
nature genetics

https://doi.org/10.1038/s41588-026-02535-9Article

Large-scale exome analyses reveal new rare 
variant contributions in amyotrophic lateral 
sclerosis

In the format provided by the 
authors and unedited

Supplementary information

https://doi.org/10.1038/s41588-026-02535-9


 1 

Supplementary Tables ............................................................................................... 2 

Supplementary Figures .............................................................................................. 4 

Consortium Authors ................................................................................................. 18 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 2 

Supplementary Tables 
 
 
Supplementary Table 1 |  Variant effect predictions for variants identified in either the 
exome-wide single variant analysis or the targeted single variant analysis among GCEP-
curated genes. D: damaging, B: benign, P: possibly damaging. 
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Supplementary Table 2 |  Representative Gene Ontology (GO) terms for the candidate 
genes. Terms were summarized using the rrvgo R package, where terms were clustered by 
semantic similarity and a representative term was selected for each cluster based on its 
uniqueness score. *A full list of terms is available in Supplementary Data 11. 
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Supplementary Figures 
 

 

Supplementary Figure 1 | Uniform reprocessing of sequencing datasets overcomes 
systematic technical biases. a, Proportion of variance explained (R2) of total number of 
synonymous variants per individual by ALS status among 28,582 samples that were either 
uniformly processed and aligned to GRCh38 or non-uniformly processed and aligned to 
GRCh37 respectively. It shows that the proportion of variance explained by total synonymous 
variant count was substantially reduced by uniformly processing the sequencing data. b, 
Distribution of the total number of ultra-rare (≤5 carriers; left) and singleton-only (right) 
synonymous variants among two ancestry-matched cohorts in the uniformly processed 
(GRCh38) callset (WGS: Project MinE UK, WXS: UK Biobank). The distributions of exome-wide 
ultra-rare counts are aligned between these two cohorts, indicating that sequencing 
technologies are comparable after joint processing and quality control. 
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Supplementary Figure 2 | Sample quality control in the discovery cohort. a-b, Samples 
were projected onto the PCA coordinates of a reference ancestry space consisting of 1000 
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Genomes samples. The 94,545 samples included in this study are represented by grey dots, 
the colored dots indicate the 1000 Genomes samples (colored by superpopulation label) on 
which the study samples were projected. c, Distribution of sample call-rates, samples having 
a call rate < 0.9 were excluded. d, Inbreeding coefficient, samples with F-values <-0.1 or >0.1 
were excluded. e, X-chromosome homozygosity (inbreeding coefficient), samples with 
ambiguous sex (0.4 < F < 0.6) or where genetically predicted sex did not match reported sex 
were excluded (F < 0.4 = female; F > 0.6 = male). f, Principal component analysis (PCA). A 
distinct cluster was identified on the fifth principal component, leading to the exclusion of 
samples with PC5 values less than -0.02. g, Total variant counts distributions. Samples were 
excluded if they exceeded one of the following thresholds: nSNV > 4000, nINDEL > 400, nSNV 
(Singletons) > 250, nINDEL (Singletons) > 100, Ti/Tv ratio < 2.4 or > 3.7, or INDEL/SNV ratio > 
0.165. 
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Supplementary Figure 3 | Discovery analysis cohort including 13,138 ALS cases and 
69,775 controls. a, Successive sample quality control (QC) steps. First, individuals of broad 
European ancestry were retained. Subsequently, individuals were excluded if they exhibited 
low call rates (< 0.9), outlying heterozygosity rates (inbreeding F < -0.1 or F > 0.1), a genetic sex 
prediction inconsistent with reported sex, outlying counts of SNVs, INDELs, or singletons, as 
well as outlying values in Ti/Tv or SNV/INDEL ratios. Finally, individuals with ≤2nd degree 
relatedness (one member of each pair is kept) or with outlying values on the first five principal 
components were excluded. b, Principal component analysis of the final cohort consisting of 
13,138 patients with ALS and 69,775 controls. 
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Supplementary Figure 4 | Variant quality control in the discovery cohort. a-d, Calibration 
of quality score thresholds for variants passing basic quality control (VQSR-pass, per-
supercohort call-rate > 0.9 and Hardy-Weinberg equilibrium P-value in controls > 0.0001). The 
figures show the cumulative fraction of variants, grouped by case-control P-value (two-tailed) 
estimated using Firth’s logistic regression with profile penalized likelihood confidence 
intervals. Thresholds were chosen to retain the majority of variants while excluding a 
significant proportion of low-quality variants strongly associated with case-control status. 
Specifically, the following thresholds were set: QD ≥ 6, MQRankSum ≥ -0.5, FS ≤ 14, and ctrl-
ctrl minimum P-value ≥ 0.0001. e, Overview of variant quality control steps. The first row 
shows the total number of called variants, the second row shows the number of variants 
passing basic QC, and the third row shows the number of variants that passed strict QC and 
were used in subsequent analyses. 
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Supplementary Figure 5 | Single variant geographical carrier distributions. Density 
contours of the first two principal components are shown for the full study cohort. Overlaid 
on this background are the individuals carrying the respective variant, with points colored by 
their cohort of origin. 
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Supplementary Figure 6 | Ultra rare variant burden geographical carrier distributions. 
Density contours of the first two principal components are shown for the full study cohort. 
Overlaid on this background are the individuals carrying at least one ultra-rare variant in the 
respective gene, with points colored by their cohort of origin. 
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Supplementary Figure 7 | Ultra-rare gene set burden analyses. a, Forest plots depicting 
the odds ratio (OR) and 95% confidence intervals (y-axis) estimated using Firth’s logistic 
regression of ultra-rare gene burden results for the ten most significant genes within the 
exome-wide significant gene sets ('GOBP: regulation of mRNA splicing via spliceosome' and 
'GOBP: regulation of RNA splicing'). b-c, Forest plots depicting the odds ratio (OR) and 95% 
confidence intervals (y-axis) estimated using Firth’s logistic regression for gene set burden of 
qualifying variants stratified by evidence level (x-axis). b, Analysis of all 51 genes curated for 
ALS spectrum disorders. c, Analysis restricted to 42 genes specifically associated with ALS. 
The ‘Disputed’ and ‘Strong’ categories were excluded from the analysis as they each contained 
only one gene. 
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Supplementary Figure 8 | Cumulative burden analyses of age of onset and survival. 
Cumulative burden of carrying multiple high- or moderate-impact variants among Definitive 
ALS genes as curated by the GCEP. a, age of onset: shown are the effect estimates in years 
(center) and 95% confidence intervals (CI; error bars) (x-axis), stratified by the number of risk 
variants carried (y-axis). b, survival: shown are the log-transformed hazard ratios (center) 
and 95% confidence intervals (error bars) stratified by the number of risk variants carried (y-
axis). 

 

 

a b
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Supplementary Figure 9 | Variant co-occurrence heatmap and interaction analyses. 
Heatmap displaying the observed co-occurrences in ALS patients among variant pairs. For 
genes identified in the URV burden analysis, an individual is considered a carrier if they had 
at least one qualifying variant in that gene. Statistical interactions were  estimated using Firth’s 
logistic regression in the full case-control cohort. For each pair of variants, we fitted a model 
including their main effects and their interaction term, adjusting for the same covariates as 
used in the single variant analyses.The lower triangle shows the log-transformed odds-ratio, 
where red indicates a synergistic effect (positive interaction term) and blue indicates an 
antagonistic effect (negative interaction term). The upper triangle shows the statistical 
significance (-log10(P-value)), with darker green indicating a more significant P-value. Pairs for 
which there was no co-occurrence in the full dataset (cases and controls) are greyed out. P-
values are two-tailed and presented uncorrected for multiple testing. 
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Supplementary Figure 10 | Variant cooccurrence power analyses. Co-occurrence power 
analyses among all tested pairs, with varying co-occurrence odds-ratios. Empirical cumulative 
distribution of statistical power (x-axis) to detect a significant excess or absence of co-
occurrence between variant pairs. Each line represents the distribution of power across all 
tested pairs for a given co-occurrence odds ratio (OR). The y-axis shows the cumulative 
proportion of pairs with power at or below the corresponding power. 
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Supplementary Figure 11 | Sample quality control in the replication cohort. a-b, 
Samples were projected onto the PCA coordinates of a reference ancestry space consisting of 

a b

d

e

g

c

f
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1000 Genomes samples. The 139,227 samples included in this cohort are represented by grey 
dots, the colored dots indicate the 1000 Genomes samples (colored by superpopulation label) 
on which the study samples were projected. c, Distribution of sample call-rates, samples 
having a call rate < 0.9 were excluded. d, Inbreeding coefficient, samples with F-values <-0.1 
or >0.1 were excluded. e, X-chromosome homozygosity (inbreeding coefficient), samples with 
ambiguous sex (0.4 < F < 0.6) or where genetically predicted sex did not match reported sex 
were excluded (F < 0.4 = female; F > 0.6 = male). f, Principal component analysis (PCA). g, Total 
variant counts distributions. Samples were excluded if they exceeded one of the following 
thresholds: nSNV > 7500, nINDEL > 400, nSNV (Singletons) > 250, nINDEL (Singletons) > 100, 
Ti/Tv ratio < 2.4 or > 3.7, or INDEL/SNV ratio > 0.165. 
 
 
 
 

 
 
Supplementary Figure 12 | Power analyses and final replication analysis cohort 
including 4,781 patients with ALS and 130,928 controls. 
 
a, Power analyses for the presented replication cohort including 4,781 patients with ALS and 
130,928 controls. Bars represent statistical power, which was calculated through 10,000 
simulations in which alleles were drawn from the binomial distribution, using Firth's logistic 

ba

c d
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regression to test for association with disease status.  Of note, these power analyses assume 
no covariate adjustment, and actual power may be lower due to covariate inclusion. Orange 
bars indicate power analyses based on odds-ratios estimated from the discovery cohort, blue 
bars indicate power analyses where these odds-ratios were adjusted for winner’s curse bias. 
The upper panel indicates the power analyses for the candidate single variants, and the lower 
panel indicates the power analyses for the candidate genes from the URV gene burden 
analyses. 
b, Successive sample quality control (QC) steps. First, individuals of broad European ancestry 
were retained. Subsequently, individuals were excluded if they exhibited low call rates (< 0.9), 
outlying heterozygosity rates (inbreeding F < -0.1 or F > 0.1), a genetic sex prediction 
inconsistent with reported sex, outlying counts of SNVs, INDELs, or singletons, as well as 
outlying values in Ti/Tv or SNV/INDEL ratios. Finally, individuals with ≤2nd degree relatedness 
were excluded (one member of each pair is kept). Additionally, individuals that were 
duplicates or related up to the second degree to any sample in the discovery cohort were 
excluded. c-d, Principal component analysis of the final cohort consisting of 4,781 patients 
with ALS and 130,928 controls. 
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