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ABSTRACT Deciphering the genetic basis of human disease requires a comprehensive knowledge of genetic variants irrespective of
their class or frequency. Although an impressive number of human genetic variants have been catalogued, a large fraction of the
genetic difference that distinguishes two human genomes is still not understood at the base-pair level. This is because the emphasis
has been on single-nucleotide variation as opposed to less tractable and more complex genetic variants, including indels and structural
variants. The latter, we propose, will have a large impact on human phenotypes but require a more systematic assessment of genomes
at deeper coverage and alternate sequencing and mapping technologies.
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UNCOVERING the genetic basis of human disease and
phenotype requires an understanding of the nature and

pattern of human genetic variation. This includes not only
variant discovery and accurate genotyping but a resolution of
the haplotype structure and the mutational properties that
have shaped our genome. The completion of phase 3 of the
1000 Genomes Project (Auton et al. 2015) was an important
landmark in this regard. More than 2500 “normal genomes”
were sequenced from 26 different human populations, re-
vealing an impressive 84.7 million single-nucleotide variants
(SNVs), 3.6 million insertion/deletion (indel) variants,
and .60,000 structural variants (SVs). The latter are distin-
guished from indels based on event sizes greater than or
equal to 50 bp in length (Sudmant et al. 2015b). While there
are other similar population-based genome sequencing
projects that have been recently completed (Genome of
the Netherlands Consortium 2014; Sudmant et al. 2015a)
or are underway (e.g., UK10K Consortium et al. 2015), most
are smaller in scale and/or have more restrictions with re-
spect to data access and use. As a result, the 1000 Genomes
Project variants serve as one of the most powerful resources

for understanding the normal pattern of human genetic
variation.

There are two current limitations with this catalog of
human genetic variation. First, it is derived from relatively
sparse genome sequence data (six- to sevenfold sequence
coverage). The decision to sequence genomes at this level
of coverage was only partially an economic one. It was driven
largely by population genetic theory where most of the com-
mon genetic variation (.1% allele frequency) could be re-
solved by imputation as a result of linkage disequilibrium
(1000 Genomes Project Consortium 2010). As a result, more
genomes were strategically sequenced rather than sequenc-
ing fewer genomes more deeply. The project exceeded expec-
tations, detecting an estimated 75% of SNVs with an allele
frequency of .0.1%. This approach had limited power to
detect rare variants (,0.1% frequency) and SVs (irrespective
of their allele frequency). For diseases where rare variants or
SVs are known to play an important role (e.g., epilepsy,
intellectual disability, autism, and schizophrenia) (Hoischen
et al. 2014), larger and deeper datasets, such as the Exome
Aggregation Consortium (ExAC) database for SNVmutations
within coding sequence (Song et al. 2015) and SV databases
developed from thousands of population controls (Coe et al.
2014; MacDonald et al. 2014), are critically important.

The second limitation is that not all genetic variation has
been equally ascertained even after conditioning on the allele
frequency. Detailed targeted sequencing of regions of the
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human genome suggests that indels should occur at approx-
imately one-tenth of the frequency of SNVs (Bhangale et al.
2005), suggesting that the current catalog may be missing
at least 30–40% of all indels. Detection of indels associated
with short tandem repeat (STR) sequences is particularly
challenging and specialized methods have been developed to
discover and accurately genotype these from next-generation
sequencing datasets (Karakoc et al. 2012; Narzisi et al. 2014;
Willems et al. 2014; Chaisson et al. 2015a). Sensitivity for indel
variant discovery is generally much lower than for SNVs. A
comparison of 170 genomes sequenced to high coverage by
an orthogonal sequencing platform (Complete Genomics) sug-
gests that less than 75% of indels with an allele frequency of
0.5% were detected. The sensitivity of indel detection drops
precipitously as the allele frequency dips below 0.3% (Auton
et al. 2015).

The situation for SVs is, in fact, much bleaker with respect
to sensitivity and specificity. This stems from the fact that
discovery of these variants is largely indirect, depending on
mapping short-read sequencing data using read-depth or
read-pair detection methods. Thus, unlike SNVs where dis-
covery and sequence resolution occur simultaneously, dele-
tions, duplications, and inversions are often inferred based on
specific signatures, with breakpoint resolution occurring post
hoc. Not surprisingly, almost half of the 68,000 SVs (46%)
detected as part of the 1000 Genomes Project have no or
limited breakpoint resolution (Sudmant et al. 2015b). More-
over, the majority of SV callsets are restricted to those with
less than a 5% false discovery rate. This translates into a large
fraction of SVs not being reported because it is currently
impractical to experimentally validate all events.

Sensitivity estimates vary considerably depending on the
type of SV. It has been estimated, for example, that 68% of
inversions and35%of duplication events are unrecognized, in
contrast to deletionswhere sensitivity estimates are as high as
80% (Sudmant et al. 2015b). This bias against particular
classes of structural variation affects both common and rare
genetic variation. Sensitivity also varies as a function of size,
with both ends of the SV spectrum adversely affected. Com-
parisons with SVs resolved using long-read sequencing tech-
nologies [e.g., single-molecule, real-time (SMRT) or Pacific
Biosciences sequencing technology] suggest that themajority
(.80%) of insertions and deletions between 50 bp and 1 kbp
in length are missed using short-read sequencing tech-
nologies (Figure 1) (Chaisson et al. 2015a), irrespective of
frequency. These results argue that most widely used se-
quencing technologies are insufficient, because short reads
fail to detect and accurately genotype a large fraction of SVs.

At theother endof the spectrum, the largest commonSVs in
the human genome are segmental duplications (duplicated
sequences .1 kbp and .90% sequence identity). Approxi-
mately half of the copy number variants between two hu-
mans larger than 1 kbp map to this 5% of the human
genome (Sudmant et al. 2015a). Structural variation in these
regions is frequently complex and associated with multicopy
number states (sometimes referred to as multiallelic or

mCNVs). mCNVs are currently approximated based on map-
ping short-read sequences to a reference genome and esti-
mating the diploid copy to the nearest integer (e.g., 1, 2, 3, 4,
5 copies, etc.). As the size of the mCNV and whole-genome
sequence coverage decreases, so too does the accuracy of
copy number estimates (Sudmant et al. 2010). Since different
chromosomal haplotype combinations (e.g., 2 copies on one
chromosome and 3 copies on another vs. 4 copies on one
chromosome and 1 on another) may arrive at the same dip-
lotype copy number (e.g., 5 copies), imputation for this type
of variation becomes increasingly problematic as copy num-
ber increases (Handsaker et al. 2015). mCNV breakpoints
frequently are flanked by high-identity repetitive sequence,
further limiting imputation and association of this form
of genetic variation with human phenotypes. Haplotype-
resolved sequencing of these regions has consistently shown
that such inferential genotyping underestimates the genetic
complexity of the underlying genetic variation of these re-
gions (Boettger et al. 2012; Steinberg et al. 2012; Antonacci
et al. 2014; O’Bleness et al. 2014). Several lines of evidence
suggest that this missing variation will be critical to interpret-
ing the “missing heritability” of human disease. First, the
genes and regions associated with this variation are hotspots
of recurrent mutation directly or indirectly associated with
human disease and the emergence of novel genes associated
with the evolution of human phenotypes (Chaisson et al.
2015a; Florio et al. 2015). The HLA locus is perhaps the most
well-cited example of this (Raymond et al. 2005) but many
more examples of regions of comparable complexity have
emerged over the last few years (Boettger et al. 2012; Steinberg
et al. 2012; Antonacci et al. 2014; O’Bleness et al. 2014).
Second, SVs have been estimated to be enriched 50-fold
for expression quantitative trait loci (eQTL) when compared
to SNVs (relative to the number of events tested) (Sudmant
et al. 2015b). Similarly, indel variants were the top associated
eQTL 26–40% of the time (Auton et al. 2015). These data
confirm intuition that this variation, because of its size, is
likely to have a greater impact on gene expression than SNVs.
Similarly, genome-wide association loci are estimated to be
enriched almost threefold for common SVs (Sudmant et al.
2015b). This estimate must be considered a lower bound
because large swathes of SVs are more difficult to impute
based on linkage disequilibrium with nearby SNVs obtained
from whole-genome sequencing data. Only 44% of duplica-
tions, for example, with an allele frequency .0.1% could be
imputed by the best flanking single-nucleotide polymorphism
(r2 . 0.6) (Sudmant et al. 2015b) after considering all non-
singleton SNVs in 1 Mbp flanking each SV. The proportion of
untagged duplications remained similar at higher allele fre-
quencies perhaps as a result of recurrent mutational events
and the paucity of reliable SNVs in close proximity. Many of
these genetic variants thus represent terra incognita with re-
spect to ongoing genetic association studies and, therefore,
the causative variants have yet to be discovered.

Given its importance, what is the solution to improving our
understanding of the more complex forms of human genetic
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variation? There are three obvious steps. First, sequence ge-
nomes from populations much more deeply (e.g.,.30-fold
sequence coverage) to increase sensitivity of detection of SVs
and indels at the individual genome level. This should be
done in the context of families in order to understand trans-
mission properties and mutation rates, which are expected to
vary by orders of magnitude for SVs when compared to SNVs.
While there are currently many initiatives that have been
launched to sequence genomes, most of these are associated
with specific clinical phenotypes and have restricted use and
data access. It is important that the sequence data and the
variants be made publicly available without restriction to have
the broadest impact. The genetic resources collected as part of
the 1000 Genomes Project are an obvious first choice because
cell lines, high-quality DNA, and consents are already in place
(Auton et al. 2015). They are also ideal because a large fraction
of the 3500 samples collected from the 1000 Genomes Project
exist in the form of parent–child trios, although few related
individuals were sequenced as part of the project.

Second, characterize genomes using orthogonal technol-
ogies (Berlin et al. 2015; Chaisson et al. 2015a; Mak et al.
2016), specifically long-read sequencing technologies such as
SMRT and Oxford Nanopore Technologies sequencing that
increase power to detect both complex and intermediate-size
(50–2000 bp) SVs. Longer reads will also improve physical
phasing of SVs and SNVs enhancing future association studies
(especially for more complex SVs such asmCNVs). It should be
noted, however, that long-read sequencing technology delivers
sequence reads that are still too short (,70 kbp) to completely
resolve the most complex SVs within segmental duplications,
so continued investment into mapping and sequencing tech-
nologies that resolve molecules up to 1 Mbp in length should
be a priority (Chaisson et al. 2015b).

Third, combine computational and experimental methods
to resolve the physical haplotype structure of humangenomes
as opposed to relying on inferential methods (English et al.
2015; Pendleton et al. 2015). This is especially relevant with

respect to STRs andmCNVs where the frequency of recurrent
mutation is expected to be high and direct observation and
resolution of the sequence structure will be key to associating
variants with phenotype. Such an endeavor could begin with
a small number (n = 20–50) of human reference genomes
completely resolved at the single haplotype level, including
the structure and organization of the copy number polymor-
phic segmental duplications. Data from these new references
could be used in the short term to computationally im-
prove imputation for mCNVs and other complex SVs. When
long-read sequencing technology becomes affordable and ubi-
quitous, haplotype-resolved sequenced genomes will likely
become the standard for studies of human genetic disease
and phenotype. This, of course, requires that we start thinking
about a six-billion as opposed to a three-billion base-pair ge-
nome. While many of these next steps may have seemed an
impossibility 5 years ago, rapid advances in genomic technol-
ogy make a complete understanding of human genetic varia-
tion a real possibility that can now be pursued.
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