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            Abstract
Detection of mosaic mutations that arise in normal development is challenging, as such mutations are typically present in only a minute fraction of cells and there is no clear matched control for removing germline variants and systematic artifacts. We present MosaicForecast, a machine-learning method that leverages read-based phasing and read-level features to accurately detect mosaic single-nucleotide variants and indels, achieving a multifold increase in specificity compared with existing algorithms. Using single-cell sequencing and targeted sequencing, we validated 80–90% of the mosaic single-nucleotide variants and 60–80% of indels detected in human brain whole-genome sequencing data. Our method should help elucidate the contribution of mosaic somatic mutations to the origin and development of disease.
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                    Fig. 1: Framework of MosaicForecast to detect mosaic SNVs from bulk sequencing data.[image: ]


Fig. 2: Comparison among algorithms.[image: ]


Fig. 3: Impact of read depth on sensitivity and detection of mosaic indels.[image: ]
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                Data availability


The WGS data are available at the National Institute of Mental Health Data Archive (https://nda.nih.gov/study.html?id=644).



Code availability


MosaicForecast is implemented in Python and R. The source code, documentation and examples are available at https://github.com/parklab/MosaicForecast/.
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Integrated supplementary information

Supplementary Figure 1 MuTect2 has high sensitivity in detecting mosaics.
(a) MuTect2 detected more simulated mutations than GATK-HC-p2, GATK-HC-p5 and MosaicHunter at different allele fractions and read depths in non-RepeatMasker regions. Variants with >0.4 VAF were excluded from the call sets shown. (b) MuTect2 detected more real mosaics than the other tools considered, as confirmed by single cell sequencing from three individuals (1465, 4638 and 4643). These include both RepeatMasker and non-RepeaMasker region sites.


Supplementary Figure 2 A panel-of-normals strategy is effective in removing germline variants and recurrent technical artifacts.
(a) Among the variants present in the PoNs, 82.3% were present in ≥3 individuals, and thus, are most likely to be technical artefacts or common variants. Furthermore, although 17.7% of the recurrent variants were only called twice by MuTect2 in the 75 individuals, about half of them have ≥3 alt alleles in ≥3 individuals (checked using samtools mpileup), indicating that these are most likely artefacts. (b) The MosaicForecast-Refine model trained with our brain WGS data was applied to call mosaics from the MuTect2 call set (using data from three individuals with single cell sequencing data available), different variant filtering strategies were used, including not using a panel-of-normals (left), filtering variants called in >2 samples (middle) and filtering variants called in ≥2 individuals. Variants called were evaluated using single cell sequencing data and IonTorrent data. Removing recurrent variants does not result in the loss of any true variants, and the validation rate was ~10% higher.


Supplementary Figure 3 Candidate mosaic variants and nearby germline SNVs were used to do local haplotype-phasing.
Representative IGV plots showing (a) a non-diploid region phased with two nearby germline SNVs, (b) reads were phased to three haplotypes by using a potential mosaic variant and a nearby germline SNV, (c) a diploid region phased with a potential heterozygous germline variant and a nearby germline SNV and (d) reads in the region were phased to >3 haplotypes by using a potential false positive variant and a nearby germline SNV. Red triangles indicate candidate mosaics, and blue triangles indicate nearby germline SNVs.


Supplementary Figure 4 Evaluation of candidate mosaics in single cell sequencing data.
(a) The four types of variants have different VAF characteristics among multiple single cells. Although there could be differential amplicon-induced allelic imbalance and amplification failure-induced allele dropout problems in single cell sequencing data, germline-heterozygous variants typically are present in most cells, and the average allele fraction among multiple cells is about 50%. Instead, mosaic variants would be only present in a subset of cells, refhom sites would be absent from all cells, and germline variants within CNV/repeat regions would typically be present in multiple cells, with an average allele fraction among mutant cells much lower than 50%. (b) IGV plots for reads covering a real mosaic variant site in 10 single cells. This variant has ~17% VAF in the WGS bulk sequencing data. (c) An example showing a heterozygous variant judged by single cell sequencing data. (d) An example showing a CNV/repeat variant (likely to be within regions with reads-mapping problems) in single cells. (e) Comparison of average VAFs of single cell lineage-judged germline-heterozygous variants and single cell lineage-judged repeat variants (calculated with 20 single cells from 1465). Germline-heterozygous variants had much higher average VAFs among single cells, compared with CNV/repeat variants.


Supplementary Figure 5 Validation rate for the Phasing Prediction Model and different read-level features for different phasable sites in the Principle component analysis (PCA) space.
(a) Orthogonal validation rates (IonTorrent, single cells and trio’s information) for candidate mosaics phased to have three haplotypes (left bar), non-phasable candidate mosaics predicted by MosaicForecast-Phase as ‘hap=3’ (middle bar) and after further removing sites within the 19Mb non-diploid region (right bar). The validation rates for variants within non-RepeatMasker regions (left) and RepeatMasker regions (right) are shown separately. (b) Scatterplot of phasable sites in 2D PCA space. 1000 sites were randomly selected from all phasable sites to make this plot. (c) Contributions of the read-level features to the PCA components (in percentage): (var.cos2 *100)/(total cos2 of the component). The squared cosine “cos2” indicates the contribution of a variable to the squared distance of the observation to the origin and shows the importance of a variable for a given observation. Features that are closer to the center are less important features. Refer to Supplementary Table 1 for descriptions of the read-level features. (d) The weights for the top-ranked principle components are shown. The first five components with the maximum amount of variation in the dataset explains ~50% of the total variance.


Supplementary Figure 6 Inclusion of read-level features in the multinomial logistic regression model enables the refinement of genotypes.
(a) Projection of the experimentally evaluated phasable sites onto the PCA space defined using all read-level features. True mosaics within RepeatMasker regions and non-RepeatMasker regions were projected onto similar positions in the PCA space. (b) The first five PCA components with the maximum amount of variations were explained by different read-level features. For example, genotyping likelihoods, difference of base query positions for ref/alt alleles, difference of read mapping positions and difference of read mapping qualities for ref/alt reads were the most important features contributing to PC1. The squared cosine “cos2” indicates the contribution of a variable to the squared distance of observation to the origin and shows the importance of a variable for the given observation. Color intensity and the size of the circle are proportional to cos2. (c) The multinomial logistic regression model we built by including the first five PCA components could effectively correct mislabeled phasable sites, as suggested by experimental validations. (d) Orthogonal validation rates of candidate mosaics predicted by the multinomial logistic regression (left bar), non-phasable candidate mosaics predicted by the MosaicForecast-Refine model (middle bar), and after further removing “clustered sites” within the 19MB non-diploid regions (right bar). The validation rates for variants in non-RepeatMasker regions (left) and RepeatMasker regions (right) were shown separately. (e) Top-ranked feature importance of read-level features of the RandomForest model (MosaicForecast-Refine).


Supplementary Figure 7 Candidate mosaics called by different tools evaluated as ‘refhom’ by single cell sequencing data were further evaluated by IGV-plot and IonTorrent.
(a) Variants called by different tools and evaluated as ‘refhom’ by single cell sequencing data were further separated into different groups called by only one tool, or called by ≥2 tools. 24 variants were further evaluated with IonTorrent deep sequencing. While a large proportion of MosaicForecast calls were true mosaics, none of the variants called only by MuTect2 or GATK were true. (b) Before IonTorrent sequencing, mosaics called by each tool were extensively evaluated by IGV plotting. IGV plots indicates that most variants called only by MuTect2 or GATK genotypers were within hard-to-map regions showing a number of mismatches, which were unlikely to be true mosaics.


Supplementary Figure 8 MosaicForecast exhibits high predictive power to detect mosaics and is especially advantageous in detecting mosaics with low allele fractions.
(a) Real mosaic SNVs detected by different tools from three individuals (1465, 4638, 4643) with 250× WGS data, validated by multiple single cells as well as targeted sequencing. MosaicForecast detected more mosaic SNVs with lower allele fractions (AF≤0.05) than GATK HaplotypeCallers and MosaicHunter. (b) Of the candidate mosaics called by MosaicForecast, PCR-based samples have a lot more G>T mutations, which are known to be correlated with oxidative DNA damage, especially sites in haploid chromosomes (chrX/Y in male). Haploid chromosomes have 50% lower amount of DNA for library preparation and sequencing, which is likely to be correlated with the bias. (c) Of the IonTorrent validated mosaics detected by MosaicForecast, MosaicHunter or GATK HaplotypeCallers were only able to detect <65%, and a large fraction of low-allele fraction mosaics (AF≤0.05) were missed by these tools.


Supplementary Figure 9 Read-based phasing analysis shows that MuTect2, GATK HaplotypeCallers and MosaicHunter have a higher false positive rate than MosaicForecast.
According to our evaluations in Fig. 1c, most variants with ‘hap=2’ should be germline-heterozygous variants, while most variants with ‘hap>3’ should false positives. Variants from MuTect2 and GATK haplotype callers all had a large fraction of variants phased to have 2 or >3 haplotypes. MosaicHunter has a ‘linkage filter’ which filters out all variants completely linked with one allele of nearby SNPs, this is the reason MosaicHunter detects less phasable sites and no sites with ‘hap=2’. MosaicHunter does not call variants from RepeatMasker regions, while all other tools call mosaics genome-wide.


Supplementary Figure 10 The brain WGS-trained model could be applied to detect mosaics with a wide range of VAFs based on simulated dataset.
(a) Simulated mosaic mutations at different allele fractions were generated in the 300× bam file from the HapMap sample (NA12878), and the bam file was then down-sampled to 50-250X. The observed allele fraction distributions (green) at different read depths are concordant with expected allele fraction distributions (red, binomial sampling using the observed read depths and expected allele fractions). (b) Simulated mosaics with a wide range of simulated VAFs (0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3, 0.4) were generated in the 250× data of NA12878 to evaluate if the model is applicable to detect mosaics with a wide range of VAFs. False sites were a mix of germline-heterozygous variants and ‘repeat’ variants phased to have >3 haplotypes from MuTect2-PoN calls of the original bam file of NA12878. The brain-WGS trained model of MosaicForecast was applied to call mosaic variants from the dataset with a mix of simulated mosaics and false sites and used to generate the ROC curves. (c) We randomly selected and mixed simulated mosaic variants with expected allele fractions of 0.02, 0.03, 0.05, 0.1 and 0.3 following a realistic allele fraction distribution of early-embryonic mosaics (4:4:4:2:1) and down-sampled to 50-250× to mimic the real early-embryo mosaic mutations in non-tumor tissues. (d) VAF distribution of false sites from in the down-sampled bam files of NA12878 (down-sampled from the original bam file without the simulated mosaics). To generate a set of false sites, sites were first called by MuTect2-PoN from the 50-250× bam files. Sites with <0.02 VAF or ≥ 0.4 VAF (calculated by MT2), sites tagged as ‘str_contraction’, ‘t_lod_fstar’, ‘triallelic_site’ and sites present in the panel-of-normals were excluded, sites phased by MosaicForecast as ‘hap=2’ and ‘hap>3’ were then mixed as the false sites (used to calculate the ROC curve).


Supplementary Figure 11 Models trained using sequencing data at one read depth could be applied to call mosaics from sequencing data at different read depths.
(a) Models trained using WGS brain data at 50-250× read depths were applied to call variants from 50-250× testing sets constructed with the HapMap sample (NA12878). As described before, the dataset contained a list of simulated mosaics following a realistic allele fraction distribution of early-embryo mosaics, as well as a mix of germline and other false mutations called by MuTect2-PoN. The models were robust across different read depths, as indicated by the ROC curves. (b) In the three individuals with single cell sequencing data available, reads for all candidate sites called in 250× data were down-sampled to 50×, 100×, 150× and 200× respectively, and all the read-level features for non-phasable sites were extracted from the sampled reads. The brain-WGS trained RF models trained with phasable sites trained at 50-250× read depths were applied to non-phasable sites in the three individuals, and variants were evaluated with single cell sequencing data and IonTorrent sequencing. The models were robust across different read depths, as indicated by the high validation rate obtained, and tend to have close-to-optimal performance when applied to test sets with similar read depths.


Supplementary Figure 12 The MosaicForecast model trained using MuTect2 calls from the brain WGS data augments other software’s abilities to pick up true mosaics.
By applying the brain-WGS trained RF model of MosaicForecast (based on MuTect2-PoN calls) to identify mosaics from different software tools, all of their validation rates increased substantially. We used leave-one-out cross validation strategy while making predictions (i.e., all variants from 1465 were not used in the RF model while making predictions on 1465). Variants from GATK HaplotypeCallers and MosaicHunter were evaluated with single cell sequencing and IonTorrent sequencing, while additional variants detected with samtools mpileup were evaluated with single cell sequencing data alone.


Supplementary Figure 13 Prediction and evaluation of mosaic deletions.
Scatterplot of for all phasable deletions in the 2D PCA space of read-level features. The ‘hap=3’ sites are well distinguished from other phasable sites. (b) Contributions of the read-level features to the PCA components (in percentage). Refer to Supplementary Fig. 5 for description of the variable importance. (c) Weights of top-ranked principle components. The first five components with the maximum amount of variations in the dataset explains ~50% of the total variance. (d) Representative IGV plots showing a validated mosaic deletion. To detect the mosaic deletions, we designed three pairs of primers, and the three resulting sets of PCR products were sequenced using IonTorrent. The variant under consideration was present only in the case and absent from the control sample (or present in case at much higher proportions). (e-f) Representative IGV plots showing two validated mosaic deletions in the single cell sequencing data.


Supplementary Figure 14 PCA of the read-level features computed for the MuTect2 Insertions.
(a) Scatterplot of for all phasable insertions in the 2D PCA space of read-level features. The “hap=3” sites are well distinguished from “hap=2” sites, but hard to distinguish from “hap>3” sites. (b) Contributions of the read-level features to the PCA components (in percentage). Refer to Supplementary Fig. 5 for description of the variable importance. (c) Weights of top-ranked principle components. The first five components with the maximum amount of variations in the dataset explains ~50% of the total variance.


Supplementary Figure 15
Evaluation of complex mosaic events in single cell sequencing data. Representative IGV plots showing two validated mosaic events in the single cell sequencing data, including (a) a multi-nucleotide variant with two continuous base substitutions and (b) clumped variants with a nearby SNP and an insertion.
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