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Abstract
Disease gene discovery has been transformed by affordable sequencing of exomes and genomes.
Identification of disease-causing mutations requires sifting through a large number of sequence
variants. A subset of the variants are unlikely to be good candidates for disease causation based on
one or more of the following criteria: (1) being located in genomic regions known to be highly
polymorphic, (2) having characteristics suggesting assembly misalignment, and/or (3) being
labeled as variants based on misleading reference genome information. We analyzed exome
sequence data from 118 individuals in 29 families seen in the NIH Undiagnosed Diseases Program
(UDP) to create lists of variants and genes with these characteristics. Specifically, we identified
several groups of genes that are candidates for provisional exclusion during exome analysis;
23,389 positions with excess heterozygosity suggestive of alignment errors; and 1,009 positions in
which the hg18 human genome reference sequence appeared to contain a minor allele. Exclusion
of such variants, which we provide in supplemental lists, will likely enhance identification of
disease-causing mutations using exome sequence data.
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INTRODUCTION
Identification of disease-causing genes among the variants generated by exome sequencing
(ES) requires the separation of candidates with high pathogenic potential from variants that
have a low-probability for disease causation. Numerous well-described mechanisms can
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generate low-interest variants. Biological sources of low-interest variants include both
common and rare population variation. Certain regions of the genome are unusually variable
and the study of exome sequencing data from even a few individuals reveals genes that vary
from the reference sequence in most, if not all, sequenced individuals.

High throughput sequencing techniques also generates low-interest variants in the form of
genotype false-positives. Errors can arise from biases in the library construction (Aird, et al.,
2011; Bentley, et al., 2008; Koboldt, et al., 2010; Teer, et al., 2010), errant polymerase
reactions (Aird, et al., 2011), difficulty making genotype calls at the end of short reads, loss
of synchrony among DNA sequencing reactions within a cluster (Ledergerber and
Dessimoz, 2011) or manufacturer/platform-specific mechanistic problems such as overlap in
absorption spectra for guanine and thymine in the Illumina system (Dohm, et al., 2008;
Meacham, et al., 2011). Misalignment of sequencing reads to a reference sequence (RefSeq)
and inaccuracies or biases of the RefSeq compared to a specific local population are other
sources of false positive genotype calls in Next Generation Sequencing (NGS) data (Church,
et al., 2011). Misalignments of short-length sequencing reads to a reference sequence are
influenced by the choice of seed-based strategies or algorithms for complete alignment
permutations (Homer and Nelson, 2010; Li and Durbin, 2009; Schatz, et al., 2010). These
problems often arise in regions with low complexity (Landan and Graur, 2007) or result
from misalignment of multiple copies of genes, paralogues or pseudogenes (Blankenberg, et
al., 2010).

The reference sequence itself may be an additional source of variants. For some base
positions, the reference sequence specifies a minor allele in most large human populations.
Such biases occur because of the limited number of individuals on which the original
reference sequence was based, plus sequencing and alignment errors (Lander, et al., 2001).
As a result, the NCBI human genome reference sequence includes minor variants, unique
variants and, possibly, disease-causing mutations (Snyder, et al., 2010)
(http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/).

Some of these variants can be identified and provisionally excluded during a search for
disease-causing variants. Herein we provide example exclusion lists based upon our
accumulated hg18 ES data. In addition, it is important for researchers to generate similar
exclusion lists from their own datasets to take into account errors, that may be specific to the
sequencing and analysis methodology or the human genome reference version used.

METHODS
Patients

Patients accepted into the NIH Undiagnosed Diseases Program (UDP) were enrolled in
clinical protocol 76-HG-0238, approved by the Institutional Review Board of the National
Human Genome Research Institute and gave written, informed consent. The patients were
members of 29 different families and had unique and widely divergent phenotypes. These 29
families contained 55 founders and additional affected and unaffected siblings of the
probands, summing to a total of 118 individuals. Of the 29 families, 5 have been diagnosed
(see accompanying manuscripts; Gahl, et al., 2011; Gahl and Tifft, 2011; Pierson, et al.,
2011) and several others have strong candidate gene leads identified by ES.

An additional anonymized dataset of 401 exome sequences derived from the ClinSeq™
study (Biesecker, et al., 2009) was used as a crosscheck on the population characteristics of
specific variants discovered in the UDP data set.

Fajardo et al. Page 2

Hum Mutat. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/


DNA extraction
DNA was extracted from 10 mL of peripheral whole blood using the Puregene kit (Qiagen,
Inc., Valencia, CA) according to the manufacturer’s protocol.

Exome sequencing, sequence alignment and variant annotation
Initially the Agilent (Santa Clara, CA) Human 38Mb all exome capture method was used for
enrichment and, as the design improved to capture additional exons and previously
unannotated genes, the 50Mb capture method was substituted. (Coffey, et al., 2011; Gnirke,
et al., 2009). 150 base pair (bp) insert libraries were used for capture without indexing. The
Illumina GAIIx platform was used to obtain paired end 76 bp and 101 bp sequencing reads
(Bentley, et al., 2008) as technology progressed. Potential duplicate reads arising from PCR
duplication were retained since the National Institutes of Health Intramural Sequencing
Center (NISC) has observed that their PCR duplicate levels are consistently <10% of reads
and that their genotypes have >99.9% concordance with genotypes from SNP arrays.

Alignment to the human genome reference sequence (UCSC assembly hg18, NCBI build
36) was carried out using the Efficient Large-Scale Alignment of Nucleotide Databases
(ELAND) package (Illumina, Inc., San Diego, CA). ELAND was used in such a way that
paired-end reads were aligned independently, and those that aligned uniquely were grouped
into genomic sequence intervals of about 100 kb. Those that failed to align were binned with
their paired-end mates, thus making use of paired-end information not utilized by ELAND.
Reads that mapped equally well in more than one location were discarded. Cross_Match (P.
Green, http://www.phrap.org), a Smith-Waterman based local alignment algorithm, was
used to align binned reads to their respective 100 kb genomic sequence, using the
parameters –minscore 21 and –masklevel 0. Cross_Match alignments were converted to the
SamTools BAM format.

Because of the large number of exome sequences already aligned to hg18, NISC has
continued to use this as the reference for exome sequence alignment. In order to compare
our exome sequences to the ClinSeq exome sequences, which we use as an internally
controlled allele frequency filter, we did not realign to the hg19 reference. We also elected
to align to hg18 because even though hg18 has technically been superseded by hg19, hg18
still has more UCSC annotation. Consequently, all positions within the main text and
supporting information refer to hg18 genome coordinates.

Genotypes were called using bam2mpg2 (http://research.nhgri.nih.gov/software/bam2mpg)
for all positions with high-quality sequence (Phred-like Q20 or greater) using a Bayesian
algorithm (Most Probable Genotype (MPG))(Teer, et al., 2010). Genotypes with an MPG
score ≥10 had a > 99.89% concordance to genotypes from SNP array data. Similar to the
method for false positive reduction in the GATK software (Depristo, et al., 2011), an
optional data quality filter MPG/coverage ratio ≥0.5 was also applied to reduce false
positives due to alignment errors (Ajay, et al., 2011; Wei, et al., 2011). Missense variants
were then assigned a delta score depending on the predicted degree of severity for functional
disruption using the Conserved Domain-based Prediction (CDPred) algorithm (Bell, et al.,
2011; Johnston, et al., 2010; McLaughlin, et al., 2010; Prickett, et al., 2011)
(http://research.nhgri.nih.gov/software/CDPred/). Variants with a CDPred delta score
between -1 and -30 are classified as “predicted deleterious”. CDPred scores are based on
well-annotated and manually curated protein domains when the variant can be aligned to an
entry in the NCBI Conserved Domain Database (CDD). When alignment to a CDD entry is
not possible, CDPred defaults to the BLOSUM 62 substitution matrix. The positive or
negative magnitude of output scores is more restricted when the substitution matrix is used
reflecting the paucity of data in those regions. CDPred was chosen over other programs such
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as SIFT (Ng and Henikoff, 2003) and Polyphen (Adzhubei, et al., 2010) because it was easy
to incorporate into an automated pipeline, provided suitable output characteristics for our
analyses and performed similarly to SIFT and Polyphen (unpublished data).

Filtering and statistical analysis of variants
The variant lists provided by NISC were sorted and filtered using the VarSifter software
(http://research.nhgri.nih.gov/software/VarSifter) (Teer, et al., 2011) and then exported to
Excel (Microsoft Corp., Renton, WA) for further analysis. Boolean logic filtering was
performed using the JavaSDK package implemented in VarSifter. Conditional exact Hardy
Weinberg equilibrium (HWE) one-sided testing was performed on all the available data for
the UDP variants using the conditional HWExact module with the “greater” option selected.
The R language package was developed by Jan Graffelmann (Engels, 2009; Graffelman,
2010; Wigginton, et al., 2005) (http://www.r-project.org, http://www-eio.upc.edu/~jan).

Varsifter formatted Bedfiles mentioned in this manuscript (Supp. Files S1–S4) were
generated using the online software analysis suite Galaxy (http://main.g2.bx.psu.edu/root)
(Blankenberg, et al., 2010; Goecks, et al., 2010). These bedfiles are provided as supporting
information in the online version of this manuscript. Since the primary purpose of these files
is to exclude suspected false positive variants from the data being queried within Varsifter,
the genome wide complement data option in Galaxy was used to meet the program’s
formatting requirements of only an “include bedfile positions” option. Therefore, although
these files can be viewed using the UCSC genome browser (http://genome.ucsc.edu/), the
display of these custom tracks shows variant positions in white and all other regions of the
genome as a solid black line.

Comparison of identified variants with other platforms and alignment methods
The subset of putative confounding variants identified in the UDP exomes and meeting the
criteria of MPG ≥10 and MPG/Coverage ≥0.5 were compared to four whole genome
sequencing datasets generated with the Illumina HiSeq 2000 sequencer and paired end reads
(100bp). The sequence data were aligned using the Burrows Wheeler Algorithm (Li and
Durbin, 2009). We also compared ES variants to 69 human genomes publically released
from Complete Genomics, Inc. (Drmanac, et al., 2010) using BEDtools (v2.12) and in-house
Perl scripts.

Gene exclusion list generation
Developing the provisional gene name exclusion list began by grouping all variants for the
29 families by locus name. The total number of predicted deleterious variants per family at
each locus was recorded and the loci were sorted by number of occurrences. Validated
NCBI pseudogenes were identified in the latest version of Gene
(http://www.ncbi.nlm.nih.gov/gene) and added to an alternative gene exclusion list.

RESULTS
ES variants shared among probands with dissimilar phenotypes

Patients enrolled in the NIH Undiagnosed Diseases Program (UDP) exhibit heterogeneous,
striking, and unusual phenotypes that have eluded diagnosis and may reflect new diseases.
To determine the genetic bases of these disorders, we performed exome sequencing on a
subset of participants. Using the 38 Mb Agilent Human SureSelect Kit, which targets the
NCBI Consensus Coding Sequence, and two GAIIX flow cell lanes gave an average of 2.8
Gb of aligned sequence bases per sample, and on average 88.9% of baited nucleotides had
an MPG score ≥10. For the 50 Mb Agilent Human SureSelect Kit, we obtained an average
of 3.9 Gb of aligned sequence bases per sample, and on average 88.8% of baited nucleotides
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had an MPG score ≥10. Further details on coverage statistics are provided in the
accompanying manuscript of (Dias, et al., 2012).

The total set of sequenced exomes comprised 118 individuals, including a founder subset of
55 individuals. Using a quality cutoff of MPG ≥10, a subset of 698,248 unique variants was
detected in the total set, and subset of 549,242 in the founder set (Table 1). Many variants
were recurrent, despite highly divergent phenotypes among the probands. The diseases
represented by the UDP cohort are likely rare and highly penetrant. We reasoned that any
ES variant shared by multiple families with different proband phenotypes is unlikely to be
disease-causing even if it is predicted to be deleterious by algorithms such as SIFT (Ng and
Henikoff, 2003), Polyphen (Adzhubei, et al., 2010) or CDPred (Johnston, et al., 2010). This
provided a component of the rationale for creating lists of low-interest variants.

Highly variable genes
We hypothesized that genes frequently containing numerous pathogenic variants had a low
probability of being the source of disease-causing candidates for most exome/genome
projects. Therefore, we sought to exclude genes that had frequent variations from the RefSeq
that were plausibly pathogenic (missense, nonsense, frame-shifting, canonical-splice-site
modifying) and rare enough to remain after filtering out common polymorphisms. For some
exclusion lists, we applied a software prediction of variant pathogenicity using CDPred. The
genes we identified are enumerated in the lists Supp. Tables S1–S7 and are listed along with
construction notes in Supp. Table S8. For our exome projects, we applied gene exclusion
lists as a provisional filtration step, adding back subsets of the excluded genes if no
convincing disease-causing variants were found.

Deviations from Hardy-Weinberg Equilibrium: Excess Heterozygosity
The presence of excess heterozygosity in a cohort of exome sequence data is suggestive of
sequence-read alignment errors, wherein two similar sequences, each homozygous for a
different nucleotide at one or more positions, are aligned. We investigated whether such
patterns existed in our data and found 392 variants with an MPG ≥10 that were
heterozygous in all 118 UDP exomes (Supp. File S1 and Supp. Table S9 (tab
heterozygous_nonref_annotations.xls)).

Previous publications concerning SNP (Doron and Shweiki, 2011) and exome data have
proposed that the genotypes of misaligned sequences will be in Hardy-Weinberg
disequilibrium (Engels, 2009; Graffelman, 2010; Wigginton, et al., 2005). The a priori
probability of only heterozygous genotypes, based upon equal allele frequencies, is p ≤
(½)−55 for the 55 independent founder genotypes and is p ≤ (½)−118 when including the
entire cohort. Applying a Bonferonni correction of 7.0 × 10−5 to the 549,242 ES variants
identified in the founders, we concluded that a conditional, single tailed, HWE exact p value
of less than 7.0 × 10−8 would be significant for inclusion into a false positive list at p < 0.05.
Using this criterion, we identified 23,389 positions with excess heterozygosity (Supp. File
S2 and Supp. Table S9 (tab heterozygous_nonref_annotations_2.xls)); each variant had an
MPG ≥10 in at least one exome.

We reasoned that, if these heterozygous variants arose from a compression block, a region
where highly similar sequences are inadvertently compressed computationally (Roach, et al.,
2010), the two nearly identical component sequences that were misaligned might show up as
copy number variations detected by other means. Confirming our suspicion, we found
15,140 variants in CNV regions listed in the Database of Genomic Variants (DGV) and as
identified by RepeatMasker, 2,104 variants within repeat regions and 593 variants within
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tandem repeats using SeattleSeq variant annotation
(http://gvs.gs.washington.edu/SeattleSeqAnnotation/).

Comparing the 392 positions where heterozygosity was the genotype in every exome to the
Agilent SureSelect baited regions, we found that fully half of the heterozygous variation in
these positions arose from incidental capture of nontargeted regions. In addition, two baits
had targeted regions that are now annotated as pseudogenes.

Deviations from Hardy-Weinberg Equilibrium: Excess Homozygosity
The presence of excess non-reference homozygosity for a given base pair in an exome
cohort suggests that the reference sequence contains a minor-allele nucleotide designation—
one that does not represent the major allele in the population from which the exome cohort
was derived. We identified 1,009 positions in which every exome was homozygous for a
non-reference genotype with an MPG ≥10. Using the UCSC genome browser to compare a
subset of 187 randomly selected variants to cDNA sequences aligned to the hg18 human
genome reference sequence, we found that in all cases where a cDNA sequence was
available, the reference cDNA sequence agreed with the non-reference genotype call in our
exome data. The 1009 nonreference homozygous variants are provided as a varsifter BED
formatted file Supp File S3, and additional data about the variants are included in Supp.
Table S9 (tab homozygous_nonref_annotations.xls).

Presence of Variants in dbSNP
The mechanisms discussed above may also produce DNA variant genotype calls with other
types of genotyping technology. We searched dbSNPv130 to see if our variants had been
previously reported. Of all the homozygous non-reference variants of high quality
(MPG≥10), 96.8% were in dbSNP. For the heterozygous variants identified by HWE
testing, 68% were in dbSNP. The SNP reference numbers for all variants are provided in
Supp. Table S9.

DISCUSSION
To filter false positive variants from exome sequence data and thereby aid discovery of
disease-causing mutations, we present a set of three tools, i.e., lists of highly polymorphic
genes, positions of recurrent suspected misalignments to the human genome reference
sequence, andpositions at which the hg18 human genome reference sequence contains a
minor allele. These lists, complementing previously published exome variant analysis tools
(Bilguvar, et al., 2010; Choi, et al., 2009; Hoischen, et al., 2010; Ng, et al., 2010a; Ng, et al.,
2010b), were derived from analyses of exome data generated by the NIH UDP exome set,
not from analysis of public databases. The tools are likely to be platform or alignment
specific to some extent, particularly the list of heterozygous sites. However, they may be
applicable in general to exome data collected with the widely used Agilent-Illumina
sequencing technologies.

Our list of highly “polymorphic” genes starts with those identified empirically as having a
large number of variants. We arbitrarily defined “large” as at least 10 predicted deleterious
variants by the CDPred algorithm (CDPred ≤ -1). One method to select genes that look to be
enriched for false positive variants, is to examine a diverse human population for genes that
consistently generate many variants. This could be due to sequence alignment artifacts or
true polymorphic nature of the genes; the ES samples obtained from the NIH UDP cohort
constitute an ideal cohort of such individuals with disparate conditions (Gahl and Tifft,
2011). To this list, we added genes of lower relevance for our UDP patients, such as
members of the olfactory and taste receptor gene families. Although these genes could cause
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disease by duplication and divergence to a moonlighting function or by exerting a dominant
negative effect, we considered these possibilities unlikely; also, adding them to our list of
excluded genes on a first pass analysis does not preclude the option of revisiting them later.
After thorough characterization of genes and regions where such variants are found, future
refinements could involve excluding only the highly polymorphic regions of these genes
rather than those entire gene loci.

Another common problem in analyzing ES data involves confounding variants arising from
misalignment of sequences to the human genome reference sequence. These false positives
can be identified using family data. Any ES data set, if produced in a consistent way, can be
analyzed for HWE deviations. Given the large number of variant positions generated by ES,
a conservative Bonferonni correction for multiple sampling was used to avoid spurious
exclusion of variants that by chance appeared out of HWE. Furthermore, lists of false
positive variants derived by looking at HWE should be generated using a single alignment
algorithm, as was done in this case. However, even when looking across platforms and
algorithms at the 37% (146/393) of the ES variants where there are only heterozygous
genotypes, we found concordance in more than 50 of the 69 publically available Complete
Genomics genomes.

Another source of confounding variants arises when the hg18 human genome reference
sequence contains a minor allele, rare disease-causing variant, or a simple sequencing error.
Although some of our variants might occur due to systemic errors in NGS compared to the
Sanger method used to generate the human genome reference sequence (Balasubramanian,
et al., 2011; van der Maarel, et al., 2011), comparing NGS of exomes with that of Illumina
genomes confirmed that the vast majority of the variant genotypes were correctly called. For
85% (863/1009) of the ES homozygous non-RefSeq genotypes, we also found concordance
in more than 50 of the 69 publically available Complete Genomics genomes. This suggests
that these variants are not always platform-, chemistry- or alignment-specific. Fortunately,
these errors will become less common as non-disease causing variations in the human
genome are identified and annotated (Church, et al., 2011). In fact, the accelerating
accumulation of sequencing data continues to contribute to the accuracy of a variety of data
sets including dbSNP and the human pan-genome (Li, et al., 2010).

Many of the variants detected by HWE and exome-dataset analysis also occur in dbSNP. For
the homozygous non-reference variants, this is not surprising, since minor alleles in the
reference sequence will differ from sequence data obtained using any technology. For
heterozygous variants, the percentage of variants in dbSNP is smaller, and may represent
similar sequencing specificity issues as those that arise using NGS. Filtration using
unselected dbSNP records introduces a well-described hazard of excluding important and
possibly disease-causing variants. Identification of variants using the methods we describe
allows for the construction of ES variant filters with known and rationally formulated
characteristics.

In conclusion, incremental improvements in the analysis of genome data will occur with
improved sequencing chemistry, better alignments, longer read lengths, deeper coverage,
and advanced technologies that address inadequacies in long-range sequencing and gap
filling (Homer and Nelson, 2010; Schatz, et al., 2010). For now, lists of problematic genes
or variant locations (e.g., heterozygous genotypes with HWE inconsistencies or all
homozygous nonhuman genome reference alleles) help to identify false positive signals
(Supp. File S4 and Supporting Information text). Such lists assist in the winnowing of ES
variants and are essential for disease-causing gene discovery.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Table 1

Analysis of 698264 sequence variants detected in ES data obtained from 29 UDP families

Data set Number of variants Number of genes

Variants arising in highly polymorphic genes

 ≥10 variants in all families N/A 17

 ≥10 variants in ≥3 families N/A 166

Variants arising from misalignment

 Heterozygous in every exome 392 45

 Excess heterozygosity 23,389 2,576

Variants arising from biases in the Hg18 human genome reference sequence

 Homozygous non-Hg18 human genome reference sequence in every exome 1,009 707
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