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There is increasing interest in clinical genetics pertaining to the utilization of high-throughput sequencing data for ac-
curate diagnoses of monogenic diseases. Moreover, massive whole-exome sequencing of tumors has provided significant
advances in the understanding of cancer development through the recognition of somatic driver variants. To improve the
identification of the variants from HTS, we developed VariantMaster, an original program that accurately and efficiently
extracts causative variants in familial and sporadic genetic diseases. The algorithm takes into account predicted variants
(SNPs and indels) in affected individuals or tumor samples and utilizes the row (BAM) data to robustly estimate the
conditional probability of segregation in a family, as well as the probability of it being de novo or somatic. In familial
cases, various modes of inheritance are considered: X-linked, autosomal dominant, and recessive (homozygosity or
compound heterozygosity). Moreover, VariantMaster integrates phenotypes and genotypes, and employs Annovar to
produce additional information such as allelic frequencies in the general population and damaging scores to further
reduce the number of putative variants. As a proof of concept, we successfully applied VariantMaster to identify (1) de
novo mutations in a previously described data set, (2) causative variants in a rare Mendelian genetic disease, and (3)
known and new ‘‘driver’’ mutations in previously reported cancer data sets. Our results demonstrate that VariantMaster is
considerably more accurate in terms of precision and sensitivity compared with previously published algorithms.

[Supplemental material is available for this article.]

The recent advances of high-throughput sequencing (HTS) tech-

nologies have provided new diagnostic opportunities in the field

of clinical genetics (Makrythanasis and Antonarakis 2012). An

unprecedented amount of sequence data has been collected on

multiple genetic disorders, including cancers, aiming to identify

the causative variants. However, extensive natural germline vari-

ation of each individual makes the detection of disease-causing

variants a complicated task (Cooper and Shendure 2011).

For genetic transmissible or de novo diseases, significant help

comes from sequencing the genomes (or the exomes) of the parents

and close relatives of affected individuals. Indeed, the integration of

familial information substantially improves the identification of

causative variants. In cancer genetics, analogous strategies have al-

ready been applied to extract somatic driver mutations in tumors

through the comparison of tumor and normal samples from the

same individual (Nikolaev et al. 2012).

So far, few computational approaches to exploit this addi-

tional information have been proposed and most of them are tai-

lored to specific tasks. For instance, FamSeq (Peng et al. 2013) and

PolyMutt (Li et al. 2012a) use relatedness to call variants segregated

in familial pedigrees, but they are not designed for case-control

studies and do not integrate phenotypes in the analysis or provide

any filtering option to prioritize the variants. On the other hand,

algorithms like VarScan (Koboldt et al. 2012) have been specifically

conceived to extract somatic mutations from tumor samples. To

our knowledge, the only tool that filters and processes familial and

matched tumor-germline data sets is KGGSeq (Li et al. 2012b).

However, KGGSeq, as well as the previously mentioned algo-

rithms, relies solely on processed data (i.e., VCF files produced by

algorithms such as SAMtools [Li et al. 2009] or GATK [McKenna

et al. 2010]). In fact, the limitations of the current sequencing

technologies and variant calling algorithms may result in a non-

negligible amount of erroneous (false-positive and false-negative)

variant calls (Knocking on the clinic door. [Editorial] 2012). Here

we propose VariantMaster, a novel utility that implements an

original methodology to evaluate the status (presence or absence)

of a variant in familial or case-control contexts. This feature, along

with robust control of modes of inheritance and a highly flexible

and customizable system of variant filtration, makes it a powerful

and accurate tool to identify causative variants in familial, spo-

radic germline, and somatic genetic disorders, including cancers.

VariantMaster also allows for the search of causative variants in

one or more recurrently mutated genes in a pool of unrelated in-

dividuals sharing the same phenotype (Supplemental Fig. 1).
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Results
Current procedures to identify causative genomic or somatic vari-

ants are composed of two independent steps: (1) variant calling

(single or multisample and/or pedigree aware) and (2) prioritization

of candidate variants.

VariantMaster implements a fundamentally different ap-

proach. It takes as input the variants called in each affected in-

dividual with standard tools (e.g., SAMtools, GATK) and, given this

information, statistically estimates the conditional probability that

these variants are present or absent in the other family members

(conditional variant calling). The central goal is to isolate variants or

combination of variants that are specific to affected individuals (or

somatic, i.e., specific to tumors).

For this, VariantMaster uses raw sequence data information

available in BAM files (binary sequence alignment/map format) in

addition to the variants reported in the VCF files. BAM and VCF

files can be generated using standard tools such as BWA, SAMtools,

or GATK with default parameters. More specifically, for each vari-

ant in each affected individual, the algorithm estimates the strand

bias and the probability that each family member is a carrier ac-

counting for the respective fraction of supporting reads and the

corresponding base call error rate (for a detailed description, see

Methods).

This procedure requires non-negligible computational time

per variant. However, depending on the type of the analysis, sev-

eral variants can be excluded a priori based on annotation data.

Therefore, the algorithm initially annotates, through Annovar, all

the given variants and allows the user to define the prioritization

filters appropriate to the specific analysis. In general, this approach

considerably reduces the burden of variants to process, providing

a twofold advantage: reduced processing time and clearer readouts

for the user. For example, the identification of a candidate coding

variant of a rare, recessive Mendelian disease in a family trio by

filtering for a minimum allelic frequency (MAF) < 2%, requires a

computational time of ;10 min compared with >1 h using an un-

filtered variant list. VariantMaster allows the user to customize the

processing of all available genetic annotations. An example of

an accurate prioritization of causative variants for Mendelian

disorders may require the following filters: (1) quality score (some

conservative thresholds might be set to QS > 50 for SAMtools

calls, QS > 300 for GATK calls, and QS > 600 for PINDEL calls);

(2) allelic frequency (MAF) <2%, if available, in databases such as

1000 Genomes (www.1000genomes.org), Exome Variant Server

(evs.gs.washington.edu/EVS), and dbSNP (www.ncbi.nlm.nih.

gov/SNP); (3) removal of synonymous nonsplicing variants; and

(4) removal of variants in regions of segmental duplication. Ad-

ditional filtering could include the selection of pathogenic vari-

ants according to scores provided by SIFT (Kumar et al. 2009),

PolyPhen-2 (Adzhubei et al. 2010), MutationTaster (Schwarz et al.

2010), LRT (Chun and Fay 2009), and others. Some examples of

filter configurations are provided in the Supplemental Material.

VariantMaster has been conceived to be flexible with respect

to the availability of input data. In some cases, whole-genome or

whole-exome sequences of some individuals are not available due

to budget limitations or because it is impossible to collect DNA. For

this reason, VariantMaster has the additional option to analyze

families where data for one or more individuals (i.e., parents) are

missing. This specific feature was successfully applied to the iden-

tification of a recessive causative variant to an incomplete pedigree

where two affected siblings and one unaffected sister were exome

sequenced (Moore et al. 2013). More importantly, VariantMaster

can deal with exomes sequenced at different coverages, allowing

cost-effective experimental designs. Naturally, a trade-off with the

increase of false positives should be taken into account (see appli-

cation examples 2 and 3).

In order to comprehensively evaluate the effectiveness of

VariantMaster, we designed different test cases. We performed

conditional variant calling and de novo discovery on the HapMap

CEU trio, as well as causative recessive variant identification on

a familial case using GATK, VariantMaster, KGGSeq, FamSeq, and

PolyMutt. Finally, we challenged VariantMaster with VarScan on

molecular cancer profiling.

Proof of concept: Conditional variant calling

VariantMaster implements a statistical procedure to determine the

presence or absence of a specific variant in a family member

conditional to its presence in one (or more) affected relatives

(for a detailed description, see Methods). In order to prove the

reliability of this engine, we downloaded the HapMap WGS data

sets (BAM) of the CEU trio (NA12891, father; NA12892, mother;

NA12878, child) from the 1000 Genomes Project and the cor-

responding HapMap genotyped SNPs from ftp://ftp.ncbi.nlm.

nih.gov/hapmap/ as reference. We performed the multisample

variant calling using the standard GATK Unified Genotyper with

default parameters. Resulting variants presented with an average

coverage of 903. We then used PolyMutt and FamSeq indepen-

dently to refine the calls based on relatedness and, in parallel, used

VariantMaster to call the variant in the parents given those called

in the child. Only variants genotyped in the HapMap reference

were considered for the analysis. Each algorithm provided the

accuracy from the number of correct calls (i.e., concordant with

the genotyped SNPs). We repeated the procedure by randomly

decreasing the read coverage of the parents (50%, 30%, 25%, 10%,

7.5%, 5%). The resulting accuracies are reported in Figure 1. Notably,

differences among the algorithms were appreciable when the cov-

erage fell below 10% of its original value (corresponding to ;103 on

average). For lower coverages, PolyMutt performed better than

GATK; however, FamSeq did not show any significant advantage.

Remarkably, VariantMaster yielded the best overall performance,

scoring >94% of correct calls even at an average parental coverage of

;53 (5%).

Application example 1: Identification of de novo variants

We challenged VariantMaster with the extraction of de novo var-

iants in the whole-exome sequencing data of the child of the

healthy CEU trio, and we compared the results with those obtained

using a combination of KGGSeq alone or in conjunction with

PolyMutt (with the de novo option) or FamSeq on the same data

set. A previous study on this data set reported six validated de novo

variants, of which one is germline and five are somatic variants

generated ‘‘by the age of the cell lines (number of passages), the

mutagenicity of the cell culture conditions, and/or the clonality of

the cell lines’’ (Conrad et al. 2011). Raw BAM files were processed as

reported in the Methods and Supplemental Material. Briefly, raw

reads were mapped to the hg19 reference, and subsequent BAM

and VCF file generations were performed using a standard pipeline

based on BWA (Li and Durbin 2009), followed by the GATK Unified

Genotyper. By using the six validated de novo variants as given, we

estimated the impact of false positives by calculating precision =

true_positives/(true_positives + false_positives) and sensitivity with

respect to an increasing threshold over the quality score (QS), as
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provided by GATK. At low QS (50–300), VariantMaster was the

only tool that identified all six variants (100% [6/6] sensitivity,

precision from 19% [6/31] to 36% [6/17]). One true variant, called

with a score of 329 by GATK, was filtered out at QS > 300 (83% [5/6]

sensitivity, 31% [5/16] precision). By increasing the QS threshold,

VariantMaster rapidly reduced the number of false positives, thereby

increasing its precision up to 83% (5/6) and obtaining a sensitivity

of 83% (5/6). KGGSeq started with 83% (5/6) sensitivity and 13%

(5/39) precision. It partially benefited from PolyMutt prefiltering at

low QS (83% [5/6] sensitivity, 17% [5/30] precision), since it lost one

true positive variant at QS > 1000 due to PolyMutt QS recalibration

(66% [4/6] sensitivity, 29% [4/14] precision). However, no changes

to KGGSeq performance were observed when FamSeq prefiltering

was applied. It is worth noting that replacing the QS with the de

novo quality (DQ) index provided by PolyMutt did not affect the

outcome. At the highest QS, KGGSeq alone reported 83% (5/6)

sensitivity and 42% (5/12) precision. PolyMutt + KGGSeq attained

66% (4/6) sensitivity and 31% (4/13) precision. In general, for any

QS threshold, VariantMaster outperformed all the other method-

ologies in terms of precision. We repeated the same analysis with

VariantMaster after reducing the parental read coverage to 25%

(corresponding to 163 on average). As expected, for all QS threshold

we observed an increase in the amount of false positives. However,

for high-quality calls, VariantMaster yielded only three false posi-

tives in this low-coverage condition (precisions range from 15%

[6/39] to 63% [5/8]). All results have been reported in Figure 2. Taken

together, we conclude that VariantMaster is more precise and more

accurate than KGGSeq alone or in combination with PolyMutt or

FamSeq for the identification of de novo variants.

Application example 2: Identification of causative variants
in a familial case

In order to test the algorithm in a clinical context, we attempted to

identify putative causative variants in a nuclear family where two

affected children (males) are affected by severe mental retardation

and ataxia. The parents and the sister are not affected. The pedigree

structure suggests either an X-linked or a recessive model of seg-

regation (Supplemental Fig. 2). DNA of all family members was

extracted, processed, and exome-sequenced as described above.

For the identification of candidate vari-

ants respecting the X-linked and recessive

inheritance, we ran VariantMaster and

KGGSeq, alone and in combination with

PolyMutt and FamSeq. All algorithms

were run with analogous filter settings and

for the X-linked and recessive analysis

(including compound heterozygosity).

As done previously, we performed an

incremental thresholding on variant qual-

ity score, as reported by GATK, to count the

number of candidate variants provided by

each method (Fig. 3).

At higher thresholds, VariantMaster

identified three hemizygous variants for

the X-linked model in COL4A5, IRS4, and

SLC9A6 present in both affected brothers, in

heterozygosity in the unaffected mother,

and absent in the father. Among them,

only one variant, in SLC9A6, is consid-

ered potentially damaging by all SIFT,

PolyPhen-2, LRT, and MutationTaster

(Supplemental Table 1). In addition, this variant is highly conserved

(GERP++ score >5), and the unaffected female is not a carrier of this

mutation. Interestingly, the mutation in SLC9A6 (p.R536Q) has al-

ready been observed in a study on mental retardation (Tarpey et al.

2009), and other mutations on this gene have been associated with

mental retardation, ataxia, and epilepsy (Online Mendelian In-

heritance in Man [OMIM]: 300231, Mental Retardation, X-linked,

syndromic, Christianson-type; MRXSCH) (Gilfillan et al. 2008). This

mutation was subsequently found in a healthy uncle, making its

clinical significance unclear. When the recessive model was im-

posed, VariantMaster remarkably yielded only one variant (Supple-

mental Table 2). The rare variant rs119450941 (p.R486H) in ADSL

(MAF < 0.0001)—reported as damaging by SIFT, MutationTaster, and

LRT and probably damaging by PolyPhen-2—has already been

identified in several patients with mental retardation (Marie et al.

2000; Race et al. 2000; Edery et al. 2003; Jurecka et al. 2008) and

considered as causative for the adenylosuccinate lyase deficiency

Figure 1. Conditional variant calling. VariantMaster, PolyMutt, and FamSeq correct variant calls
(accuracy) of parents’ WGS data—given the variants called by the GATK Unified Genotyper in the
child—have been compared at decreasing read coverages in parents’ data.

Figure 2. Extraction of de novo mutations from the CEU trio. Precisions
obtained by VariantMaster, KGGSeq, and PolyMutt + KGGSeq, as func-
tions of increasing quality score thresholds, have been plotted. Losses of
true de novo variants have been emphasized with color-matching arrows.
Precisions obtained by VariantMaster with a reduction to 25% coverage
(;103) in the unaffected individuals are shown in green.
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(OMIM: 103050). Clinical phenotypes of this disease are ataxia,

psychomotor retardation, autistic features, epilepsy, and mental

retardation. After conventional validation, ADSL p.R486H was then

considered the causative mutation, although with our current

knowledge, we cannot exclude some involvement of the SLC9A6

variant as a modifier of the phenotype.

Considering ADSL(p.R486H) and SLC9A6(p.R536Q) as caus-

ative variants, VariantMaster largely yielded the best precision when

compared with KGGSeq alone or in combination with PolyMutt

or FamSeq (Fig. 3). Although FamSeq did not significantly affect

KGGSeq performances, PolyMutt considerably improved KGGSeq

false-positive rejection but led to a loss of the SLC9A6 variant at QS =

700 and the loss of ADSL variant at QS = 1000.

We repeated the analysis with VariantMaster after reducing

the healthy relatives’ read coverage to 25% of the original value

(corresponding to 133 on average). As previously observed, the

increase of false positives was more effective at low QS. At QS > 700,

the number of candidate variants reduced to that obtained with full

read coverage data.

Taken together, we conclude that

VariantMaster is both more efficient and

accurate than KGGSeq, PolyMutt + KGGSeq,

and FamSeq + KGGSeq for the identification

of causative variants in familial cases.

Application example 3: Identification
of somatic variants in paired
tumor-germline samples

We tested VariantMaster on the identifi-

cation of somatic variants from 16 random

samples (BAM format) corresponding to

eight sequenced exomes of colorectal cancer

and the eight matched exomes of germ-

line controls downloaded from the TGCA

consortium (Table 1; The Cancer Genome

Atlas Network 2012). Raw reads were

mapped with BWA, and SAMtools was

used for variant extraction. VariantMaster

was set to consider likely functional vari-

ants (nonsense, missense, frameshift, and

splicing) with a minimal coverage of 33 in

the tumors (for details, see Supplemental

Material). After annotation and filtering,

the algorithm identified 2927 putative

somatic variants, 1522 (52%) of these

being already validated as somatic by

the TCGA consortium and registered in

the COSMIC database (http://www.sanger.

ac.uk/genetics/CGP/cosmic). In agree-

ment with previously published data (The

Cancer Genome Atlas Network 2012),

VariantMaster reported the recurrent mu-

tated APC gene in four out of eight samples

(AA3855, AA3866, AA3870, and AG3883).

Remarkably, the algorithm identified two

novel putative driver mutations: a new so-

matic APC frameshift deletion (c.4260delA)

in AA3872 and a new AMER1 frame-

shift insertion (c.1099_1100insGGAG)

in AA3870. Other putative driver variants

reported by VariantMaster and already

validated in COSMIC were in TP53 (AA3842), DCC (AA3842,

AA3710), PIK3CA (AA3877), SMAD3 (AA3710), AMER1, BRAF-

V600E, and EP300. Table 1 summarizes these results.

As a comparison, we used VarScan (Koboldt et al. 2012), an

algorithm specifically designed to identify somatic mutations in

tumor samples. We ran VariantMaster and VarScan with default

settings (for details, see Supplemental Material) over the eight TCGA

samples. As reported in Table 2, VariantMaster outperformed

VarScan in terms of sensitivity, with an average of 72% of correctly

detected somatic variants (compared with 55% for VarScan), and in

terms of false positive detection with an average precision of 40%

compared with 18% (Fig. 4).

Discussion
In this article, we present VariantMaster, a tool capable of identi-

fying relevant variants in a broad range of applications: causative

variants in familial cases, de novo mutations, and somatic variants

in tumor samples. In order to sensibly reduce the impact of false

Figure 3. Causative recessive and X-linked variants’ identification in a family presenting with
a Mendelian disorder characterized by mental retardation, ataxia, and epilepsy. The number of can-
didate variants as a function of increasing quality score thresholds obtained by VariantMaster, KGGSeq,
PolyMutt + KGGSeq, and FamSeq + KGGSeq is shown. Results obtained by VariantMaster after re-
duction to 25% coverage (;103) in the unaffected individuals are shown in green. All methods except
PolyMutt + KGGSeq, which lost the SLC9A6 variant at QS > 700 (black cross) and the ADSL variant at
QS > 1000 (red cross), identified the two causative variants at each threshold (for details, see text).

Table 1. Mutations identified by VariantMaster involved in relevant pathways
for colorectal cancer

ID
WNT

pathway
TP53

pathway
RAS

pathway
PI3K

pathway
TGF-beta
pathway

Other apoptotic
pathways

AA3842 TP53 DCC
AA3710 TP63 SMAD3 DCC
AA3866 APC, VANGL2
AA3870 APC MAPK1
AG3883 APC
AA3872 APCa

AA3855 APC DAPK1
AA3877 DVL2 EP300 BRAF PIK3CA, PIK3C2A

aVariants found by VariantMaster and not reported in COSMIC.
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positives, the algorithm implements a conditional variant calling

procedure to evaluate the presence or the absence of each variant

in all informative samples. With this approach, the algorithm ac-

curately handles candidate variants even when respective genomic

regions are not well covered. Indeed, as shown by our comparisons

with previously published algorithms in different application

cases, VariantMaster significantly increased the rejection of false

positives while improving the discovery of true causative variants

in familial cases and in matched tumor-germline experiments.

Specifically, in the application example 3, VariantMaster was able

to identify two novel putative variants in previously extensively

analyzed and annotated data sets.

VariantMaster is designed to work with data produced by

standard HTS pipeline based on widely adopted technologies and

commonly used software such as BWA, GATK, and SAMtools with

default parameters. In an ideal scenario, an average coverage of

303 to 503 per exome would guarantee high-quality variant

calling and a consistent reduction of false-positive calls (Bamshad

et al. 2011). However, we have shown that the VariantMaster ap-

proach can be adopted for cost-effective experiments with an ac-

ceptable loss in terms of sensitivity and precision, where the pro-

band or the affected individuals (at least one) are sequenced at full

coverage with the other family members sequenced at 103 to 153

coverage. The current release has been extensively tested on se-

quencing data produced on Illumina systems. It cannot be used

with colorspace (i.e., SOLiD) data.

VariantMaster works as a stand-alone program or as part of

a full pipeline. It requires at least 3 GB of RAM and fully processes

all modes of inheritance (de novo, dominant, recessive, X-linked)

for an annotated exome-sequenced trio (father, mother, proband)

in <20 min on a standard computer. In general, VariantMaster

takes 3–5 min of computation time per annotated sample.

VariantMaster has the potential to become an indispensable

tool in the investigation of genetic diseases and molecular cancer

profiles. The demonstrated effectiveness

and flexibility in identifying a recessive

causative mutation in a rare disease in

a nuclear family and deleterious variants

in a subset of TCGA colorectal tumor

samples show its high potential for in-

tegration as part of a standard pipeline in

either a research or diagnostic setting.

Methods

Input data
VariantMaster accepts BAM formatted files
and processes lists of annotated or non-
annotated variants (Variant Call Format,
VCF). Nonannotated variants are pro-
cessed with Annovar equipped with da-
tabases for genomic annotations; allelic

frequencies in 1000 Genomes, dbSNP, and Exome Variant Server;
as well as conservation tracks and pathogenicity scores.

Relationships (family pedigrees, tumor-normal or unrelated
individuals) are provided to VariantMaster through a TFAM file
(http://pngu.mgh.harvard.edu/;purcell/plink/). VariantMaster can
process one or more pedigrees of arbitrary complexity in one run.
Filtering operators are defined for each analysis mode in a separate
configuration file (for details, see Supplemental Material).

Carrier probability estimation and conditional variant calling

Given that a single nucleotide variant A with coordinates
x[ðchr; posÞ has been identified in the family member s [described
by the variable sA and PðsAÞ ¼ 1] and k (>0) out of n reads presenting
with the allele A has been observed in the same site of the genome
of another family member f [expressed with Af ðk;nÞ], we would
like to estimate the probability that f is effectively a carrier of the
variant A (this event being described by the dichotomous variable
f A). In other words, we need to calculate the conditional proba-
bilityPðf AjAf ðkÞ; sAÞ.

Indeed, by means of the chain rule,

Pðf AjAf ; sAÞ ¼
PðAf jsA; f AÞPðsA; f AÞ

PðsA;A
f Þ

¼ PðAf jf AÞPðsA; f AÞ
PðAf jf AÞPðf AÞ þ PðAf j:f AÞPð:f AÞ

; ð1Þ

where we observed that PðAf jsA; f AÞ ¼ PðAf jf AÞ.
Moreover, since PðsAÞ ¼ 1,

Pðf AÞ ¼ Pðf A; sAÞ þ Pðf A;:s�AÞ
zfflfflfflfflfflfflffl}|fflfflfflfflfflfflffl{¼0

¼ Ffs þ ð1�FfsÞmA; ð2aÞ

where Ffs is the coefficient of relationship [= Pðf AjsAÞ] that can be
calculated from the pedigree structure, and mA is the allelic fre-

Table 2. Performance comparison on somatic variants’ identification in TCGA colorectal tumor samples

AA3710 AA3877 AA3866 AA3870 AA3855 AA3842 AG3883 AA3872

Validated 84 686 49 879 89 35 85 81
VariantMaster Tp/(Tp + Fp) 69/187 559/877 39/156 673/1060 67/128 21/129 50/203 47/128
VarScan Tp/(Tp + Fp) 69/606 526/1410 32/316 530/1220 27/175 20/579 41/234 17/1225

(Tp) True positives. (Fp) False positives.

Figure 4. Performance of VariantMaster on the extraction of somatic variants from eight TCGA co-
lorectal cancer matched tumor-germline samples in comparison with VarScan. VariantMaster yielded
better results in all analyzed samples. In particular, VariantMaster achieved an average sensitivity of
72%, significantly higher than VarScan (55%). Moreover, VariantMaster outperformed VarScan in
terms of precision, obtaining an average of 40% compared with 18% obtained by VarScan.

Variant ID and prioritization with VariantMaster

Genome Research 353
www.genome.org

http://pngu.mgh.harvard.edu/%7Epurcell/plink/
http://pngu.mgh.harvard.edu/%7Epurcell/plink/


quency in the general population (= 0 if A has never been ob-
served before).

We estimated PðAf jf AÞ by considering the probability of ob-
serving one read with a specific variant in a locus x as being the
same among all the individuals. Accordingly, we have

PðAf ðkÞjf AÞ ¼
n
k

� �
pk

Að1� pAÞ
n�k; ð2bÞ

where pA ¼ k
n

� �
s

is the allelic ratio of the variant A as observed
in s.

The term PðAf j:f AÞ is the probability of observing k reads
presenting with the allele A whether f is not a carrier. The proba-
bility of erroneously observing A may be written in terms of the
base calling error rate as given in Phred format by the sequencer,
conditioned on the coverage nðxÞ. Therefore, if A has been seen k
times and e is the vector containing k equal error rates, we write the
following:

PðAf j:f AÞ ¼ Pe ¼
n
k

� �
ek 1� pA

� �n�k
: ð2cÞ

Replacing Equations 2a, 2b, and 2c in Equation 1 and sim-
plifying, we eventually get

Pðf AjAf ; sAÞ ¼
pk

A Ffs þ ð1�FfsÞmA

� �
pk

A Ffs þ ð1�FfsÞmA

� �
þ ekð1�FfsÞð1� mAÞ

: ð3Þ

For practical application, we consider the individual f as a carrier of
A if Pðf AjAf ; sAÞ > T with T ¼ 0:95. However, this parameter can be
changed by the user in the configuration settings. We arbitrarily set
Ftg ¼ 0:5 in tumor-germline matched analyses.

Exome sequencing, mapping, and variant calling

Exome capture of all members of the familial case was conducted
using the SureSelect Human All Exon V3 or V4 kit (Agilent
Technologies) according to manufacturer’s recommendations.
Three different genomic libraries were pooled and sequenced in
one lane of an Illumina HiSeq 2000 sequencer using a 2 3 95-bp
paired end indexing protocol. Specifically, the mapping of fastq
reads was performed with BWA, with duplicate removal by
SAMtools, against the hg19 reference. SNPs have been called by
the GATK Unified Genotyper. A comprehensive schematic of the
pipeline is represented in Supplemental Figure 1.

Whole-genome and whole-exome sequencing data (BAM) of
the CEU trio (NA12878, daughter; NA12891, father; and NA12892,
mother) were downloaded from ftp://ftp-trace.ncbi.nih.gov/
1000genomes/ftp/technical/working/20120117_ceu_trio_b37_decoy/
and processed as previously described. HapMap genotyped SNPs
were downloaded from ftp://ftp.ncbi.nlm.nih.gov/hapmap/
genotypes/2010-08_phaseII + II.

Aligned reads (BAM) of eight paired tumor samples + germline
were downloaded from https://tcga-data.nci.nih.gov/, and the re-
spective annotations were obtained from COSMIC (http://cancer.
sanger.ac.uk/cancergenome/projects/cosmic/). Variants were ex-
tracted as previously described. Functional variants from each tu-
mor sample (nonsense, missense, frameshift, and splicing) with
coverage > 3, QS > 15, and no constraints on frequency were filtered
in by VariantMaster and considered as putative somatic mutations if
not found in the related germline sample.

Further details regarding data processing and settings
of KGGSeq and VarScan are reported in the Supplemental
Material.

Processing modes available in VariantMaster

VariantMaster implements several modes of inheritance allowing
for missing individuals in the pedigree. Missing individuals will be
considered as unaffected by default if not otherwise specified in the
configuration file. Dominant, X-linked, recessive homozygous,
and compound heterozygous modes can work with NGS data and/
or genotypes. However, VariantMaster requires, at minimum, the
sequenced variants of at least one affected individual.

De novo mode of inheritance is applied to trios (father,
mother, child), and it requires the availability of HTS data for all
members of the family.

Tumor-germline comparison works with HTS data only. It is
possible to compare several replicates from the same tumor to its
related normal sample to identify primary driver mutations or two
replicates from the same tumor to isolate late somatic mutations.

Variants from a pool of unrelated individuals are filtered and
organized according to their associated gene and their eventual
recurrences in the pool.

VariantMaster collects all the variants according to the re-
quested analysis in all the families, tumors, or unrelated individuals
and creates a unified record containing the occurrence of the same
variant and the normalized (with respect to gene length) muta-
tional load of each single gene.

Technical notes

VariantMaster is written in python2.7 and is released as executable
for Linux systems (http://sourceforge.net/projects/variantmaster/).
It imports PySam (http://code.google.com/p/pysam) and a custom-
ized wrapped version of BEDTools (Quinlan and Hall 2010). Addi-
tional details can be found in the Supplemental Material.
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