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ARTICLE

Familial long-read sequencing increases
yield of de novo mutations
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W. Richard McCombie,® and Evan E. Eichler!,12,*

Summary

Studies of de novo mutation (DNM) have typically excluded some of the most repetitive and complex regions of the genome because
these regions cannot be unambiguously mapped with short-read sequencing data. To better understand the genome-wide pattern of
DNM, we generated long-read sequence data from an autism parent-child quad with an affected female where no pathogenic variant
had been discovered in short-read Illumina sequence data. We deeply sequenced all four individuals by using three sequencing platforms
(Illumina, Oxford Nanopore, and Pacific Biosciences) and three complementary technologies (Strand-seq, optical mapping, and 10X Ge-
nomics). Using long-read sequencing, we initially discovered and validated 171 DNMs across two children—a 20% increase in the num-
ber of de novo single-nucleotide variants (SNVs) and indels when compared to short-read callsets. The number of DNMs further increased
by 5% when considering a more complete human reference (T2T-CHM13) because of the recovery of events in regions absent from
GRCh38 (e.g., three DNMs in heterochromatic satellites). In total, we validated 195 de novo germline mutations and 23 potential
post-zygotic mosaic mutations across both children; the overall true substitution rate based on this integrated callset is at least
1.41 x 10~® substitutions per nucleotide per generation. We also identified six de novo insertions and deletions in tandem repeats,
two of which represent structural variants. We demonstrate that long-read sequencing and assembly, especially when combined with
a more complete reference genome, increases the number of DNMs by >25% compared to previous studies, providing a more complete
catalog of DNM compared to short-read data alone.

Introduction

De novo mutations (DNMs) are spontaneous germline mu-
tations that arise through a myriad of mechanisms, such as
replication error, DNA damage repair, and non-allelic ho-
mologous recombination. Different mechanisms give rise
to different types of mutations, the most common of
which are small single-base substitutions (single-nucleo-
tide variants [SNVs]) and insertions and deletions of a
small number of bases (indels); de novo SNVs and indels
have been reported at an average rate of approximately
70 DNMs per individual.' Other classes of mutation,
such as expansions of tandem repeats, have been esti-
mated to be very common as well (>50 events per individ-
ual) but are currently incompletely ascertained.® Larger
mutations, such as structural variants (SVs), which affect
more than 50 bp, are significantly rarer and have been
observed at a rate of approximately one in every six indi-
viduals.”® All three classes of mutations have been impli-

cated in autism, and it is estimated that more than 30%
of all autism spectrum disorder (ASD) cases may arise as
a result of DNM in a protein-coding sequence or a de
novo SV.” These estimates are based almost solely on the
analysis of thousands of families via short-read whole-
genome sequencing (WGS) datasets. Because long-read
WGS methods have greatly increased sensitivity for
SVs and large indels as well as all variant classes in rep-
etitive loci,”” we expect de novo rates may have been sys-
tematically underestimated.

Mapping Illumina sequence data can successfully access
approximately 84% of the genome.'” Repetitive regions,
where the same 150 bp long read maps to multiple loca-
tions, are typically excluded, potentially underestimating
the true mutation rate.'' In addition, Illumina sequencing
is insensitive to large SVs where it is estimated that 75% of
events (especially insertions) are missed in callsets gener-
ated from short-read sequencing technology.® Previous
efforts to identify de novo variation with long-read

1Department of Genome Sciences, University of Washington School of Medicine, Seattle, WA 981935, USA; ZDepartment of Human Genetics, Radboud Uni-
versity Medical Center, 6500 Nijmegen, the Netherlands; *Laboratory of Cancer Genetics and Tumor Biology, Cancer and Translational Medicine Research
Unit and Biocenter Oulu, University of Oulu, 90220 Oulu, Finland; “McDonnell Genome Institute, Washington University, St. Louis, MO 63108, USA; SEu-
ropean Molecular Biology Laboratory, Genome Biology Unit, 69117 Heidelberg, Germany; ®Stanley Institute for Cognitive Genomics, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY 11724, USA; 7Department of Human Genetics, Sidra Medicine, PO Box 26999, Doha, Qatar; *Weill Cornell Medicine,
PO Box 24144, Doha, Qatar; 9College of Health and Life Sciences, Hamad Bin Khalifa University, PO Box 34110, Doha, Qatar; 1New York Genome Center,
New York, NY 10013, USA; *'Radboud Institute of Medical Life Sciences and Department of Internal Medicine and Radboud Center for Infectious Diseases,
Radboud University Medical Center, 6500 Nijmegen, the Netherlands; 2Howard Hughes Medical Institute, University of Washington, Seattle, WA 98195,
USA

*Correspondence: eee@gs.washington.edu

https://doi.org/10.1016/j.ajhg.2022.02.014.

© 2022 American Society of Human Genetics.

o : The American Journal of Human Genetics 109, 631-646, April 7, 2022 631


mailto:eee@gs.washington.edu
https://doi.org/10.1016/j.ajhg.2022.02.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2022.02.014&domain=pdf

sequencing were able to call de novo SNVs and indels in five
individuals, but even their highest confidence candidate set
only had a true positive rate of 79% and failed to recover any
de novo structural variation.® Other studies have successfully
identified denovo SVs with long-read sequencing but did not
address SNVs or indels.'*"? In this study, we wished to mea-
sure the full extent of human de novo variation that exists in
a family. To that end, we deeply sequenced DNA derived
from blood from a family composed of two parents and their
dizygotic twins with multiple long- and short-read technol-
ogies, including Pacific Biosciences (PacBio) continuous
long-read (CLR) and high-fidelity (HiFi) sequencing, Oxford
Nanopore Technologies (ONT) sequencing, Chromium 10X
Genomic sequencing (10X), and single-cell DNA template
strand sequencing (Strand-seq),'* and complemented with
Bionano Genomics optical genome mapping (OGM)
(Table 1). This family was selected because one of the
children, the female proband, is affected with autism, and
no genetic cause has been identified. This is despite exten-
sive study by both whole-exome'® and whole-genome Illu-
mina sequencing’ and the 2-fold increased likelihood of
discovering a genetic event in females with autism.'®
Here, we investigate and quantify the difference in DNM
detection that can be reliably identified between short-
and long-read data as well as the effect of a more complete
reference genome for variant discovery. The use of multiple
orthogonal sequencing technologies allows all events to be
validated, producing a rigorous truth set with the potential
to improve DNM detection and estimates of DNM rates.

Material and methods

lllumina sequencing and microarray data

Genome sequencing and analysis of this family was approved by
the institutional review board (IRB) of the University of Washing-
ton (IRB STUDY00000383). Illumina WGS was performed on the
Simons Simplex Collection (SSC) samples of a family (14455) at
the New York Genome Center (NYGC) with 1 pg of DNA, an Illu-
mina PCR-free library protocol, and sequencing on the Illumina X
Ten platform. The father, mother, proband, and sibling were
sequenced to an average depth of 37.47, 33.50, 41.78, and
32.90, respectively. Post-sequencing, reads were initially aligned
to the reference genome (GRCh38). We applied two different sin-
gle-nucleotide variant (SNV) callers—FreeBayes and GATK. We
also applied a suite of structural variant (SV) callers (details in
Turner et al.®) to maximize sensitivity for de novo SV mutation
detection of various size ranges.” This family was selected because
we found only two variants of interest (likely gene-disrupting,
missense [CADD > 30], 3’ UTR, or putative noncoding regulatory
transcription factor binding site [pNCR-TFBS]) and no de novo or
inherited SVs in exonic regions. The two de novo variants were a
3’ UTR event in ATP9A in the proband and a 3’ UTR in OLFM3
in the sibling (neither are candidate autism genes at this time).
In addition, Illumina whole-genome sequencing (WGS), whole-
exome sequencing (WES),"® and single-nucleotide polymorphism
array data'’ were generated as part of the SSC phase 1 study.'® No
de novo variants were identified as likely pathogenic.® This family,
then, was selected for long-read sequencing for two reasons: (1)

the autism case was unsolved for rare variants of large effect and
(2) the unaffected and affected individuals represent fraternal
twins where the female sibling was affected with autism.

Pacific Biosciences continuous long-read (CLR)
sequencing

DNA from blood was sheared with a Megaruptor (Diagenode) on
the 50 kbp setting. Material was prepared for PacBio sequencing
with the SMRTbell Template Prep Kit 1.0 (PacBio P/N 100-259-
100) (TPK1) or SMRTbell Express Template Prep Kit (P/N 101-
357-000) (ExV1) following the recommended protocols. Briefly,
the sample is treated for removal of single-stranded overhangs,
damage repaired, end prepared, and ligated to PacBio SMRTbell
adapters. TPK1 libraries have an additional step to remove imper-
fect SMRTbell templates, which is omitted in the ExV1 protocol.
SMRTbell libraries were size selected on the BluePippin system
(Sage Science) at 30 kbp or 40 kbp high pass settings. Libraries
were quantified with Qubit (Thermo Fisher Scientific) and sized
with FEMTO Pulse (Agilent Technologies) instruments before
loading on the PacBio Sequel System with version 2.1 or 3.0 chem-
istries with 10 h movie acquisition times.

Pacific Biosciences high-fidelity (HiFi) sequencing

DNA from blood (all family members) or cell culture (mother, fa-
ther for additional coverage) was sheared to a tight distribution
with peak size of 10 or 20 kbp with gTUBEs (Covaris). We prepared
SMRTbell libraries with TPK1 as described above (proband, sibling,
blood; mother, father, cells), or SMRTbell Express Template Prep
Kit 2.0 (P/N 100-938-900) and SMRTbell Enzyme Clean up Kit
(P/N 101-746-400) (mother, father, blood), and size fractionated
them on the SageELF (Sage Science) to generate tightly sized frac-
tions. The fraction sized at 13 kbp (proband, sibling, blood), 15
kbp (mother, father, cells), or 20 kbp (mother, father, blood) was
chosen for sequencing on the Sequel II system with version 1.0
(proband, sibling, blood), version 2.0EA (mother, father, cells),
or version 2.0 (mother, father, blood) chemistries and 30 h movies.
We processed raw subreads through the CCS workflow (PacBio
SMRTLink version 7.1) to generate HiFi reads with a minimum
estimated quality value (QV) of 20 (phred scaled, corresponding
to an accuracy of 99%).

Oxford Nanopore Technologies sequencing

DNA from the same blood-derived DNA aliquot used for HiFi
sequencing was sheared to 50 kbp with a Diagenode Megarupter
following manufacturer’s recommendations. DNA was size
selected via the Circulomics small read eliminator 25 kbp Kit.
DNA was prepared for Nanopore sequencing with the ONT 1D
sequencing by ligation kit (SQK-LSK109). Briefly, 1-1.5 ug of frag-
mented DNA was repaired with the NEB FFPE repair kit followed
by end repair and A-tailing with the NEB Ultra II end-prep kit. Af-
ter an Ampure clean-up step, prepared fragments were ligated to
ONT-specific adapters via the NEB blunt/TA master mix kit. The li-
brary underwent a final clean-up and was loaded onto a Prome-
thION PRO0002 flowcell per manufacturer’s instructions. The
flowcell was sequenced with standard parameters for 3 days and
generated a Read NS0 > 32 kbp for all samples. Base calling was
performed with Guppy version 5.0.7 super accuracy model.

Strand-seq
Strand-seq libraries were prepared from four lymphoblast cell
lines: SSC11453 (father), SSC11165 (mother), SSC11168 (sibling),
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Table 1. Data summary

Genomic technology PacBio CLR PacBio HiFi Mumina ONT 10X Strand-seq Bionano OGM

Source blood blood/cells” blood blood cells® cells® cells®

Platform Sequel Sequel 2 Hi Seq X Ten PromethION Chromium N/A N/A

Metric coverage coverage coverage coverage mean depth number effective coverage
of cells of reference

Father 55.5 47.1 37.5 27.5 73.1 66 273.5

Mother 54.5 43.8 33.5 29.0 61.4 63 256.2

Proband 74.4 34.0 41.8 30.8 64.1 56 246.2

Sibling 63.2 30.6 32.9 34.3 41.8 48 294.0

Center uw uw NYGC CSHL WU EMBL Radboud

For each genomic technology—PacBio continuous long-read (CLR) and high-fidelity (HiFi) sequencing, Oxford Nanopore Technologies (ONT) sequencing, Bio-
nano optical genome mapping (OGM)—the depth of sequencing is given for each member of the family. Coverage is based on genome size of 3.1 Gbp. UW,
University of Washington; CSHL, Cold Spring Harbor Laboratory; WU, Washington University; EMBL, European Molecular Biology Laboratory.

?Cells are EBV-transformed lymphoblasts.

and SSC11163 (proband). All lines were maintained in RPMI-1640
with 10% FBS, 1% Glutamax, and 1% penicillin/streptomycin.
BrdU (bromodeoxyuridine; Sigma, B5002) was added to log-phase
cell cultures at 40 uM or 100 uM concentrations for a period of
18 h or 24 h. Single nuclei were prepared and sorted with the
BD FACSMelody cell sorter into 96-well plates for Strand-seq li-
brary production, as described (Falconer et al.;'* Sanders et al.'”).
The Strand-seq protocol was implemented on a Biomek FX" liquid
handling robotic system, and pooled single-cell libraries were
sequenced on the NextSeq500 platform (MID-mode, 75 bp
paired-end protocol). After demultiplexing, Strand-seq sequencing
reads were aligned to the human reference assembly GRCh38
(GCA_000001405.15_GRCh38_no_alt_analysis_set.fna) with the
default parameters of BWA-MEM (version 0.7.15-r1140). Aligned
BAM files were sorted by genomic position via SAMtools (version
1.7) and duplicated reads marked with sambamba (version
0.6.6). After alignment, we evaluated each single library to select
only high-quality Strand-seq data for downstream analyses. Spe-
cifically, libraries with visible background reads (i.e., reads mapped
to opposite direction on chromosomes that inherited template
strands with the same directionality) and libraries with low
(<50,000 reads) or uneven coverage were excluded, as detailed pre-
viously (Sanders et al.;'’ Porubsky et al.>").

Bionano Genomics

Optical genome mapping was performed as described previously
(Mantere et al.”'). Briefly, ultra-high molecular weight (UHMW)
gDNA was isolated from frozen cell pellets, harvested from Ep-
stein-Barr virus (EBV)-immortalized lymphocyte cell lines, following
the manufacturer’s guidelines (Bionano Prep SP Frozen Cell Pellet
DNA Isolation Protocol, Bionano Genomics #30268). For each sam-
ple, 750 ng of purified UHMW gDNA was labeled with DL-green flu-
orophores with the Direct Labeling Enzyme (DLE-1) chemistry and
cleaned up with membrane adsorption (Bionano Prep Direct Label
and Stain [DLS] Protocol, Bionano Genomics, #30206). Labeled
gDNA samples were loaded on the Saphyr chips for linearization
and imaging on the Saphyr instrument. Each flowcell was run on
the maximum capacity to generate ~1,300 Gbp of data per sample
with Hg38 as the reference. The denovo assembly and SV annotation
pipeline were executed with Bionano Solve software v.3.4. Fractional
copy number estimates were based on the coverage-based CNV-tool
and visual inspection of the events.

10X Genomics linked-read sequencing

High molecular weight (HMW) DNA was extracted from 1 million
cells following a protocol outlined by 10X Genomics utilizing the
salting out method. DNA was isolated with a QIAGEN MagAttract
HMW DNA kit, resulting in >80 kbp DNA fragments. The HMW
DNA was diluted to 1 ng/pL prior to the v2 Chromium Genome
Library prep (10X Genomics). Approximately 10-15 DNA mole-
cules were encapsulated into nanoliter droplets. DNA molecules
within each droplet were tagged with a 16 nt 10X barcode and 6
nt unique molecular identifier during an isothermal incubation.
The resulting barcoded fragments were converted into a
sequence-ready Illumina library with an average insert size of
500 bp. We accurately determined the concentration of each
10X WGS library through qPCR (Kapa Biosystems) to produce
cluster counts appropriate for the NovaSeq6000 platform (Illu-
mina). Paired end-sequence (2x150) data were generated on a S4
300 cycle kit utilizing the XP workflow (Illumina) targeting 60X
coverage (190 Gbp) providing long linked reads across the length
of individual DNA molecules.

Accessible genome

The total accessible genome is based on the number of 10 kbp re-
gions with an average mapq > 57 in both Illumina and HiFi. These
calculations are based on previously described methods (Nurk
et al.?%), aligning CHM13 Illumina and HiFi reads to both
GRCh38 and T2T-CHM13 assemblies. This results in a haploid
genome size of 3.02 billion bases in T2T-CHM13 based on HiFi
read alignment versus 2.63 billion bases in T2T-CHM13 based
on Illumina sequence read alignment.

SNV and indel variant calling with HiFi

We aligned HiFi reads to the reference (either GRCh38 or T2T-
CHM13) by using minimap2 to generate a BAM file.”* These
BAM files were then used in a bifurcated pipeline to call de novo
variants. For the DeepVariant portion of the pipeline, we applied
DeepVariant v1.0.0 to call variants for each individual and then
merged these variant files by using GLnexus.”*>° After calling, var-
iants were filtered with GATK VariantFiltration, removing all calls
with Phred-scaled quality score (QUAL) < 30.0. In addition, we
used BCFtools to left-align and normalize indels. From this filtered
set of variants, potential de novo variants were initially identified
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on the basis of genotype (father and mother genotypes were equal
to 0/0 and the child’s genotype was equal to 0/1 or 1/1). For each
de novo call, we used Pysam (see web resources) to count the num-
ber of reads with reference and alternate alleles in the BAM files in
order to ensure the depth and allele balance were correct for each
individual. Lastly, we used the following sample-level filters: father
depth > 10, mother depth > 10, child depth > 10, and child geno-
type quality (GQ) > 20. Any remaining indels with length greater
than 20 bp were also removed.

For the GATK portion of this pipeline, we applied GATK Haplo-
typeCaller v4.0.0 to call variants for each individual and then
jointly genotyped the output by using GATK GenotypeGVCFs.?®
After calling, we used GATK VariantFiltration to filter variants on
the basis of three metrics: quality of depth (QD), the Phred-scaled
probability that the site has no variant (QUAL), and the Z score for
the Mann-Whitney rank sum test for the position of the alternate
allele on reads (ReadPosRankSum). For this filtration step, variants
were sorted into three groups: SNVs (QD < 2, QUAL < 30, Read-
PosRankSum < —8.0), 1-2 bp indels (QD < 8, QUAL < 30, Read-
PosRankSum < —20.0), and 3+ bp indels (QD < 2, QUAL < 30,
ReadPosRankSum < —20.0). We then merged the three groups of
variants and used BCFtools to left-align and normalize indels.
From this filtered set of variants, potential de novo variants were
initially identified on the basis of genotype (father and mother ge-
notypes were equal to 0/0 and the child’s genotype was equal to 0/
1 or 1/1). For each de novo call, we used Pysam to count the number
of reads with reference and alternate alleles in the BAM files in or-
der to ensure the depth and allele balance were correct for each in-
dividual. Lastly, we used the following sample-level filters: father
depth > 10, mother depth > 10, child depth > 10, child allele bal-
ance > 0.25, and child GQ > 20. Any remaining indels with length
greater than 20 bp were also removed.

For reads aligned to T2T-CHM13, a final filtering step was
applied to remove all GATK calls within 2-100 bp of each other.
This filter removed 24 calls (17 from the proband, 7 from the sib-
ling) from the final T2T GATK callset.

SNV and indel calling with lllumina WGS

We called SNVs and indels in families by using four different
callers and two different pipelines that used two (GATK and Free-
Bayes) or all four of the callers as previously described.**’ Specif-
ically, we applied GATK HaplotypeCaller v.3.5.0 FreeBayes
v1.1.0, Platypus v0.8.1, and Strelka2 v2.9.2.%**73% In addition,
multi-nucleotide mutations were called with FreeBayes and
Platypus. We used post-calling BCFtools (version 1.3.1) norm to
left-align and normalize indels. We partitioned the genome into
the high-quality (HQ) regions, consisting of unique space as well
as ancient repeats and the recent repeat (RR) regions, which con-
sisted of repeats < 10% diverged from the consensus in Repeat-
Masker. Variants were only assessed in HQ portions of the genome
and the RR region variants were removed from the study. Qualities
of the callsets were assessed with KING for relationship checks, a
variant per chromosome counter, and concordance checks for in-
dividuals with available array data.*’

De novo variants were called with a custom pipeline. First, vari-
ants that were de novo based on genotype (father and mother
genotypes were equal to 0/0 and the genotype in the child was
0/1 or 1/1) were retained for further assessment. Second, variants
from Platypus with a filter of LowGQX or NoPassedVariantGTs
were removed and Strelka2 variants had to have the filter field
equal to PASS. Third, variants needed to have the support of at

least two of the four callers. Fourth, variants were regenotyped
with FreeBayes with default settings and needed to remain as de
novo. Fifth, variants in a homopolymer A or T of length 10 or
greater were removed. Sixth, we removed all variants in low-
complexity regions (see web resources), recent repeats, or cen-
tromeres. Finally, we applied the following sample level filters:
the father alternate allele count = 0, mother alternate allele
count = 0, child allele balance > 0.25, father depth > 9, mother
depth > 9, child depth > 9, and either child GQ > 20 (GATK) or
sum of quality of the alternate observations (QA) > 20 (FreeBayes).
For variants on the X chromosome, we separately considered var-
iants in the pseudoautosomal regions (chrX: 10,000-2,781,479,
chrX: 155,701,382-156,030,895) and the X/Y duplicatively trans-
posed region (chrX: 89,201,803-93,120,510).

SNV and indel validation

Previously, we performed random Sanger validation of both the
four-caller and two-caller DNM callset and combined this data
with published validations to look at a total of 3,233 sites in a con-
ditional inference analysis.”” We estimated our validation rate in
this dataset at 99.5% and our false negative rate at 3.5%.

In this study, SNVs and indels were validated by examining the
site across three different sequencing platforms—ONT, HiFi, and
[llumina—aligned to the T2T-CHM13 reference (Figure S1). We
used Pysam to calculate the number of reads with the reference
and the alternate allele from the BAMs of reads aligned to the refer-
ence and used it to make the DNM call for both the parents and
the child with the mutation. We filtered ONT reads to exclude
any reads with base call QV < 10 at the site of the de novo
variant—any site with more than one ONT read with the alternate
allele in a parent was deemed inherited and any site with fewer
than one ONT read with the alternate allele in the child was
deemed a false positive. Sites were further examined across the
other two sequencing platforms—in regions of read depth within
two standard deviations of average, any site with one or more HiFi
reads, or any site with several Illumina reads with the alternate
allele in a parent was deemed inherited.

SNV and indel phasing

SNVs and indels were phased by applying WhatsHap v1.0 to
aligned reads generated by PacBio HiFi, ONT, and Illumina
sequencing.’” SNVs were phased in 40 kbp windows around a
DNM of interest. We then used a Python script to select nearby
“informative” SNVs of unambiguous parental inheritance (for
example with genotype 0/0 mother, 0/1 father, and 0|1 in the
child) and omit all SNVs that could not be phased or assigned to
a parent. We then used these informative SNVs to determine a
maternal or paternal haplotype around the DNM of interest by us-
ing an average haplotype score weighted inversely proportional to
the distance from the DNM (nearby sites were weighted more
highly in cases of disagreement between haplotype inheritance).
This method was able to phase 194/195 (99.5%) germline DNMs
in our dataset as well as 23/26 (88.5%) potential mosaic (likely
postzygotic) DNM sites.

Assembly-driven detection of de novo structural
variation

Assemblies for each member of this family were generated via hi-
fiasm v0.12,** which leverages PacBio HiFi reads generated from
blood to produce haplotype-resolved assemblies. In the case of
the children, we used Illumina short-read data to assign these
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haplotypes to a parent of origin. We used phased assembly variant
(PAV) caller’ to detect SVs, indels, and SNVs in these assemblies.
Detection of variants is driven by assembly to reference align-
ments with minimap2 v2.17 (CIGAR) and analysis of the CIGAR
string. SVs were then supported by an additional run of PAV
with long read aligner (Ira),>* PBSV,” subseq,’ and DeepVar-
iant.>* Variants with detection from two or more callers (PAV [min-
imap2] + support caller) were then carried through to the final
callset. Using this procedure, we identified 222 candidate de novo
SVs, consisting of 57 deletions and 165 insertions. After these can-
didates were identified, we computationally analyzed alignment
of parental data by using subseq over the SV region in order to
determine read-based support for these events, which might
have been missed in the assemblies.

STR/VNTR characterization

We applied three methods to focus specifically on de novo short tan-
dem repeats (STRs)/variable number tandem repeats (VNTRs)—two
of which have been previously described (Dolzhenko et al.,** Sulo-
vari et al.*®). We also developed a custom k-mer-based pipeline that
defines a library of uniquely mappable 30 bp k-mers (i.e., 30-mers)
from theset of 21,000 phased tandem repeats of the human genome
defined in Sulovari et al.*® We used seqtk (see web resources) to
create the reverse complement of each haplotype-resolved STR
and VNTR sequence in our library of tandem repeat sequences fol-
lowed by generating all possible 30-mers by using jellyfish.*” All
30-mers were aligned with mrsFAST v3.3.8, and each was deemed
uniquely mappable if and only if it mapped unambiguously to at
most one specific genomic location of the unmasked GRCh38.p12
reference after allowing a hamming distance of two (i.e., command-
line option -e 2).*® The vast majority of ~21,000 polymorphic tan-
dem repeats had at least one uniquely mappable k-mer associated
with them. Next, we count each of the uniquely mappable k-mers
in the Illumina short-read BAM files of each sample by using Var-
iantBam®’ to pull down reads matching the k-mer sequence and Ka-
nalyze*® for counting the number of specific k-mers (and their
reverse complements with —reverse=canonical option) across the
shortreads, irrespective of read mapping information and including
both mapped and unmapped reads in our search space. Impor-
tantly, the information between each k-mer sequence and the
GRCh38 coordinates of the STR/VNTR contigs that they originated
from were stored throughout the process. After normalizing the k-
mer counts by sequencing depth and GC bias coefficient (as
described by Sudmant et al.*"), the adjusted k-mer counts become
a proxy for repeat length. The sites that appeared to have a signifi-
cantly higher number of k-mer counts in either child relative to
both parents were subsequently investigated as putative de novo
sites. We used the CLR reads and long-range phasing information
from 10X to carry out a targeted phased assembly for each locus
with a putative de novo STR/VNTR.?® The loci where the targeted as-
sembly results supported the existence of putative DNM underwent
PCR validation.

Cell-line artifacts

In the process of identifying de novo SVs, we found evidence for
several cell-line artifacts. We discovered these events in early
exploratory phases of the project by using merged callsets from
PacBio CLR (Phased-SV, SMRT-SV, PacBio structural variant calling
tools [PBSV]), 10X (LongRanger v2.2.2), and Bionano (assembly-
based calls from Solve). Although SV callsets were not generated
from Strand-seq, we used it to find orthogonal support for variant

calls. We applied subseq’ to find support for variants in aligned
CLR reads for all family members to validate both the original
variant call and inheritance status. Briefly, subseq expands a win-
dow around each variant, finds all reads in the region, and deter-
mines the length of the read spanning the region, which will be
longer than the reference for insertions and shorter for deletions.
This allows us to sensitively identify support for SVs down to two
or more reads. We then selected de novo SVs with concordance
from more than one technology and manually inspected them
for supporting evidence across callsets, subseq, and Strand-seq.
We considered genomic location, such as VNTRs and high-iden-
tity segmental duplications, which may have led to false variant
calls, and we looked for clusters of SVs commonly associated
with poor mapping, false calls, and poor reproducibility. Most de
novo SVs could be explained by a missing parental allele or poor
SV quality. However, we found several SVs that were strongly sup-
ported by using sequence data originating from cell-line-derived
sources (10X, Strand-seq, Bionano) but clearly lacked support in
blood-derived sources, such as CLR (by SV discovery and subseq)
and I[llumina whole-genome shotgun sequence detection (WSSD).

Detection of meiotic recombination breakpoints

In order to detect meiotic recombination, we realigned demulti-
plexed Strand-seq reads to the human reference assembly
CHM13v1.0 by using default parameters of BWA-MEM (version
0.7.17-r1188). Aligned BAM files were sorted by genomic position
with SAMtools (version 1.10) and duplicated reads marked with
sambamba (version 1.0). Next, we phased Strand-seq reads by us-
ing StrandPhaseR with default parameters used for Illumina
paired-end reads.*> We proceeded with integrative phasing by
merging long-range Strand-seq haplotypes with local PacBio
phasing, embedded in each long-read, with WhatsHap (versions
0.18).*> Having chromosome lengths and dense haplotypes for
all family members, we set to detect all recombination breakpoints
as positions where a child’s haplotype switches from matching H1
to H2 of a given parent or vice versa. In order to detect these posi-
tions, we first established what homolog in a child was inherited
from either parent by calculating the level of agreement between
child’s alleles and homozygous variants in each parent. Next, we
compared each child’s homolog to both homologs of the corre-
sponding parent and encoded them as O or 1 if they match H1
or H2, respectively. We applied a circular binary segmentation al-
gorithm on such binary vectors by using R function “fastseg” im-
plemented in R package fastseg (version 1.36.0) with parameter
“minSeg” set to 50 and 1,000 for high-sensitivity and high-speci-
ficity breakpoint detection, respectively. Detected regions with
segmentation mean < 0.25 have been assigned H1 while regions
with segmentation mean > 0.75 have been assigned H2. Regions
with segmentation mean in between these values were deemed
ambiguous and were excluded. In addition, we filtered out regions
shorter than 500 kbp and merged consecutive regions assigned the
same haplotype.

Results

Detection of de novo variation with PacBio HiFi
sequencing

In order to identify de novo SNVs and small indels (<20 bp),
we initially applied three orthogonal sequencing technol-
ogies to blood-derived DNA obtained from each member
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Figure 1. De novo SNV calling and validation method

The pedigree of the quad, which consists of two parents, aged
35.53 and 35.20 (father and mother) at the time of their children’s
birth, and their dizygotic twins. The proband, a female, is affected
with autism, and her sibling is not. In this simplex case of autism
in a female, there is an increased likelihood of finding a de novo
mutation (DNM) to explain the cause of her autism. DNA derived
from blood was sequenced with three different platforms: Illu-
mina, PacBio HiFi, and ONT. Illumina and HiFi data were used
for de novo discovery, and variants were validated by examination
of the sites across all three sequencing technologies. True positive
de novo events are exclusive to the child, whereas misclassified in-
herited events can be seen in at least one parent.

of a simplex autism family (two parents and a dizygotic
twin pair) where the daughter had been diagnosed with
autism while the son was unaffected (Figure 1). We used II-
lumina and HiFi sequencing for variant discovery, while
we used ONT for strictly validation purposes because of
its higher error rate (Figure S1). Illumina WGS short-read
data were generated and aligned to the reference
GRCh38, and variants were called with both GATK Haplo-
typeCaller”® and FreeBayes”® via previously described best
practices (Turner et al.”). De novo variants identified by
both callers were included in the two-caller callset, con-
taining 171 total DNM calls across the proband and sibling
(true positive rate = 78.4%). To generate a more sensitive
INlumina callset, we also included the variant callers
Strelka2®” and Platypus® as described previously (Wilfert
et al.”’). De novo variants identified by at least three of

the four [llumina callers were included in the four-caller
callset, containing 144 total DNM calls across the proband
and sibling (true positive rate = 91.7%). Between the two-
and four-caller callsets, we identified 180 candidate DNMs.
These DNMs were validated by examining the sites in both
HiFi and ONT sequencing data—any sites where the
variant was absent in the parents and present in the child
in the orthogonal data were designated as true positive
events. After validation, the Illumina callsets identified
62 total de novo SNVs and indels in the proband and 80
in the sibling (true positive rate = 78.9%), setting a lower
bound for the number of DNMs present in the children.

The limited number of validated de novo variants in the
[Mlumina callsets was due in part to the exclusion of vari-
ants in repetitive sequence, such as repeats with greater
than 90% identity (recent repeats), including low-
complexity regions (LCRs)** and centromeres, effectively
restricting the callable genome to 78.6%. To identify varia-
tion missed by Illumina, we used HiFi sequencing, which
generates long reads (median 15 kbp) that can unambigu-
ously align to 88.1% of the genome. We aligned HiFi reads
to GRCh38 and used two variant callers to naively identify
de novo SNVs and indels. The first caller, GATK,? identified
211 DNM calls across the proband and sibling (true
positive rate 80.6%). The second caller, DeepVariant,”**°
identified 194 DNM calls across the proband and sibling
(true positive rate 87.1%). Between both callsets, 217
candidate DNMs were identified and validated by exam-
ining the sites in both Illumina and ONT sequencing
data. After validation, the HiFi callsets recovered 80 de
novo SNVs and indels in the probands and 91 in the sib-
ling—a 20.4% increase in the number of DNMs identified
by lllumina (Figures 2A-2C).

There were 75 DNM calls in HiFi not identified by the II-
lumina callers, 37 of which had support in ONT and retro-
spective analysis of the underlying Illumina sequence. As
expected, most true DNMs exclusive to HiFi (23/37) were
located in regions excluded by the Illumina pipelines;
82.6% of such calls were removed from Illumina callsets
on the basis of this mask. However, removing variants in
masked regions is a crucial part of the Illumina calling
pipelines, as it eliminates more than 300 false positive
DNM calls across both samples. Conversely, 38 false
DNM calls were made only by HiFi callers, nearly three
quarters of which (n = 27) were inherited variants incor-
rectly classified as de novo because of sequence coverage
issues in one of the two parents. More than half of the in-
herited events (16/27) were located in clusters of less than
1 kbp. In most cases, inherited miscalls were the result of
failure to sequence one of the parents’ haplotypes to suffi-
cient coverage and could be resolved by sequencing to
higher depth. For example, the mean paternal and
maternal read depth in false HiFi calls is significantly lower
than in validated de novo events (p = 1.01 x 10 ®and p =
7.75 x 1078, Welch two-sample t test) (Figure S2). Thus,
more permissive discovery or subsequent genotyping of
the parents may further reduce the number of false calls.
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Figure 2. Comparison of DNM recall across short- and long-read callsets

(A) Number of DNM calls in reads aligned to GRCh38, based on the Illumina four-caller (blue), Illumina two-caller (purple), HiFi Deep-
Variant (yellow), and HiFi GATK (red) pipelines.

(B) Upset plot showing the concordance of de novo SNV calls across GRCh38 callsets, with the proportion of true positive (green), false
positive (orange), and inherited (gray) events shown below each category. Validation status was assigned by examining the variants in

ONT and HiFi or Illumina sequences, as described in the material and methods.
(C) Upset plot showing the concordance of de novo indel calls across GRCh38 callsets.

(D-F) The same analysis repeated on reads aligned to T2T-CHM13.

There were also eight DNM calls identified in Illumina
missing from the HiFi callsets—all but two of these calls
were identified by at least one HiFi caller but were excluded
because they were either not sequenced to sufficient
coverage or failed other quality filters (e.g., allele balance).
In total, 179 true de novo SNVs and indels were discovered
in GRCh38-aligned reads (82 in the proband and 97 in the
sibling).

Detection of de novo variation with a more complete
reference genome

The reference genome GRCh38 is incomplete, missing re-
gions such as centromeres and some highly identical
segmental duplications. The newly assembled T2T-
CHM13 genome”” contains more than 240 Mbp of addi-
tional sequence. In order to discover de novo variation in
these regions, we aligned the same Illumina and HiFi reads
to the T2T-CHM13 assembly and used the same de novo
calling pipelines to identify variation. Across the Illumina
two- and four-caller callsets, we identified 184 DNM calls
in the proband and sibling (true positive rate = 76.1%).
Predictably, HiFi variant callers outperformed Illumina cal-
lers, as the HiFi GATK and DeepVariant callsets collectively
identified 228 DNM calls in the proband and sibling (true
positive rate = 80.3%). In total, of the 269 DNM calls made
by the Illumina and HiFi callers using the T2T-aligned
reads, 188 de novo SNVs and small indels had support in

ONT and Illumina or HiFi sequence (Figures 2D-2F)—a
5% increase in the number of DNMs identified when
compared to GRCh38 aligned reads, and only seven sites
were missing as seen exclusively by callers on GRCh38
aligned reads (Figure 3). Both HiFi callers performed better
on T2T-aligned reads, not only identifying more de novo
sites but also generating callsets with true positive rates
greater than those of the corresponding GRCh38 callsets
(Figure 4A). By applying additional filters, we can improve
the true positive rate by further reducing the number of
false calls made in T2T-aligned data by 63% at the expense
of only three true DNM calls. First, by applying a parental
genotype quality filter (GQ > 25 for both parents) to the
HiFi GATK callset, we can eliminate a total of 12 incorrect
calls and one true call. Next, by applying a mapping qual-
ity filter (mapq > 59) to the HiFi DeepVariant callset, we
can further remove seven incorrect calls and one true
call. The biggest source of error, however, comes from the
[llumina two-caller callset. There was a total of 33 calls
identified by only the two-caller callset, 32 of which were
false. By completely excluding the two-caller set from the
analysis, we remove 32 incorrect calls and one true call.
There is no overlap in the sites affected by these three
methods—resulting in 54 sites removed from the total call-
set—a loss of 51/81 incorrect calls and 3/188 real DNMs. In
the remaining T2T callset, there are only seven false posi-
tives and 23 inherited calls.
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Figure 3.

De novo variant calling by technology and genomic region

Regions of the genome with mapping quality < 57 are highlighted in grey. HiFi mapping quality (mapq) is at the top of each chromo-
some and Illumina is on the bottom, along with all regions removed from Illumina callsets, including low-complexity regions, centro-
meres, and recent repeats highlighted in orange. The total accessible genome for GRCh38-aligned HiFi reads is 2.88 x 10° bp and for
Illumina reads is 2.36 x 10° bp. The total accessible genome for T2T-CHM13-aligned HiFi reads is 3.07 x 10° bp and for Illumina reads
is 2.31 x 10° bp. DNMs identified by each of the HiFi and Illumina callers are plotted in their respective locations. The chromosome 4
popout shows four true DNM calls that were made by HiFi callers but not Illumina callers and includes their annotations. The chromo-
some 14 popout shows three true DNM calls made by T2T callers but not GRCh38 callers.

Most true de novo events were supported in both T2T-
and GRCh38-aligned sequence, with the exception of
two events that could not be lifted from GRCh38 to T2T co-
ordinates and six events that had support in ONT and HiFi
or Illumina reads aligned to GRCh38 but not when the
same reads were aligned to T2T. Excluding those events,
across both T2T and GRCh38 callsets, there were 88 de
novo SNVs and small indels in the proband and 107 in
the sibling with support in ONT and either Illumina or
HiFi sequence. Eight percent of DNM calls were identified
exclusively in T2T-aligned reads—three were found in cen-
tromeres, four in segmental duplications, and 12 in LCRs
or recent repeats (Figure 4B). A total of four de novo SNVs
were initially called in centromeres and were manually in-
spected in IGV (Figure S3), three of which were strongly
supported in HiFi and ONT data; the fourth call was sup-
ported as de novo but the level of SNV heterozygosity for
that portion of the alpha-satellite was much higher than
anticipated, so we do not report it as a true de novo event.

In addition to DNM calling in repeats, variant calling
sensitivity was also increased in functionally important re-
gions, and T2T-aligned reads were able to identify nearly all
calls made in GRCh38 (Figure 4C). In total, we identified
three missense mutations (in XPOI in the proband and
USP49 and SEMAG6B in the sibling), seven regulatory vari-
ants, and one 3’ UTR variant. Combining all the data, we
identify 195 DNMs in the proband (n = 88) and sibling
(n = 107) where the DNM status has been validated by
ONT and the variant is absent in parental data, 185 of
which had support in HiFi, Illumina, and ONT. Taking
advantage of the available ONT and HiFi long-read data

(material and methods), we successfully phased 99.5%
(194/195) of the variants by considering informative sin-
gle-nucleotide polymorphisms extending 20 kbp on either
site of the variant position. Predictably, 72.2% (140/194) of
the phased events originated in the male germline. In addi-
tion to these 195 events, another 14 sites (nine SNVs and
five indels) had support in HiFi and Illumina data but
not in ONT. Of those sites, five appeared to be false nega-
tives in ONT (the affected child had no ONT reads with
the alternate allele) despite having support in Illumina
and HiFi data in both T2T- and GRCh38-aligned reads—
these sites were not included in our final de novo callset.
Another nine sites appeared inherited in ONT (one or
both parents had more than one ONT read with the alter-
nate allele).

In order to provide an estimate of false negatives and to
maximize sensitivity, we measured the total number of de
novo SNVs and small indels in the children by examining
all of the candidate de novo calls made by DeepVariant and
GATK on T2T-aligned HiFi reads. In this analysis, we
removed the allele balance filter requiring the alternate
allele to be present in at least 30% of the child’s reads (while
retaining other filters for minimum quality and read depth)
and examined all of the remaining calls in ONT and Illu-
mina. This set, which would include mosaic DNMs, con-
tained 209 DNMs with support across all three sequencing
platforms. It included all of the 195 DNMs except 12, which
were identified by only Illumina callers. If we add these 12 to
the total, we identify 221 DNM:s across the proband and sib-
ling, predicting a false negative rate of 11.7% in our callset
of de novo SNVs and small indels. Of the 26 variants missed
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in our de novo calling analysis (Table 2), all but three are
allele balance (AB) < 0.35 in the affected child across all
three sequencing platforms. Because of this consistently
low allele balance, we suspect that these 23 variants may,
in fact, represent potentially mosaic sites in the children
(Figure S4). None of these 23 sites were reported in previous
denovo studies of this family.*?” This results in a mosaic mu-
tation rate of 2.39 x 10~? mutations per nucleotide per in-
dividual, most likely underestimating the true mosaic mu-
tation rate because we are selecting only the highest
frequency variants.** Of the 23 potential mosaic variants,
12 were assigned to maternal haplotypes and eight were as-
signed to paternal haplotypes, resulting in a paternal:mater-
nal ratio of 0.66:1, significantly different from the 2.59:1 ra-
tio observed in the de novo germline variants (p = 0.0067,
two-sample Z test). Although the mosaic sample is small,
this observation is consistent with the expectation that
there is no parent-of-origin bias for post-zygotic mutations.

Detection of de novo STR and VNTR events

Identification of candidate de novo expansions of STRs
and VNTRs is particularly challenging with standard call-
ing pipelines. We applied three orthogonal approaches to
detect de novo events in the WGS data (Figure S5). The first
approach leveraged the targeted phased assembly from Su-
lovari et al.;*® sequence resolved and phased STR and
VNTR sites with larger repeats were examined for de novo
variation in the proband and sibling, resulting in ten
candidate events. The second approach used Expansion-
Hunter Denovo®® for identification of repeat expansions
that were present in the children but not their parents,
identifying three candidate events. The third approach
used a custom pipeline for comparison of the number of
uniquely mappable 30-mers in the parents and their chil-
dren (after controlling for GC-adjusted read depth with
the same genomic control regions as Sudmant et al.*'), se-
lecting sites for subsequent analysis with a higher number
of k-mers in the child relative to its parents. Using these

&T2T GRCh38
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Missense

Figure 4. Human genome reference
comparisons
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1 three approaches, we identified a total
1 15 candidate de novo STR and VNTR
15 events, none of which was initially

observed by more than one approach
(Table S1). All 15 candidate events had support when vali-
dated with phased assembly generated by CLR reads haplo-
tagged by the integrated 10X Chromium- and Strand-seq-
phased variant data. The events were further validated
with Sanger sequencing: six failed to sequence, five were
shown to be inherited variants, but four represented true
de novo events. Of the true positive events, one was a
VNTR expansion in the proband (Figure 5), one was an
STR deletion in the proband, one was an STR expansion
in the sibling, and one appeared to be an STR expansion
in both the proband and the sibling (Figure S6). The
VNTR was identified by ExpansionHunter Denovo (true
positive rate = 50%), one STR was identified by the 30-
mer approach (true positive rate = 33%), and the remain-
ing two STRs were identified by the approach from Sulovari
et al.’® (true positive rate = 20%). All three approaches had
low true positive rates and identified far fewer de novo STR
and VNTR events than expected on the basis of previous
reports.*

In an effort to increase yield, we applied the same assem-
bly-driven methodology used for detection of structural
variation to discover indels greater than or equal to 20 bp
and less than 50 bp. Variants of this size disproportionately
(86% of deletions and 64% of insertions) reside in short
tandem repeats in GRCh38 coordinates. We started with
a set of 12,284 deletions and 13,226 insertions in the pro-
band in addition to 12,284 and 13,124 for deletions and
insertions in the unaffected sibling. We then filtered this
set down to 179 deletions and 276 insertions in the pro-
band and 167 deletion and 219 insertion events in the
unaffected sibling but not in the parents. Automatic in-
spection of raw parental long-read alignment validation
yields seven potential de novo deletions and 14 potential
de novo insertions in the proband. For the unaffected sib-
ling this estimate is three and 15 for deletions and inser-
tions, respectively. Manual inspection of the raw reads
overlapping these calls yielded two confident de novo in-
dels in the proband and one in the unaffected sibling,
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Table 2. Potential mosaic mutations

Child ID HiFi HiFiAB ONT ONTAB |lllumina Illumina AB Parental haplotype
14455.p1  chr2_94618830_C_A 3/48 0.06 2/14 0.14 1/66 0.02 paternal hapl
14455.p1  chr4_1518905_G_C 5/16 0.31 2/13  0.15 1/25 0.04 maternal hap1
14455.p1 chr5_124981762_T_C 12/54 0.22 2/16  0.13 6/64 0.09 maternal hapl
14455.p1  chr9_42454095_C_T 4/33 0.12 3/9 0.33 1/37 0.03 maternal hap2
14455.p1 chr17_81586404_G_C 3/24 0.13 3/22  0.14 8/43 0.19 maternal hapl
14455.p1  chr18_15654268_G_T 8/40 0.20 2/21  0.10 1/62 0.02 paternal hap2
14455.p1 chrX_114777954_G_A 3/31 0.10 3/26  0.12 1/40 0.03 maternal hapl
14455.51 chrl_2104522_A G 2/20 0.10 1/26  0.04 0/23 0.00 paternal hap2
14455.51 chr2_91095600_G_T 3/30 0.10 2/14  0.14 2/126 0.02 maternal hapl
14455.51 chr3_96412796_A_C 2/33 0.06 1/40  0.03 0/34 0.00 maternal hapl
14455.51 chr6_62484584_G_A 6/34 0.18 3/24  0.13 1/39 0.03 maternal hap2
1445551 chr6_70745885_CAT_C 4/22 0.18 2/31  0.06 1/7 0.14 unknown
14455.s1 chr6_127695258_G_A 5/35 0.14 1/35 0.03 2/32 0.06 paternal hap2
14455.51 chr6_163529274_T _C 4/28 0.14 2/28  0.07 2/15 0.13 maternal hapl
14455.51 chr7_2981075_TATATAG_T 6/30 0.20 1/39 0.03 1/36 0.03 maternal hapl
14455.51 chr7_58404995_T_A 4/30 0.13 1/29 0.03 1/50 0.02 paternal hap2
14455.51 chr7_58405316_C_T 4/31 0.13 1/27  0.04 1/56 0.02 paternal hap2
14455.51 chr7_156505941_C_A 2/30 0.07 1/29  0.03 3/22 0.14 unknown
14455.51 chr11_50917416_C_A 3/28 0.11 5/17  0.29 1/28 0.04 paternal hapl
14455.51 chr14_3924466_C_CATTCCATTCCATTCT 1/23 0.04 2/3 0.67 1/54 0.02 unknown
14455.s1 chr14_10160460_G_T° 3/29 0.10 1/15  0.07 1/13 0.08 maternal hap2
14455.51 chr19_5409128_C_T 6/33 0.18 1/26  0.04 8/55 0.15 paternal hapl
1445551 chr22_20777172_G_T" 8/42 0.19 1/27  0.04 1/62 0.02 maternal hap2

DNMs identified after removing the allele balance filter for HiFi long-read data aligned to T2T-CHM1 3. The number of reads with the alternate allele, total number

of reads, and allele balance (AB) ratio for PacBio HiFi, ONT, and lllumina.

2All variants were identified by GATK with the exception of the two variants identified by DeepVariant, denoted with the superscript.

which were not seen in previous analyses (Figure S7, Table
S2). However, one of the indels in the proband, originally
identified as a 24 bp insertion with respect to the reference,
was revealed to be an expansion of an 8 bp paternal
allele, yielding a total de novo insertion length of 16 bp
(Figure S7B).

De novo structural variation detection

We also applied both assembly- and read-based approaches
to discover SVs (events > 50 bp in length). We initially
generated haplotype-resolved assemblies by using a combi-
nation of PacBio HiFi and Illumina short-read data with hi-
fiasm v0.12 and applied the PAV caller to create a set of
9,982 deletions and 16,815 insertions in the proband.”**
Similarly, for the sibling we started with a set of 9,999 de-
letions and 16,879 insertions. We used PBSV,” subseq,’
and DeepVariant** to provide further support in addition
to a secondary analysis of PAV with Ira.** We selected all
variants detected by one or more of these additional callers
for our SV callset for a total of 222 candidate de novo SVs
consisting of 57 deletions and 165 insertions in the pro-

band and 74 deletions and 121 insertions in the sibling.
We initially validated these events by examining read-
based support via subseq to analyze parental read data, re-
sulting in 48 potential DNMs that were visually validated
by examining both PacBio HiFi and ONT alignments over
the regions in IGV. Of these events, 28 were clearly in-
herited, eight appeared to be false positives, and the re-
maining 12 were absent in parental data but present in at
least one read in both technologies for the proband (seven)
or sibling (five). These 12 candidates were finally validated
by examining the haplotype-resolved assemblies for the
parents and child, inspecting realigned contigs of the 6
kbp surrounding the site. Of the 12 candidate SV events,
only three appeared to be true de novo events, with two
in the proband and one in the sibling (Figure S8).

In an effort to minimize the extent of manual curation,
we automated this process and developed a novel pipeline
that implements some of the approaches made during
manual inspection (Figure S9). By using a combination of
subseq, callable regions from parental PAV calls, and mul-
tiple sequence alignment of familial haplotypes, we were
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Figure 5. De novo VNTRs

(A) The quad structure annotated with the number of repeats seen in the VNTR, as determined by PacBio CLR, 10X, and Strand-seq data

in addition to Sanger sequencing, and represented on a gel.

(B) Haplotypes for every individual in the quad based on HiFi sequencing clearly show an extra copy of the motif (in red) in the proband.
(C) The 52 bp insertion in the proband compared to the parental haplotypes.

(D) The 73 bp insertion in the proband.

able to validate the same two de novo events (both inser-
tions) in the proband in an automated fashion, but we
were not able to increase sensitivity. The single de novo
candidate in the unaffected sibling did not validate with
the automated pipeline, as multiple haplotypes were
discovered overlapping this variant. Accordingly, we re-
classified this variant as a low-confidence potential de
novo event. This automated pipeline, named dnSVal, is
available on GitHub (see web resources). The two true de
novo SVs that occurred in the proband were VNTR expan-
sions but had not been identified with our STR/VNTR-spe-
cific approaches. Both de novo events in the proband map
to genic regions (CPT1C intron and TEC exon), but neither
have been functionally implicated in autism.

Because discovery of de novo SVs is still challenging, we
finally considered the potential of applying both Strand-
seq and Bionano Genomics as standalone technologies to
increase discovery sensitivity. For Strand-seq, we used the
procedure described in Ebert et al.” to detect and phase
127 nonredundant inverted sites (median size: 38.9 kbp,
min: 2.3 kbp, max: 4.3 Mbp). Because Strand-seq can
unambiguously split short sequencing reads by haplotype,
it makes possible the detection and phasing of large hetero-
zygous deletions; we identified 62 redundant heterozygous

deletions with respect to GRCh38 with a median size of
55.8 kbp (min: 10.1 kbp, max: 550 kbp). Considering
parental genotypes, we initially identified two and four
candidate inversion de novo events in the proband and sib-
ling, respectively. However, after manual inspection of
these automated inversion calls, these were determined
to likely represent false positives, as they fall into regions
where short Strand-seq reads map with lower confidence,
such as centromeres and segmental duplications. In addi-
tion to the inversions, we detected two potentially large
heterozygous deletions by using Strand-seq as an orthog-
onal method. However, because of lack of support in
phased HiFi reads, we were unable to validate these events.

Similarly, we used a Bionano coverage-depth-based
algorithm to discover three de novo SV candidates in the
proband (two deletions, one insertion) and five (three de-
letions, two insertions) in the unaffected sibling (Table
$3).?! With the exception of the deletions in the unaf-
fected sibling, these calls are seen with relatively high fre-
quency in the population according to Bionano controls.
None of these events intersect with our read-based or as-
sembly-driven callsets nor do they contain any support
in a manual inspection of the reads underlying this region.
Given that none of the Bionano calls are supported by
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other data, we failed to identify any true de novo events
when using Bionano as a sole discovery tool. As both the
Strand-seq and Bionano Genomics data were derived
from cell lines (as opposed to primary material), we
consider the possibility that these invalidated events may
also represent additional cell-line artifacts.

Meiotic breakpoints and DNMs

Since recombination has been shown to be mutagenic in
the human population,*>™*’ we reassessed our validated
set of DNMs with respect to meiotic crossover positions in
the parental haplotype. Leveraging the inherent phasing
data present in Strand-seq along with the long-read PacBio
sequencing data allows one to define crossover breakpoints
at a fine-scale level of resolution without the need for grand-
parental sequence data.”’*” We defined 135 total crossover
events in the proband (Figure 6A) and sibling (Figure S10) at
a fine-scale of resolution (median: 12.6 kbp) (Figure 6B, Ta-
ble S4). Among the children, maternal and paternal cross-
over events were equally distributed (69 maternal and 66
paternal) with no particular bias toward certain genomic re-
gions. We then projected all DNMs and measured the dis-
tance of a DNM to the nearest crossover event in the
maternal or paternal lineage (Figure 6C) as well as assigning
the DNM to grandparental haplotypes (Figure 6D). We
performed a simulation based on the observed distance
distribution and found no enrichment between DNM and
inferred positions of meiotic recombination events
(Figure S11). This study provides a near-complete picture
of the occurrence of DNMs with respect to parental homo-
log and meiotic recombination.

Discussion

We identified 195 de novo SNVs and indels in the quad: 88
in the proband and 107 in the sibling—a 35% increase
from the 65 and 79 DNMs identified from our previous
analysis of this family,”” which was optimized for specificity
and similar to the original estimates of Kong et al." This
contrasts with a second analysis we performed on the
same family by using a two-caller Illumina approach, which
was geared toward increased sensitivity and reported 131
and 138 DNMs for the proband and sibling, respectively.®
A comparison with both ONT and HiFi data for the same
family, however, shows that this two-caller method demon-
strates only a 78% true positive rate. Thus, while the overall
numbers appear similar, the long-read data are discovering a
new subset of DNMs traditionally excluded by or filtered
from the short-read data. Notably, this study also widens
the gap in the number of DNMs present in the proband
and sibling: the total 19 DNM differential would place
this quad in the 91 percentile among twins in Wilfert
et al.”” and the 60™ percentile in Turner et al.” (Figure S12).

Of the 195 true DNMs that we identified, exactly seven
lie on the X chromosome. Calling on the X chromosome
presented a unique challenge, as we failed to identify a sin-

gle DNM on the female proband’s X chromosomes.
Despite there being many potential sites on the proband’s
X, most failed to reach the minimum allele balance
threshold, and those that did fail to meet our read depth
requirements, resulting in only four calls in our final call-
sets, none of which were true de novo events. The male sib-
ling, on the other hand, showed the opposite trend, with
20 DNM calls in our final callset, seven of which were vali-
dated on the basis of our criteria. The high number of calls
in the sibling were the result of HiFi GATK, which alone
contributed 11 sites on the X chromosome. It is likely
that the increased sensitivity on the male X chromosome
is an artifact of the lower average read depth—with lower
read depth, one or two sequencing errors would pass the
allele balance threshold, allowing a variant call to be
made, as we did not set a higher threshold for AB on the
male X chromosome.

In the past, we relied on both the two- and four-caller
pipelines to identify de novo variation®*’ from autism
WGS datasets in an effort to balance both specificity and
sensitivity. However, this study revealed that both pipe-
lines suffer from limitations that can make it more difficult
to identify potential disease-causing variation. Across
GRCh38 and T2T-CHM13, the four-caller pipeline identi-
fied 141 true DNMs with a 91.6% true positive rate, which
is the highest of all callsets, but lower than our previous
validations had estimated. The four-caller pipeline under-
estimated the number of DNMs in this family by at least
30%. The two-caller pipeline, on the other hand, suffers
from both a low true positive rate (72.1%) and, when
restricted to just true positive sites, underestimates the
number of DNMs in this family by at least 25%. The
high false positive rate in the two-caller pipeline makes it
a poor choice for studies aimed to identify disease-causing
mutations. Going forward, the Illumina four-caller pipe-
line could be optimized by removing the mask used to
exclude variants in repetitive sequence and developing a
new filtering schema that does not remove variants on
the basis of region alone. By removing this mask, the size
of the four-caller callset could be increased by at least
20% and would provide a better snapshot of the true de
novo variation present in a genome.

The increase in the total number of true mutations rela-
tive to previous studies indicates that the DNM rate for
SNVs and indels is most likely higher than current esti-
mates suggest. In addition, we were able to document
DNMs in centromeres and segmental duplications, two re-
gions that are just beginning to become accessible with
long-read WGS platforms. If we set the total accessible
genome of our study to be the total number of 10 kbp re-
gions with high mapping quality by HiFi (mapq > 57) in
T2T-CHM13, the total genome size is 3.07 billion bp. On
the basis of this, we can estimate the de novo substitution
rate from this one family to be approximately 1.41 x
10~® per nucleotide per generation, which is on the high
end of projected mutation rates.”** > While the rate is
higher than most previous genome-wide estimates, a larger
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Figure 6. Meiotic recombination and DNM

(A) A genome-wide overview of detected meiotic recombination breakpoints for the proband. Inherited segments of maternal homologs
(H1-light red, H2-dark red) appear on the left side of each chromosome while inherited segments of paternal homologs (H1-light blue,
H2-dark blue) appear on the right side of each chromosome. Recombination breakpoints are visible as changes from H1 to H2 segments
and vice versa. Detected DNMs that could have been assigned to a single parental homolog (n = 89) are shown as empty boxes over
maternal (left) and paternal (right) homologs. This individual is a female, meaning that paternal chromosome X does not recombine
(striped blue box).

(B) Size distribution of detected meiotic recombination breakpoints for both the proband (n = 76) and sibling (n = 59). Median value is
shown as an orange dot for both distributions.

(C) Total number of DNMs assigned to paternal (dark blue) and maternal (dark red) homologs, separately for proband (14455.p1) and
sibling (14455.s1).

(D) Total number of DNMs that occurred on paternal homologs H1 (light blue) or H2 (dark blue). The same results are shown for
maternal homologs H1 (light red) and H2 (dark red). Counts are reported separately for proband (14455.p1) and sibling (14455.s1).

We could not determine inherited parental segments for one DNM in proband and for seven DNM:s in sibling.

number of samples will be needed to determine whether
the mutation rate is particularly elevated in regions of
the genome accessible only by long reads. It should be
stressed, however, that the methods we used to identify
de novo SNVs with long reads were still stringent, requiring
an allele balance of between 0.3 and 0.7 and confirmation
across two sequencing platforms. Different sequencing
platform biases even among the long-read technologies
will tend to underestimate variant calling for specific re-
gions and classes of variation. Based on our false negative
analysis, which revealed that there are 23 true de novo
(most likely post-zygotic) SNVs that eluded our calling
pipelines, the mutation rate in this family is most likely
closer to 1.59 x 10~® per nucleotide per generation.

In order to replicate these results, more families need to be
sequenced with orthogonal long-read sequencing ap-
proaches. Despite the additional cost, long-read sequencing

enabled us to increase our DNM discovery by ~35%, granted
us access to new regions of the genome, and allowed us to
search for and verify larger mutations as well. While this
study focused on DNMs, we also performed a preliminary
analysis of inherited rare variants (<0.1%) by re-filtering
the GATK callsets to search for variants that were present
in a child and exactly one of the parents and confirmed by
ONT (Figure S13). Although comparison of a larger number
of long-read genomes will be required to determine true
allele frequencies, this analysis suggests a comparable in-
crease (26.4% in GRCh38) of inherited rare variants
throughout the genome (Figure S14) as result of greater ac-
cess to more complex and repeat rich regions of the genome.
It should be noted that the number of sequencing platforms
used in this study is not necessary to extensively catalog the
DNM load in a trio—a combination of Illumina, ONT, and
HiFi would be sufficient, and most potential mutations
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could be validated with much more affordable Sanger
sequencing. DNM calling can be further optimized by align-
ing both short and long reads to the more complete T2T-
CHM13 genome, which will be invaluable for estimating
the mutation rate in repetitive regions of the genome.

In addition to our large de novo SNV and indel callset, we
discovered three de novo STR expansions and one VNTR
expansion (<50 bp) (Tables S5 and S6). This is fewer STR
events than we would expect on the basis of previous pro-
jections that predict greater than 50 STR expansions per
transmission.* We also identified two small de novo SVs, in-
sertions of 52 and 73 bp, but did not observe any larger
germline SVs. Despite their importance in neurodevelop-
mental disease, this more comprehensive DNM analysis
did not reveal any new candidate mutations to better
explain the proband’s autism status. It could be the case
that the underlying etiology is inherited or polygenic as
the upper bound for DNM underlying autism has been
estimated to account for ~30% of cases.” Alternatively, if
the causal variant is de novo, this may mean that despite
our many orthogonal methods to identify DNMs in the
proband, sensitivity is not yet optimized. This is especially
the case for de novo structural variation where methods for
de novo SV calling among VNTRs/STRs remains a challenge
despite the dramatic advances in SV detection with long
reads.”® Another possibility, albeit less likely, is that we
missed a causative mutation in a region that we are still
not able to sequence and assemble, such as in the highest
identity repeats. Even when we align HiFi reads to the T2T-
CHM13 genome, there is still approximately 200 Mbp of
sequence with coverage more than 2 standard deviations
above or below the mean and with mapq less than 57; until
we can accurately assign sequencing reads to these regions
of the genome, we will not be able to fully catalog all clas-
ses of variation in a genome.

An important aspect of this work was that all DNM can-
didates were obtained from primary tissue, in this case pe-
ripheral lymphocytes from blood. It is worthwhile noting,
however, that apparent de novo SVs were initially identified
with other technologies including Strand-seq, 10X Geno-
mics, and Bionano Genomics where lymphoblastoid cell
culture instead of primary blood were used to obtain larger
amounts of DNA or actively dividing cells for the assay.
The most striking was a 147 kbp deletion event in the sib-
ling removing all but the first exon of SETDZ2 (chr3-
47014726-DEL-147102)—a gene previously associated
with autism. This deletion was discovered from Bionano
SV calls and confirmed by 10X data, but in both cases, calls
originated from DNA prepared from cell-line material. We
found no evidence for the variant in any sequence data
derived from blood DNA, including read-depth changes
in INlumina and PacBio (Figure S15A). Similarly, a second
event, a 158 kbp deletion in the sibling (chr7-1426
44005-DEL-158289), deleted several small genes (PRSSI
and PRSS2) and had support from all three cell-line-derived
datasets (Bionano, 10X, and Strand-seq), but no datasets
derived from blood DNA (Figure S15B). While undetect-

able low levels of somatic mosaicism in the blood DNA
may underlie this, it is more likely that such potentially
impactful deletion events occurred in cell culture after
only a few passages. This emphasizes the importance of
discovery and validation of DNM variants from primary
source material.

Data and code availability

The accession number for all underlying raw sequence (FASTQ)
files for the ONT and HiFi PacBio datasets, Strand-seq data,
VCFs, and Bionano Genomics reported in this paper is SFARI
Base: DS149300.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2022.02.014.
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master/scripts/LCR-hs38.bed.gz

Pysam, https://github.com/pysam-developers/pysam

Seqtk, https://github.com/Ih3/seqtk
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