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Extended Data Fig. 4 | Mutation rates relative to blood cell types and split 
by signatures. a,b, Substitutions (a) and indels (b) per diploid cell from blood 
NanoSeq relative to specific blood cell types13. c,d, Substitutions per haploid 
cell for sperm (c) and diploid cell for blood (d) split by signature contributions 
of SBS1, SBS5, and SBS19. a,b,c,d, Models are linear mixed regressions, with  
the central line showing the model fit and the shaded bands indicating  
95% confidence intervals calculated by parametric bootstrapping. e, Ratio  

of age-corrected blood to sperm substitutions per diploid cell per year for 
mutations assigned to SBS1 and SBS5. Each dot corresponds to an individual 
with both a blood and sperm sample and where individuals had multiple 
timepoints the mean value of all timepoints in that tissue was used. Box plots 
show the median as center line, the 25th and 75th percentiles as box limits, and 
whiskers extending to the largest and smallest values within 1.5× the interquartile 
range from the limits from n = 57 biologically independent samples.



Extended Data Fig. 5 | Model selection dN/dS. a,b, Mean duplex coverage  
(a) and methylation percentage (b) of all base pairs with exome sequencing 
coverage split by mutation consequence. c, C > T mutation rate point estimates 
at CpG sites in n = 38 biologically independent exome-sequenced sperm 
samples split by methylation bin based on percentage methylated from testis 
bisulfite sequencing. d, Comparison of global dN/dS ratio point estimates  
from mutations of n = 38 exome-sequenced sperm samples using different 
modifications to the dNdScv algorithm. Categories include all nonsynonymous 

mutations, missense, nonsense or essential splice. The basic model excludes 
genes with no coverage and uses default parameters. Additional models show 
the impact of adding corrections for duplex coverage per base pair (BasePairCov), 
CpG methylation level (CpGmeth), and pentanucleotide context (Penta).  
e, Comparison of per-gene significance in exome-wide (blue) or restricted 
hypothesis (orange) dN/dS tests using the different models. Genes that did not 
reach significance in either test are shown in grey. Error bars indicate 95% 
confidence intervals.
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Extended Data Fig. 6 | Gene mutation mechanisms. a, dN/dS ratios for sperm 
SNVs across germline selection genes and cancer gene census genes split by ten 
canonical cancer pathways, where the dotted black line indicates neutrality 

and the dotted orange line represents the cohort average across all genes.  
b, The mutation mechanism assigned to each gene based on the mutation 
pattern in sperm, developmental disorders, and cancer (Methods).
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Extended Data Fig. 7 | Gene mutation patterns. a,b,c,d,e,f, Observed  
sperm mutations across the cohort for six illustrative genes where the height 
of the “lollipop” represents the number of unique samples with a mutation  
at that location and the colour represents its mutation type. Mutations are 
labelled with their amino acid consequence for point substitutions or their 

insertion (ins)/deletion (del) consequence of in frame (IF) or frameshift (FS).  
A “P” indicates that the variant is classified as pathogenic/likely pathogenic  
in ClinVar. Exons are shown as purple rectangles and the blue background 
represents the total duplex coverage across the cohort. Lines below the  
gene indicate COSMIC somatic mutations in cancer within that gene.
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Extended Data Fig. 8 | Mean variant class count per individual by age.  
The relationship between age and the mean count of SNVs (non-coding, 
synonymous, missense, and loss-of-function (nonsense or essential splice)) 
and indels (non-coding indel and coding indel) per sperm cell. The red points 

represent the observed values for each individual. The grey line represents  
the expected mutation count per sperm based on the germline mutation rate 
model. Error bands indicate 95% confidence intervals of linear regressions.



Extended Data Fig. 9 | Phenotype correlations. Correlation of cohort 
phenotypes with mutation outcomes across sequencing datasets. Associations 
were tested using two-sided generalised linear models (family = gaussian). 
 P values were adjusted for multiple comparisons using the false discovery rate 
(FDR) method. Asterisks indicate FDR-corrected P value ranges: (*P value > 0.01 
to <0.05, **P value > 0.001 to <0.01, ***P value < 0.001).
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Extended Data Table 1 | Significant SNV hotspots from dN/dS exome-wide and restricted hypothesis tests (RHT)










