare variants in families. In particular, we did not observe an enriched transmission from mother to male cases as we have previously hypothesized8.


Extended Data Fig. 3 Sex differences in the correlation of rare variant and common variant risk was not robust across multiple polygenic scoring methods.
a, An early analysis of this dataset using polygenic score estimates from PRSice observed that the negative correlation of RVRS and CVRS was stronger in males than in females, consistent with males having less tolerance of genetic risk. The heatmap displays the correlations between polygenic scores and rare variants in males and females separately. Correlations were tested by linear regression controlling for cohort, case status and ancestry PCs, and a gene-by-sex interaction was tested in the combined sample (Ç‚gene-by-sex Pâ€‰<â€‰0.05). b, With polygenic scores calculated using SBayesR, there was a similar trend with the correlation of CVRS and RVRS being stronger in males; however, the gene-by-sex interaction was not statistically significant.


Extended Data Fig. 4 Correlation of de novo mutation rate with parental age.
a,b, Correlation of total autosomal de novo SNVs with age of fathers (a) and mothers (b). See also Fig. 6a. nâ€‰=â€‰4,518 trios for which age-at-birth was available for the mother and father.


Extended Data Fig. 5 Comparison of the predictive values of polygenic scoring methods PRSice and SBayesR.
Polygenic scores calculated using SBayesR had greater predictive value for polygenic scores for ASD (PSASD), schizophrenia (PSSZ) and educational attainment (PSEA).
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