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With the increasing number of sequencing projects involving families, quality control tools optimized for family genome

sequencing are needed. However, accurately quantifying contamination in a DNAmixture is particularly difficult when ge-

netically related family members are the sources. We developed TrioMix, a maximum likelihood estimation (MLE) frame-

work based on Mendel’s law of inheritance, to quantify DNAmixture between family members in genome sequencing data

of parent–offspring trios. TrioMix can accurately deconvolute any intrafamilial DNA contamination, including parent–off-

spring, sibling–sibling, parent–parent, and even multiple familial sources. In addition, TrioMix can be applied to detect ge-

nomic abnormalities that deviate fromMendelian inheritance patterns, such as uniparental disomy (UPD) and chimerism. A

genome-wide depth and variant allele frequency plot generated by TrioMix facilitates tracing the origin of Mendelian in-

heritance deviations. We showed that TrioMix could accurately deconvolute genomes in both simulated and real data sets.

[Supplemental material is available for this article.]

Sequencing the family members together provides additional in-
formation, such as the parental origin of genomic variants,meiotic
recombination, or de novo mutations that cannot be obtained
from single individual genome sequencing. Because of this bene-
fit, there is now an increasing number of sequencing projects
that have collected DNA sequences from related individuals in
both normal and disease populations (Turner et al. 2017; Byrska-
Bishop et al. 2022). In all sequence data, each individual genome
must be checked for purity to ensure proper interpretation.
Contamination would dilute true signals from the target (contam-
inated) DNA and introduce false signals from the source (contam-
inant) DNA, simultaneously generating false-negative and false-
positive genotypes. Contamination of DNA can be caused by an
experimental error in which samples are accidentallymixed at var-
ious stages, anywhere from sample collection to library prepara-

tion or sequence data production. Notably, there is an increased
chance of sample contamination within the same sample process-
ing batch (Zajac et al. 2019). Because familial samples are more
likely to be collected and processed in parallel, DNA contamina-
tion between family members can occur more frequently than
when sequenced independently.

In addition to accidental contaminations, biological “con-
tamination” or “mixtures” within family members can also occur
naturally or medically. Chimerism, the presence of two or more
sets of DNA in a single individual, is sometimes reported in dizy-
gotic twins who share a common placenta (Peters et al. 2017).
Medically, an allogeneic organ transplant from a related donor in-
troduces DNA from one family member to another (Bader et al.
2005). Correct quantification and identification of their genomic
compositions would be necessary to provide appropriate medical
care for such individuals.
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However, detecting DNA contamination by family members
is challenging because of their shared DNA sequence by inheri-
tance. A few tools have been developed for the estimation of
DNA contamination among unrelated individuals, including veri-
fyBamID2 (Zhang et al. 2020), Genome Analysis Tool Kit (GATK)
CalculateContamination (Van der Auwera and O’Connor 2020),
Haplocheck (Weissensteiner et al. 2021), and Peddy (Pedersen
and Quinlan 2017). These tools rely on variant allele frequencies
(VAFs) and population allele frequencies of polymorphisms detect-
ed from an individual genome sequence. But their detection accu-
racy is compromised when intrafamilial DNA contamination is
present because the distribution of genetic variants is not indepen-
dent between family members. Therefore, tools for accurately
quantifying and identifying the source of intrafamilial contamina-
tion are needed.

DNA contamination between familymembers can be quanti-
fied by considering the possible inheritance patterns for a diploid
(2n) organism using Mendel’s law of segregation. For example, for
a single nucleotide polymorphism (SNP) that is homozygous refer-
ence A/A genotype in the mother and homozygous alternate T/T
genotype in the father, an offspring would be expected to display
a heterozygous A/T variant with half of the sequence reads sup-
porting the variant allele, resulting in a VAF of ∼50%. If DNA con-
tamination originates from familymembers, contamination levels
can be accurately assessed as this would lead to expected changes
in the VAFs at millions of SNP loci scattered throughout the ge-
nome because the genotypes of family members can be inferred.
Taking advantage of VAF changes inferred from the family pedi-
gree, we developed TrioMix by usingmaximum likelihood estima-

tion on SNP read counts to accurately quantify intrafamilial
contaminations.

Results

Overview of the tool

TrioMix requires sequence alignment files of trios (mother, father,
offspring) in BAM or CRAM format and the reference genome se-
quence to which the sequence files are aligned (Fig. 1A).
Optionally, a file of common SNP positions specified in BED for-
mat, can be supplied to reduce computation to these selected
loci. TrioMix counts the read support for the reference and alterna-
tive bases for each position in the genome (or provided SNP posi-
tions) for the trios simultaneously to quantify contamination. It
also produces a genome-wide VAF plot and a VAF segmentation re-
sult, which can be used collectively to determine the origins of
Mendelian deviation in family trio sequencing data sets.

To effectively estimate DNA contamination mixtures in vari-
ous contexts (e.g., parent–offspring, sibling–sibling, parent–par-
ent, or nonfamilial contaminations), we classified SNPs into five
classes (hereafter referred to as GroupA, GroupB, GroupC,
GroupD, and GroupE variants) based on different genotype pat-
terns (Fig. 1B). Each of the SNP groups is useful for the estimation
of distinct origins of contaminants. For GroupA SNPs, one of the
parents is a homozygous reference genotype (hereafter referred
to as homo-ref), and the other parent is a homozygous alternative
genotype (hereafter referred to as homo-alt). GroupA SNPs are
exclusively used for estimating parent → offspring DNA

A

B

Figure 1. Overview of TrioMix. (A) Sequence alignment file in BAM or CRAM format for the father, mother, and offspring is required. A reference FASTA
file is also required. A common single nucleotide polymorphism (SNP) position in BED format can be used as an optional input file to restrict the analysis to
those sets of SNPs. Reference and alternative read counts (shown as yellow stars) at the SNP loci in the parents are used to infer the genotypes, and read
counts in the offspring are used to build amaximum likelihood estimate (MLE) model to identify the source and quantity of the contamination. (B) SNPs are
classified into five groups based on their genotypes. Individuals highlighted in gray are the contamination targets investigated in each SNP group. Each
group is used to calculate different DNA contamination targets and sources in the mixture.
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contamination. For GroupB SNPs, one of the parents is a homo-ref
genotype, and the other parent is heterozygous (hereafter referred
to as het). GroupB SNPs are primarily used for estimating sibling→
offspring DNA contamination. For GroupC SNPs, both parents are
homo-ref genotypes. GroupC SNPs are used for detecting unrelated
individual → offspring DNA contamination by measuring the de
novo–like alteration rate (fraction of alternative reads that cannot
be explained by contamination from parents or any other sib-
lings). For GroupD SNPs, the offspring is homo-alt genotype, and
the target parent is het genotype. GroupD SNPs are used for detect-
ing offspring→ parent DNA contamination. For GroupE SNPs, off-
spring is homo-alt genotype, one parent is homo-alt genotype, and
the other parent is het genotype. GroupE SNPs are used for detect-
ing one parent→ the other parent DNA contamination. Reference
and alternative read counts in the contamination target for each
SNP group are then used for building statistical models for estimat-
ing the genomic compositions.

Simulation of DNA contamination

To validate the accuracy of our algorithm for estimating intrafami-
lial DNA contamination, we created in silico contaminated BAM
files by subsampling and merging reads from two or more real
BAM files from a family (mother, father, target offspring, and sib-
ling). Reads from two or more individuals were randomly selected
at known fractions. We tested the accuracy of our algorithm by
comparing TrioMix’s estimate with the true contamination value
that was used to create the in silico contaminated BAM file.

Contamination of offspring DNA by parent DNA

Contamination of offspring DNA by parental DNA can be deduced
by using the VAF deviation of GroupA variants, in which one par-
ent is homo-ref genotype and the other parent is homo-alt genotype.
Here, the offspring should have a heterozygous genotype under
Mendelian inheritance (expected VAF∼0.5, Fig. 2A).Whenmater-
nal DNA contaminates the offspring’s DNA, the VAF of such a lo-
cus would deviate from the anticipated value in the offspring. For
the maternally inherited GroupA SNPs (i.e., alternative alleles in-
herited from the mother and paternal genotypes are homo-ref),
the VAF will be increased (Fig. 2A). Simultaneously, VAFs of pater-
nally inherited GroupA SNPs (i.e., alternative alleles inherited
from the father andmaternal genotypes are homo-ref) will be recip-
rocally decreased (Fig. 2B; Supplemental Fig. S1 for paternal DNA
contamination). Of note, DNA contamination from siblings does
not change the expected VAF pattern for GroupA loci because
the genotypes will be het genotype for all children from the same
parents.

We implemented a maximum likelihood estimate (MLE)
framework to estimate the fraction of contamination originating
from a parent using the VAF deviations measured by the reference
and alternative read counts in GroupA SNPs (see “Materials and
Methods” section). There are ∼130,000 GroupA SNPs genome
wide froma trio family using common SNPs, although the number
may vary depending on the ancestry of the family (Supplemental
Table S1). In the uncontaminated offspring, VAFs of GroupA SNPs
are seen at VAF=0.5 (Fig. 2C). In contrast, a simulated BAM with
maternal DNA contamination shows maternal and paternal

A

B
E

C D

Figure 2. Quantification of offspring DNA contamination by parents. GroupA single nucleotide polymorphisms (SNPs) are used for quantifying parental
DNA contamination in the DNA mixture. SNPs are shown as stars; each bar represents a chromosome in the diploid genomes. (A) SNP loci in which the
mother has the homo-alt genotype are shown (maternally inherited GroupA SNPs). When the offspring’s DNA is not contaminated, the variant allele fre-
quency (VAF) of the offspring is 50%. When the mother’s contamination level is x, the expected offspring VAF in the contaminated sample is (1+x)/2. (B) A
similar analysis can be performedwith SNP loci in which the father has the homo-alt genotype (paternally inherited GroupA SNPs). (C) A density plot of VAFs
for maternally (blue) and paternally (red) inherited GroupA SNPs is shown when there is no contamination (offspring 100%). (D) A density plot of VAFs for
maternally (blue) and paternally (red) inherited GroupA SNPs with 25% maternal contamination is shown. (E) True versus estimated value for TrioMix
(black circle), VerifyBamID2 (blue square), and GATK4 CalculateContamination (green triangle) for in silico simulated DNA contamination with parental
DNA. Estimated values below 10−2.5 are shown on the plot’s x-axis.
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GroupA SNP VAFs shifted reciprocally away from 0.5 (Fig. 2D).
Quantitatively, TrioMix accurately estimated the fraction of paren-
tal DNA in themixture across awide range of contamination levels
(Fig. 2E). In contrast, tools for assessing nonfamilial DNA contam-
ination (VerifyBamID2 andGATK) underestimated themixture ra-
tio presumably caused by the presence of shared (inherited) DNA
sequences between the parent and the offspring (Fig. 2E).

Contamination of offspring DNA by sibling DNA

To estimate sibling contamination in the target offspring sample,
we use GroupB SNP loci in which one parent is homo-ref genotype
and the other parent is het genotype (Fig. 1B). Here, two genotypes
are possible for the offspring, homo-ref genotype or het genotype
(Fig. 3A). If there is no DNA contamination, the VAF distribution
of GroupB SNPs (usually n∼250,000 genomewide for a trio family
using common SNPs, Supplemental Table S1) in an offspring will
show two distinct peaks at VAF=0 (homo-ref) and 0.5 (het) (Fig. 3B).

Because siblings will independently inherit parental alleles,
there are four possible combinations of genotypes for two siblings
for GroupB SNPs. When there is contamination from the sibling,
VAFs forGroupB SNPswill showadditional intermediate values be-
tween 0 and 0.5 at loci in which the genotypes of the two siblings
differ (Fig. 3C). Similar to estimating parental DNA contamina-
tion, TrioMix estimates the sibling’s DNA fraction by building an
MLE model from reference and alternative read counts of
GroupB SNPs in the offspring’s BAM file. In our simulation studies,
TrioMix estimated the fraction of sibling’s DNA in the mixture ac-
curately (Fig. 3D). Again, tools for assessing nonfamilial DNA con-
tamination underestimated the mixture rate in the sibling
contamination simulation (Fig. 3D).

Contamination of offspring DNA by nonfamilial sources

To identify offspring samples with nonfamilial DNA contamina-
tion, TrioMix calculates a de novo–like alteration rate using
GroupC SNP loci, in which both parents are homo-ref genotypes
(thus an offspring should be a homo-ref genotype) (Fig. 1B,
Methods). Here, alternative alleles contributing to the de novo–
like alteration rate are caused by nonfamilial DNA contamina-
tion or sequencing errors. Of note, intrafamilial contamination
would not generate such errors in GroupC SNP loci
(Supplemental Fig. S2). Samples with a de novo–like alteration
rate exceeding the background sequencing error rate are thus iden-
tified, and they can be considered to have nonfamilial DNA
contamination.

Contamination of offspring DNA by multiple familial sources

Thus far, we assumed only one additional individual’s DNA could
be contaminating the target offspring. However, more than one
family member’s DNA can simultaneously contaminate the off-
spring’s DNA. Because the simultaneous presence of genetically
related family members would affect expected VAF nonindepend-
ently, we jointly estimate the fraction by maximizing the likeli-
hood for three variables (x, y, and z for contamination levels of
mother, father, and a sibling, respectively) using both GroupA
and GroupB SNPs (Supplemental Fig. S3, Methods). We randomly
simulated several cases of contamination with multiple family
members and estimated the mixture compositions (Fig. 4). In all
cases, TrioMix accurately estimated the fraction of each family
member in the target offspring’s DNAwith a mean cosine similar-
ity of 0.99972 (95% CI=0.99830–1.0).

DCB

A

Figure 3. Quantification of offspring DNA contamination by a sibling. (A) GroupB single nucleotide polymorphisms (SNPs) are used for quantifying sib-
lings’ DNA contamination in the DNA mixture. SNP variants are shown as stars; each bar represents a chromosome in the diploid genome. In the DNA
mixture, the sibling’s fraction is z, and the other offspring’s fraction is 1−z. Meiotic recombination in one of the offspring’s chromosomes is shown
with alternating chromosome colors. Four possible SNP combinations between the offspring and the sibling (contamination) and their variant allele fre-
quencies (VAFs) are shown on the right. (B) A density plot of GroupB SNP VAFs in a sample without contamination (offspring 100%) is shown. (C) A density
plot of GroupB SNP VAFs in an offspring with 25% contamination from the sibling is shown. Additional peaks are shown with solid arrows. An additional
peak near VAF = 0.5 is merged with the nearby heterozygous VAF = 0.5, which appears as one left-shifted peak. (D) True contaminated value versus esti-
mated value for TrioMix (black circle), VerifyBamID2 (blue square), and GATK4 CalculateContamination (green triangle) for in silico simulated DNA con-
tamination with sibling’s DNA. Estimated values below 10−2.5 are shown on the plot’s x-axis.
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Contamination of parent DNA by the offspring DNA

Althoughwe have focused onMendelian deviations that could oc-
cur when the offspring is the target, these Mendelian deviations
can be found in the parents as well. TrioMix can also estimate
DNA contamination in the parents’ genome sequences. To detect
contamination of the parent by the offspring, we useGroupDSNPs
in which the offspring is a homo-alt genotype in the autosomes. In
this case, the parents can either be a het genotype or a homo-alt ge-
notype. Another requirement for GroupD is that the VAF in the
target parent is less than 1 (i.e., the contaminated parent’s geno-
type must be het). This filtering condition removes all of the SNP
loci in which the contaminated parent is a homo-alt genotype
because DNA contamination by the offspring’s DNA with homo-
alt genotypes would still lead to a VAF=1 (Fig. 5A). In these
GroupD SNP loci, the contamination from the offspring’s DNA
(homo-alt) into the parent’s DNA (het) would lead to an increase
in the VAFs detected in the contaminated parent (Fig. 5B,C).
Using simulated contaminations, TrioMix accurately estimated
the contamination of parent DNA by the offspring, whereas other
tools for assessing nonfamilial DNA contamination underestimat-
ed the mixture ratio (Fig. 5D).

Contamination of one parent’s DNA by the other parent’s DNA

The DNA of one of the parents could contaminate the DNA of the
other parent as well. In a common nonconsanguineous marriage,
the two parents would be unrelated in their DNA sequences. But,
in the presence of the offspring’s DNA, the genotypes of the two
parents are no longer independent of each other. Here, we use
GroupE SNPs defined as homo-alt genotype in the offspring, VAF
in the target (contaminated) parent is less than 1, and homo-alt ge-

notype in the source (contaminating)
parent. This allows the genotype of the
target parent to be fixed to the het geno-
type in GroupE SNPs (Fig. 6A). For these
GroupE SNP loci, the contamination
from the source parent’s DNA (homo-alt)
into the target parent’s DNA (het) would
lead to an increase in the VAFs detected
in the target parent (Fig. 6B,C). Using
simulated contaminations, TrioMix ac-
curately estimated the contamination of
one parent’s DNA by the other parent’s
DNA. VerifyBamID2 and GATK4 also
performed well because the two parents
are unrelated individuals, which is what
these tools were designed for (Fig. 6D).

Visualization of supporting evidence

To support the analysis, TrioMix pro-
vides read-depth and VAF plots for the
offspring in the trio, for GroupA and
GroupB SNPs of the offspring with their
respective parent of origin. In an uncon-
taminated sample, all GroupA SNPs show
a VAF=0.5 for het genotypes (Fig. 7A).
GroupB SNPs exist at VAF=0 (homo-ref)
and VAF=0.5 (het) at approximately
equal counts (Fig. 7A). In the case of off-
spring DNA contaminated by the moth-
er, maternally inherited GroupA SNPs

show increased mean VAF and paternally inherited GroupA SNPs
show decreased mean VAF as described earlier (Fig. 7B). In addi-
tion, we also observe low VAF SNPs in maternal GroupB SNPs.
Offspring DNA contaminated by the father (Fig. 7C) shows a con-
verse pattern compared with contamination by the mother (Fig.
7B), with decreased VAF of maternally inherited GroupA SNPs
and increased VAF of paternally inherited GroupA SNPs.
Offspring DNA contaminated by the sibling would show no
change in GroupA SNPs (because both children are het genotype).
However, it would display a segmented GroupB SNP VAF pattern
that reflects the meiotic recombination patterns in the parental
homologous chromosomes (Fig. 7D).

Decomposing maternal DNA contamination in placental tissue

As a proof-of-concept study, we applied TrioMix to placental sam-
ples, in which the mother’s cells frequently contaminate the fetal
tissue. In a sample of placenta tissue, TrioMix identified ∼6.6%
maternal DNA contamination (Supplemental Fig. S4A).
Contamination from the mother’s DNA in the placenta was fur-
ther supported by the reciprocal peak shift of the GroupA SNP
VAF density plot (Supplemental Fig. S4B,C).

Decomposing sibling DNA contamination in monochorionic

dizygotic twins

We applied TrioMix to a pair of known chimeric monochorionic
dizygotic twins (Chung et al. 2018). These twins are chimeras re-
sulting from two genetic siblings (dizygotic twins) exchanging
cells with each other during their development in utero. TrioMix
successfully quantified DNA chimerism from the two dizygotic
twins at 16.1% and 21.8%, respectively. GroupB SNP VAFs show

Figure 4. Quantification of DNA contamination in the offspring by multiple family members. We sim-
ulated DNA contaminations with various fractions of the father, mother, sibling, and offspring’s BAM fi-
les. TrioMix’s estimation of intrafamilial DNA fraction and the “ground truth” used for simulation are
drawn next to each other. Simulations are grouped with different combinations of intrafamilial sources.
Cosine similarities between the truth and TrioMix estimated fractions are shown on top of each case.
Family members used for creating the simulated DNA contamination are shown with filled circles for
each case.
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segmented patterns across different regions, which reflect themei-
otic recombination patterns between homologous chromosomes
in the parents that are differentially inherited between the siblings
(Supplemental Fig. S5).

Detection of uniparental disomy

Because TrioMix uses Mendelian inheritance patterns of SNPs to
detect contamination, it can also identify other genomic abnor-
malities that deviate from Mendelian inheritance patterns, such
as uniparental disomy (UPD). UPD occurs when an offspring re-
ceives two homologous chromosomes from only one of the par-
ents rather than inheriting one copy from each parent (Benn
2021). Variants deviating from Mendelian inheritance caused by
UPD will be restricted to these localized regions, which can be dif-
ferentiated from the genome-wide deviations seen with parental
DNA contamination. Localized homozygosity of GroupA SNPs in-
herited from one parent would suggest a UPD event. WhenUPD is
present, GroupB SNPs can further distinguish between a uniparen-
tal isodisomy event and a uniparental heterodisomy event because

GroupB SNPs track the heterozygous variants of two homologous
chromosomes separately in the parents. We applied TrioMix on a
sample with whole-chromosome UPD of Chromosome 4 (Kim
et al. 2022) (Fig. 8). Here, copy-number neutral loss-of-heterozy-
gosity (LOH) was shown for Chromosome 4. The possibility of
monosomy was ruled out by the lack of drop in sequencing depth.
Maternal GroupA variants were all homo-ref genotypes (VAF= 0),
suggesting a complete loss of the maternal Chromosome 4 in the
offspring. In contrast, paternal GroupA variants were all homo-alt
genotypes (VAF=1). PaternalGroupB SNPswere either homo-ref ge-
notypes (VAF=0) or homo-alt genotypes (VAF=1) in the offspring,
suggesting that the two homologous chromosomes in the off-
spring are derived from a single paternal chromatid (paternal uni-
parental isodisomy, UPiD).

Detection of sample swaps between family members

In family sequencing, pedigree information may be swapped or
mislabeled (Manichaikul et al. 2010). TrioMix can detect these
sample swaps by plotting the genome-wide VAFs to show

A B D

C

Figure 5. Quantification of parent DNA contaminated by offspring. (A) GroupD single nucleotide polymorphisms (SNPs) are defined as homo-alt geno-
types in the offspring and variant allele frequency (VAF) <1 in the contaminated parent. Here, contamination of the mother by the offspring is shown. The
other parent’s (father in this case) genotype can either be het or homo-alt. The fraction of offspring contamination isw. (B) A density plot of GroupD SNP VAF
in the mother is shown when there is no contamination. (C) A density plot of GroupD SNP VAF in the mother when there is 25% contamination by the
offspring’s DNA is shown. The peak shift is shownwith an arrow. (D) True versus estimated value for TrioMix (black circle), VerifyBamID2 (blue square), and
GATK4 CalculateContamination (green triangle) for in silico simulated parent DNA contaminated by the offspring DNA. Estimated values below 10−2.5 are
shown on the plot’s x-axis.

A B D

C

Figure 6. Quantification of parent DNA contaminated by the other parent. (A) GroupE single nucleotide polymorphisms (SNPs) are defined as homo-alt
genotypes in the offspring and variant allele frequency (VAF) <1 in the contaminated parent and homo-alt genotype in the contaminating parent. Here, con-
tamination of themother’s DNA by the father’s DNA is shown. The fraction of contaminating parent’s DNA is v. (B) GroupE SNP VAF density plot in themother
is shown when there is no contamination. (C) GroupE SNP VAF density plot in the mother when there is 25% contamination by the father’s DNA. The peak
shift is shownwith an arrow. (D) True versus estimated value for TrioMix (black circle), VerifyBamID2 (blue square), andGATK4CalculateContamination (green
triangle) for in silico simulated parent DNA contaminated by the other parent’s DNA. Estimated values below 10−2.5 are shown on the plot’s x-axis.
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deviation from the expected inheritance patterns (Supplemental
Fig. S6).

Speed and memory requirements of TrioMix

Parallel computing options were implemented to allow faster com-
puting. Performance was assessed on AmazonWeb Services on an
Ubuntu 20.04 LTS operating system built with an Intel(R) Xeon(R)
CPUE5-2666 v3@ 2.90GHz (max 16CPU) processor. The run time
was ∼60 min for a single core and 20 min for four cores on a stan-
dard 30× BAM file from a trio (Supplemental Fig. S7).

Discussion

We created a bioinformatics software tool that can detect and
quantify intrafamilial contamination in sequencing data of par-
ent–offspring trios. TrioMix can accurately quantify the DNAmix-
ture level when genetically close individuals (family members) are
the source of the additional DNA. TrioMix uses genotypes directly
inferred from the family relationship to estimate the DNAmixture

fraction.We are aware of only one other tool that estimates mater-
nal contamination for trio data, which also uses Mendelian inher-
itance to estimate contamination levels for adjusting the genotype
calls in the presence of maternal DNA contamination (Nabieva
et al. 2020). In TrioMix, we implemented a comprehensive and ro-
bust statistical framework using maximum likelihood to estimate
contamination between family members for single-source and
multiple-source contamination cases.

We also show that the TrioMix can be extended to detect rare
genomic abnormalities that deviate from Mendel’s law, such as
chimerism and UPD. The true frequency of biological chimerism
in the human population has not yet been studied for a lack of sys-
tematic screening of large populations (Peters et al. 2017). Recent
sequencing studies have shown that UPD is detected in as much
as 0.05% of the population and 0.3% in a clinical sequencing co-
hort (King et al. 2014; Nakka et al. 2019; Scuffins et al. 2021).
With the increasing application of family cohort sequencing and
systematic analyses of “contamination,” we may uncover more
chimeras and UPDs in the general population. Accurately estimat-
ing the genomic composition of such individuals will be critical as

A B C D

Figure 7. Visualization of variants in the offspring with intrafamilial contamination. Variant allele frequencies (VAFs) of each variant type in the offspring,
based on the parent of origin and parental genotype combinations (GroupA and GroupB), are shownwith the total depth plot on the genomic coordinate.
Blue and red dots representmaternally and paternally inherited variants, respectively. (A) Offspring without DNA contamination. VAF of GroupA SNPs are at
0.5. VAF of GroupB SNPs are at either 0 or 0.5. (B) Offspring (75%) contaminated by the mother (25%). (C) Offspring (75%) contaminated by the father
(25%). (D) Offspring (75%) contaminated by a sibling (25%). The segmented pattern of GroupB SNPs represents meiotic recombination between the
parental homologous chromosomes. The gray dashed line on the depth plot represents the mean autosomal depth. The black dashed lines on the VAF
plots represent VAF = 0.5. Up and down arrows indicate an increase or decrease in VAF from 0.5. The left arrows indicate the presence of variants with
low VAF because of contaminations.

Figure 8. Detection of uniparental disomy (UPD). Variant allele frequencies (VAFs) of each variant type in the offspring, based on the parent of origin and
parental genotype combinations (GroupA and GroupB), are shown with the total depth plot on the genomic coordinate. Whole-chromosome level UPD
was identified with TrioMix, revealing a paternal isodisomy pattern. The gray dashed line on the depth plot represents the mean autosomal depth. The
black dashed lines on the VAF plots represent VAF = 0.5.

Yoon et al.

2140 Genome Research
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276794.122/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276794.122/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276794.122/-/DC1


they may need more careful consideration for their health and
family planning than unaffected individuals.

With the increasing use of family trio sequencing, TrioMix
can facilitate quality control by identifying potential intrafamilial
contamination that could be missed or underestimated by
other contamination detection tools. Furthermore, TrioMix can
also identify chimeras and UPDs that would otherwise be dis-
carded as “contamination.” We believe that TrioMix is a user-
friendly tool that provides a quick and easy discovery of con-
tamination and genomic abnormalities from the BAM or CRAM
files of trios.

Methods

Creation of in silico BAM with a known mixture ratio

BAM files were subsampled with the following SAMtools (Li et al.
2009) commands: “samtools view ‐‐subsample $subsample_ratio1
-hbo $subsampled_bam1 $bamfile1 ; samtools view ‐‐subsample
$subsample_ratio2 -hbo $subsampled_bam2 $bamfile2”. The
subsample fractions were adjusted for the total autosomal reads
in each input BAM file. Subsampled BAM files were merged
with “samtools merge -o $merged_bam $subsampled_bam1
$subsample_bam2”. A custom script to generate synthetic DNA
mixture is provided as Supplemental Code. Three 1000 genome
familieswith fourmembers (father,mother, offspring, and sibling)
were used for contamination simulations (family IDs: M004,
M008, SH074) (Byrska-Bishop et al. 2022).

Detection of offspring’s DNA contamination by the parent

To estimate parental DNA contamination in the offspring, we use
autosomal SNPs that are homo-ref genotype in one of the parents
and homo-alt genotype in the other parent (Fig. 1B, GroupA
SNPs). Mendelian inheritance from the parents will yield a het ge-
notype in the offspring. For these GroupA SNP loci, we know the
parent of origin of each alternative allele in the offspring. Let us as-
sume that the mother’s DNA is mixed with the offspring’s DNA
with x and 1− x ratios, respectively. If the alternative (variant) al-
lele is inherited from the mother (i.e., maternal GroupA SNP),
the expected variant allele frequency (VAF) can be expressed
with x,

VAF = 2x + (1− x)
2x+ 2(1− x)

= 1+ x
2

.

The likelihood for a maternal GroupA SNP loci (Lm) is as fol-
lows. At loci j, let the read depth be Nj, and the alternative allele
counts be nj, and then the likelihood of a given observation can
be modeled as a binomial sampling,

Lm(x |Nj, nj) = Nj

nj

( )
1+ x
2

( )nj

1− 1+ x
2

( )(Nj−nj)

.

Similarly, when the alternative allele is inherited from the fa-
ther (i.e., paternal GroupA SNP), VAF and the likelihood (Lp) can be
calculated,

VAF = (1− x)
2x+ 2(1− x)

= 1− x
2

,

Lp(x |Nj, nj) = Nj

nj

( )
1− x
2

( )nj

1− 1− x
2

( )(Nj−nj)

.

To estimate the mother’s DNA contribution, we find the x̂
that maximizes the sum of the log-likelihood of both maternally
and paternally inherited GroupA SNPs,

x̂ = arg max
0≤x≤1

∑
j[GroupA SNPs, maternal

log Lm (x |Nj , nj)+
∑

j[GroupA SNPs, paternal

log Lp (x |Nj , nj)

⎛
⎝

⎞
⎠.

Similarly, the father’s DNA contribution can be solved by
finding the ŷ that maximizes the log-likelihood of both paternally
and maternally inherited GroupA SNPs,

Lm(y |Nj, nj) = Nj

nj

( )
1− y
2

( )nj

1− 1− y
2

( )(Nj−nj)

,

Lp(y |Nj, nj) = Nj

nj

( )
1+ y
2

( )nj

1− 1+ y
2

( )(Nj−nj)

,

ŷ = arg max
0≤y≤1

∑
j[GroupA SNPs, maternal

log Lm (y |Nj , nj)+
∑

j[GroupA SNPs, paternal

log Lp (y |Nj , nj)

⎛
⎝

⎞
⎠.

The mle2 function “bbmle” R package (https://cran.r-project
.org/web/packages/bbmle/index.html) using the “Brent” method
was used to estimate the parent’s contamination level x̂ or ŷ in
the offspring’s DNA.

Detection of offspring’s DNA contamination by the sibling

To estimate the sibling’s DNA contamination in the offspring, we
identify autosomal SNP loci in which one of the parents is a homo-
zygous reference genotype (homo-ref; VAF=0) and the other parent
is a heterozygous genotype (het; VAF is between 0.4 and 0.6) (Fig.
1B, GroupB SNPs). Under Mendel’s law of segregation, the offspring
has a 1:1 chance to have the homo-ref and het genotype in each SNP
locus.When theDNAof an offspring is contaminatedwith its sibling
at z fraction, there are four possible genotype combinations of the off-
spring and the sibling (homo-ref/homo-ref, het/het, het/homo-ref, homo-
ref/het, shown in offspring/sibling order), in each locus (Fig. 2A). We
calculate the expected allele frequencies for each of the four possible
genotype combinations. When both the offspring and sibling are
heterozygous (het/het), the two alleles will exist at 0.5 regardless of x
(VAF=0.5). Likewise, when both offspring and sibling inherit the ho-
mozygous reference alleles (homo-ref/homo-ref), only the reference al-
lele will exist (VAF=0). When the sibling inherits the alternative
allele from the heterozygous parent, and the offspring inherits the
reference allele from the heterozygous parent (homo-ref/het), the
VAF in the mixture DNA can be expressed with z,

VAF = z
2z+ 2(1− z)

= z
2
.

Similarly, if the offspring inherits the alternative allele and
the sibling inherits the reference allele (het/homo-ref), the VAF
will be

VAF = 1− z
2z+ 2(1− z)

= 1− z
2

.

Therefore, DNA with sibling contamination will have four

possible VAFs (0,
z
2
,
1− z
2

, and 0.5) instead of just two possible

VAFs (0 and 0.5) in an uncontaminated DNA of an offspring.
We built a likelihood model for each identified GroupB SNP

locus based on the reference and alternative base read counts
with all four possible genotype combinations,

L(z |Nj, nj)= 1
4

((
Nj

nj

)
0.5nj0.5(Nj−nj) + Nj

nj

( )
z
2

( )nj
1− z

2

( )(Nj−nj)

+ Nj

nj

( )
1− z
2

( )nj

1−1− z
2

( )(Nj−nj )

+ Nj

nj

)
(0nj1(Nj−nj))

)
.

(

We then calculate the log-likelihood for all loci j and find the ẑ that
maximizes the sum of the log-likelihood of the observed data,
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ẑ = arg max
0≤z≤0.5

∑
j[GroupB SNPs

logL(z |Nj, nj)

⎛
⎝

⎞
⎠.

Themle2 function“bbmle”Rpackagewasusedwith the “Brent”
method to estimate the sibling’s contamination level ẑ, in the off-
spring’s DNA.

Detection of offspring’s DNA contamination by nonfamilial DNA

In the intrafamilial DNA contaminations, whereas the VAF may
deviate from the expected pattern, all of the variants can be ex-
plained by their presence in the parents. When nonfamilial DNA
contaminants are present in the offspring’s DNA, this will be
shown as a “de novo” or new variants that were not present in
the parents. We look at SNPs in which both parents are homo-ref
genotypes (Fig. 1B, GroupC SNPs) to detect these de novo–like al-
terations. Because the offspringhas to inherit both reference alleles
from the parents (thus a homo-ref genotype), any alternative alleles
in the offspring are either a sequencing/mapping error or contam-
ination by nonfamilial DNA. TrioMix reports the de novo–like al-
teration rate, the total alternative read fraction in GroupC SNPs in
the offspring. Contribution from true de novo variants will be neg-
ligible because there are less than 100 de novomutations per child
from the entire genome (or common SNPs), which is vastly greater
(Kong et al. 2012).

Detection of offspring’s DNA contamination by mother, father,

and sibling

The MLE framework can be extended to predict the DNA contam-
ination in the offspring when multiple family members could be
the contaminating sources (Supplemental Fig. S3). The fraction
of mother, father, sibling, and offspring is x, y, z, and 1–x–y–z, re-
spectively. We first use GroupA SNP loci in which one of the par-
ents is a homo-alt genotype, and the other is a homo-ref genotype
(Supplemental Fig. S3A). For the maternally inherited GroupA
SNPs, the VAF is as follows:

VAF = (1− x− y − z) + 2x + z
2

= 1+ (x− y)
2

.

Similarly, for the paternally inherited GroupA SNPs, VAF is as
follows:

VAF = (1− x− y − z) + 2y + z
2

= 1− (x− y)
2

.

For both paternal and maternal GroupA SNPs, the sibling’s
contribution (z) cancels out in the equationbecause both offspring
and sibling are of identical genotype (het). Therefore, the equation
becomes a function of the difference between themother’s and fa-
ther’s fractions (x–y). Using GroupA SNPs, we first estimate the x–y
value with MLE from a range of −1 to 1 using the “Brent” method
of the mle2 function. We will refer to the x–y value as k.

x− y = k.

The likelihood function ofmaternalGroupA SNPs cannowbe
expressed with a variable k,

Lm(k |Nj,nj) = Nj

nj

( )
1+ k
2

( )nj

1− 1+ k
2

( )(Nj−nj)

.

The likelihood function of paternal GroupA SNPs can also be
expressed similarly,

Lp(k |Nj, nj) = Nj

nj

( )
1− k
2

( )nj

1− 1− k
2

( )(Nj−nj)

.

Note that the above likelihood functions would be reduced to
the same equation in the single parental contamination cases if we
set either x=0 or y= 0. Using these likelihood functions for each
SNP in GroupA, we can find the k̂ that maximizes the sum of the
log-likelihood of the observed data,

k̂= argmax
−1≤k≤1

∑
j[GroupA SNPs,maternal

log Lm (k |Nj , nj)+
∑

j[GroupA SNPs, paternal

log Lp (k |Nj , nj)

⎛
⎝

⎞
⎠.

NowweuseGroupB SNPs to optimize the remaining variables
(Supplemental Fig. S3B). There are a total of four possible genotype
combinations between the sibling and offspring. VAFs of GroupB
SNPs are expressed in x, y, and z. Using the k̂ estimated from above,
nowwe substitute y= x− k̂ into all of the VAFs. Therefore, we have
reduced the likelihood estimate into a function of two variables (x
and z). For the maternally inherited SNPs, the likelihood function
Lm is given as follows:

Lm(x, z |Nj, nj, k̂)

= 1
4

(
Nj

nj

( )
1−x− z+ k̂

2

( )nj

1−1− x− z+ k̂
2

( )(Nj−nj)

+ Nj

nj

( )
1− x+ k̂

2

( )nj

1−1− x+ k̂
2

( )(Nj−nj)

+ Nj

nj

( )
x
2

( )nj
1− x

2

( )(Nj−nj)

+ Nj

nj

( )
x+ z
2

( )nj

1− x+ z
2

( )(Nj−nj)
)
.

For the paternally inherited SNPs, the likelihood function Lp is
given as follows:

Lp(x, z |Nj, nj, k̂)

= 1
4

(
Nj

nj

( )
1− x− z

2

( )nj

1−1−x− z
2

( )(Nj−nj )

+ Nj

nj

( )
1−x
2

( )nj

1−1−x
2

( )(Nj−nj )

+ Nj

nj

( )
x− k̂
2

( )nj

1− x− k̂
2

( )(Nj−nj )

+ Nj

nj

( )
x+ z− k̂

2

( )nj

1− x+ z− k̂
2

( )(Nj−nj ))
.

For estimating two variables (x and z) with constraints, we use the
mle2 function with the “L-BFGS-B” method (Byrd et al. 1995).
Initial guesses are max(0, k̂) and 0 for x and z, respectively,

x̂, ẑ= argmax
x,z

∑
j[GroupB SNPs,maternal

log Lm (x, z |Nj , nj , k̂)+
∑

j[GroupB SNPs, paternal

log Lp (x, z |Nj , nj , k̂)

⎛
⎝

⎞
⎠.

The boundary conditions of a positive variable x is as follows,
constrained by the value of k̂ so that the sum of all individual frac-
tions is equal to 1:

max(0, k̂) ≤ x ≤ 1+ k̂
2

.

The offspring’s fraction (1–x–y–z) can be expressed as
1− 2x− z+ k̂, which is greater than or equal to 0,

1− 2x− z + k̂ ≥ 0.

In addition, we set the contaminating sibling’s contribution
(z) to be smaller than the offspring itself (1− 2x− z+ k̂),

1− 2x− z+ k̂ ≥ z.

If MLE optimization fails to converge with our initial starting
values, we then use a grid-based approach, in which we calculate
the log-likelihood of all combinations of x and z within the boun-
dary conditions with a small incremental change (e.g., 0.01). We
use the combination of x and z that maximizes the log-likelihood
as the new initial guesses for the MLE.
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Cosine similarity of reconstructed DNA contamination versus

ground truth

We measured the cosine similarity between each family
member’s original ground truth fraction and the TrioMix’s joint
estimationmodule’s results. The “cosine” function of the lsa pack-
age (https://cran.r-project.org/web/packages/lsa/index.html) in
the R programming language (v3.6.0) (R Core Team 2019) was
used.

Detection of parent’s DNA contamination by the offspring

To estimate parent DNA contaminated by offspring’s DNA, we
identify autosomal SNP loci in which the offspring is a homo-alt
genotype (VAF = 1) and the contaminated parent is a het geno-
type (Fig. 1B, GroupD SNPs). When the offspring is a homo-alt ge-
notype, the parents are either het genotype or homo-alt genotype.
Homo-alt genotype loci need to be removed to identify het geno-
type loci in the contaminated parent. This is achieved by filtering
SNP loci with VAF = 1 because contamination of the homo-alt ge-
notype by another DNAwith homo-alt genotype would still result
in a VAF = 1.We also remove SNP loci with only one read support-
ing the reference allele, as these are likely from sequencing
error. Thus, the genotypes of the offspring (homo-alt) and the
contaminated parents (het) are fully defined, which can be used
to build a likelihood model. Let us assume that the contamina-
tion parent’s DNA is contaminated byw fraction of the offspring.
In GroupD SNPs, the VAF in the contaminated parent is
as follows:

VAF = 2w+ (1−w)
2w+ 2(1− w)

= 1+w
2

.

Then, the likelihood in the contaminated parent (Ld) and ŵ
that maximizes Ld can be calculated,

Ld(w | Nj, nj) = Nj

nj

( )
1+ w
2

( )nj

1− 1+ w
2

( )(Nj−nj)

,

ŵ = arg max
0≤w≤1

∑
j[GroupD SNPs

log Ld(w |Nj, nj)

⎛
⎝

⎞
⎠.

Detection of the parent’s DNA contamination by the other parent

To estimate parent DNA contaminated by the other parent’s DNA
(i.e., the father’s DNA contaminating themother’s DNA), we iden-
tify autosomal SNP loci in which the offspring is a homo-alt geno-
type (VAF=1), the contaminated parent is a het genotype, and the
contaminating parent is a homo-alt genotype (Fig. 1B, GroupE
SNPs). Similar to the approach with GroupD, we remove SNP
loci in which the contaminated parent has VAF=1 to restrict the
genotype of the contaminated parent to be a het genotype. We
also remove SNP loci with only one read supporting the reference
allele, as these are likely from sequencing error. Thus, the geno-
types of the contaminating parent (homo-alt) and the contaminat-
ed parents (het) are fully defined, which can be used to build a
likelihood model. Let us assume that the contamination parent’s
DNA is contaminated by v fraction of the offspring. In GroupE
SNPs, the VAF in the contaminated parent is as follows:

VAF = 2v + (1− v)
2v + 2(1− v)

= 1+ v
2

.

Then, the likelihood in the contaminated parent (Le) and v̂
that maximizes Le can be calculated,

Le(v | Nj, nj) = Nj

nj

( )
1+ v
2

( )nj

1− 1+ v
2

( )(Nj−nj)

,

v̂ = arg max
0≤v≤1

∑
j[GroupE SNPs

log Le(v |Nj, nj)

⎛
⎝

⎞
⎠.

Selection of common SNPs from gnomAD database

We selected common SNPs from the gnomAD database
(Karczewski et al. 2020). For GRCh37 we used gnomAD v2, and
for GRCh38, we used gnomAD v3. The raw VCF files were down-
loaded, and common biallelic SNPs with a population allele fre-
quency (AF) greater than 0.3 with root mean square mapping
quality (MQ) greater than 50 were selected for analysis. There are
2,855,456 SNPs for GRCh37 and 1,907,413 SNPs for GRCh38 after
filtering. The BED files of the selected SNP loci are provided with
the source code. Users can also specify their own SNP sets.
Providing the SNP BED files is only optional but results in faster
computation because it will only identify informative SNPs from
the given BED file rather than scanning the whole genome.

Running the tool

TrioMix takes in four required inputs (father’s BAM, mother’s
BAM, offspring’s BAM, and reference FASTA file; Fig. 1A). The
following command will compute the DNA mixture in the
offspring by comparing its sequence to the parental DNA.
“python3 triomix.py -f father.bam -m mother.bam -c child.bam
-r reference.fasta”. An optional argument “-s common_snp.bed”
can be provided to narrow the pileup to common SNP regions
only. A “-t” argument allows parallel computing ofmpileup gener-
ation to increase the speed. If UPD is present, it may appear as con-
tamination of the father or mother’s DNA, even when there is no
contamination, because of the variants that deviate from
Mendelian inheritance pattern. If the user wants to only detect
contamination but not UPD, then the “-upd 0” argument can be
specified to filter GroupA variants with VAF=0 or 1, leading to a
better estimation of sample contamination. A “‐‐parent” argument
will estimate the intrafamilialDNA contamination in the sequence
of the parents.

Visualization and segmentation of VAFs for detecting UPD

TrioMix produces a visualization plot by default. In addition, we use
VAFs ofGroupA SNPs to identifyUPD segments. PSCBS (Olshen et al.
2011) and DNAcopy (https://bioconductor.org/packages/release/
bioc/html/DNAcopy.html) libraries from the R programming lan-
guage were used with a minimum segment size of 106 bases.

Computational performance evaluation

Computational performance was evaluated on an AWS instance
(c4.4xlarge) with an Intel(R) Xeon(R) CPU E5-2666 v3 @ 2.90
GHz (max 16 CPU) processor built with an Ubuntu 20.04 LTS op-
erating system. Dockerized TrioMix was tested with varying num-
bers of CPUs (range: 1–16). A 1000 genome family (family ID:
M008, father: NA19661, mother: NA19660) was used for the per-
formance analysis (Byrska-Bishop et al. 2022). A simulated target
offspring (NA19662, female) with 25% contamination from a sib-
ling (NA19685, male) and uncontaminated offspring (NA19662
100%) was used as the input.

Ethics approval and consent to participate

This study was approved by the Institutional Review Board
of KAIST (KH2019-174), International St. Mary’s Hospital
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(IS19TIME0070), Seoul National University Hospital (H-9712-038-
002), and Seoul National University Bundang Hospital (B-2204-
748-301).

Example data

Sequence data used in the study were retrieved from the European
Genome-phenome Archive (EGA; https://ega-archive.org) under
the following accessions (Maternal contamination of the placenta:
EGAS00001006155. Monochorionic dizygotic chimera:
EGAS00001005997. UPD: EGAS00001006154). 1000 Genomes
Trio data were retrieved from the International Genome Sample
Resource portal (https://www.internationalgenome.org/data-
portal/sample).

Software availability

TrioMix is written in Python 3 (v3.5) and R (v3.6.0) programming
languages. Full source code is available at GitHub (https://github
.com/cjyoon/triomix). A docker image is available at Docker Hub
(https://hub.docker.com/r/cjyoon/triomix). A detailed usermanu-
al is available at http://triomix.io. The software is also available as
Supplemental Code.

Competing interest statement

Y.S.J. is a founder and chief executive officer of GENOME
INSIGHT, Inc.

Acknowledgments

This work has been supported by the National Institutes of Health
grants (F30HD106744, T32GM007200 to C.J.Y.). This work was
also supported by the National Research Foundation of Korea
funded by the Korean government, Ministry of Science and ICT
(Leading Researcher Program NRF-2020R1A3B2078973 to Y.S.J.),
and KREONET (Korea Research Environment Open NETwork),
which is managed and operated by the Korea Institute of Science
and Technology Information.

References

Bader P, Niethammer D,Willasch A, Kreyenberg H, Klingebiel T. 2005. How
andwhen shouldwemonitor chimerism after allogeneic stem cell trans-
plantation? Bone Marrow Transplant 35: 107–119. doi:10.1038/sj.bmt
.1704715

Benn P. 2021. Uniparental disomy: origin, frequency, and clinical signifi-
cance. Prenat Diagn 41: 564–572. doi:10.1002/pd.5837

Byrd RH, Lu P, Nocedal J, Zhu C. 1995. A limited memory algorithm for
bound constrained optimization. SIAM J Sci Comput 16: 1190–1208.
doi:10.1137/0916069

Byrska-Bishop M, Evani US, Zhao X, Basile AO, Abel HJ, Regier AA, Corvelo
A, Clarke WE, Musunuri R, Nagulapalli K, et al. 2022. High coverage
whole genome sequencing of the expanded 1000 Genomes Project co-
hort including 602 trios. Cell 185: 3426–3440.e19. doi:10.1016/j.cell
.2022.08.004

Chung YN, Chun S, PhanM-TT, NamM-H, Choi BM, Cho D, Choi JS. 2018.
The first case of congenital blood chimerism in two of the triplets in
Korea. J Clin Lab Anal 32: e22580. doi:10.1002/jcla.22580

Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alföldi J, Wang Q,
Collins RL, Laricchia KM, Ganna A, Birnbaum DP, et al. 2020. The mu-
tational constraint spectrum quantified from variation in 141,456 hu-
mans. Nature 581: 434–443. doi:10.1038/s41586-020-2308-7

Kim IB, Lee T, Lee J, Kim J, Lee S, Koh IG, Kim JH, An J-Y, Lee H, Kim WK,
et al. 2022. Non-coding de novo mutations in chromatin interactions
are implicated in autism spectrum disorder. Mol Psychiatry doi:10
.1038/s41380-022-01697-2

King DA, Fitzgerald TW, Miller R, Canham N, Clayton-Smith J, Johnson D,
Mansour S, Stewart F, Vasudevan P, Hurles ME, et al. 2014. A novel
method for detecting uniparental disomy from trio genotypes identifies
a significant excess in children with developmental disorders. Genome
Res 24: 673–687. doi:10.1101/gr.160465.113

Kong A, Frigge ML, Masson G, Besenbacher S, Sulem P, Magnusson G,
Gudjonsson SA, Sigurdsson A, Jonasdottir A, Jonasdottir A, et al. 2012.
Rate of de novo mutations and the importance of father’s age to disease
risk. Nature 488: 471–475. doi:10.1038/nature11396

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R, 1000 Genome Project Data Processing
Subgroup. 2009. The Sequence Alignment/Map format and SAMtools.
Bioinformatics 25: 2078–2079. doi:10.1093/bioinformatics/btp352

Manichaikul A, Mychaleckyj JC, Rich SS, Daly K, Sale M, Chen W-M. 2010.
Robust relationship inference in genome-wide association studies.
Bioinformatics 26: 2867–2873. doi:10.1093/bioinformatics/btq559

Nabieva E, Sharma SM, Kapushev Y, Garushyants SK, Fedotova AV,
Moskalenko VN, Serebrenikova TE, Glazyrina E, Kanivets IV, Pyankov
DV, et al. 2020. Accurate fetal variant calling in the presence ofmaternal
cell contamination. Eur J Hum Genet 28: 1615–1623. doi:10.1038/
s41431-020-0697-6

Nakka P, Pattillo Smith S, O’Donnell-Luria AH, McManus KF, 23andMe
Research Team, Mountain JL, Ramachandran S, Sathirapongsasuti JF.
2019. Characterization of prevalence and health consequences of uni-
parental disomy in four million individuals from the general popula-
tion. Am J Hum Genet 105: 921–932. doi:10.1016/j.ajhg.2019.09.016

Olshen AB, Bengtsson H, Neuvial P, Spellman PT, Olshen RA, Seshan VE.
2011. Parent-specific copy number in paired tumor–normal studies us-
ing circular binary segmentation. Bioinformatics 27: 2038–2046.
doi:10.1093/bioinformatics/btr329

Pedersen BS, Quinlan AR. 2017. Who’s who? Detecting and resolving sam-
ple anomalies in human DNA sequencing studies with peddy. Am J Hum
Genet 100: 406–413. doi:10.1016/j.ajhg.2017.01.017

Peters HE, König TE, Verhoeven MO, Schats R, Mijatovic V, Ket JCF,
Lambalk CB. 2017. Unusual twinning resulting in chimerism: a system-
atic review on monochorionic dizygotic twins. Twin Res Hum Genet 20:
161–168. doi:10.1017/thg.2017.4

R Core Team. 2019. R: a language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna. https://www.R-project
.org/.

Scuffins J, Keller-Ramey J, Dyer L, Douglas G, Torene R, Gainullin V, Juusola
J, Meck J, Retterer K. 2021. Uniparental disomy in a population of
32,067 clinical exome trios. Genet Med 23: 1101–1107. doi:10.1038/
s41436-020-01092-8

Turner TN, Coe BP, Dickel DE, Hoekzema K, Nelson BJ, Zody MC,
Kronenberg ZN, Hormozdiari F, Raja A, Pennacchio LA, et al. 2017.
Genomic patterns of de novo mutation in simplex autism. Cell 171:
710–722.e12. doi:10.1016/j.cell.2017.08.047

Van der Auwera GA, O’Connor BD. 2020.Genomics in the cloud: using docker,
GATK, and WDL in terra. O’Reilly Media, Sebastopol, CA.

Weissensteiner H, Forer L, Fendt L, Kheirkhah A, Salas A, Kronenberg F,
Schoenherr S. 2021. Contamination detection in sequencing studies us-
ing the mitochondrial phylogeny. Genome Res 31: 309–316. doi:10
.1101/gr.256545.119

Zajac GJM, Fritsche LG, Weinstock JS, Dagenais SL, Lyons RH, Brummett
CM, Abecasis GR. 2019. Estimation of DNA contamination and its
sources in genotyped samples. Genet Epidemiol 43: 980–995. doi:10
.1002/gepi.22257

Zhang F, Flickinger M, Taliun SAG, InPSYght Psychiatric Genetics
Consortium, Abecasis GR, Scott LJ, McCaroll SA, Pato CN, Boehnke
M, Kang HM. 2020. Ancestry-agnostic estimation of DNA sample con-
tamination from sequence reads. Genome Res 30: 185–194. doi:10
.1101/gr.246934.118

Received March 28, 2022; accepted in revised form October 31, 2022.

Yoon et al.

2144 Genome Research
www.genome.org

https://www.internationalgenome.org/data-portal/sample
https://www.internationalgenome.org/data-portal/sample
https://www.internationalgenome.org/data-portal/sample
https://www.internationalgenome.org/data-portal/sample
https://www.internationalgenome.org/data-portal/sample
https://github.com/cjyoon/triomix
https://github.com/cjyoon/triomix
https://github.com/cjyoon/triomix
https://hub.docker.com/r/cjyoon/triomix
https://hub.docker.com/r/cjyoon/triomix
https://hub.docker.com/r/cjyoon/triomix
https://hub.docker.com/r/cjyoon/triomix
http://triomix.io
http://triomix.io
http://triomix.io
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276794.122/-/DC1
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/

