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variants for monogenic diseases3. Second, most alleles 
that are known to underlie Mendelian disorders disrupt  
protein-coding sequences13. Third, a large fraction of  
rare, protein-altering variants, such as missense or 
nonsense single-base substitutions or small insertion– 
deletions (that is, indels), are predicted to have functional 
consequences and/or to be deleterious14. As such, the 
exome represents a highly enriched subset of the genome 
in which to search for variants with large effect sizes.

Defining the exome. One particular challenge for apply-
ing exome sequencing has been how best to define the 
set of targets that constitute the exome. Considerable 
uncertainty remains regarding which sequences of the 
human genome are truly protein coding. When sequence 
capacity was more limiting, initial efforts at exome 
sequencing erred on the conservative side (for exam-
ple, by targeting the high-confidence subset of genes 
identified by the Consensus Coding Sequence (CCDS) 
Project). Commercial kits now target, at a minimum, all 
of the RefSeq collection and an increasingly large num-
ber of hypothetical proteins. Nevertheless, all existing 
targets have limitations. First, our knowledge of all truly 
protein-coding exons in the genome is still incomplete, 
so current capture probes can only target exons that have 
been identified so far. Second, the efficiency of capture 
probes varies considerably, and some sequences fail to 
be targeted by capture probe design altogether (FIG. 1). 
Third, not all templates are sequenced with equal effi-
ciency, and not all sequences can be aligned to the ref-
erence genome so as to allow base calling. Indeed, the 
effective coverage (for example, 50×) of exons using 
currently available commercial kits varies substantially. 
Finally, there is also the issue of whether sequences other 
than exons should be targeted (for example, microRNAs 
(miRNAs), promoters and ultra-conserved elements). 
These caveats aside, exome sequencing is rapidly prov-
ing to be a powerful new strategy for finding the cause 
of known or suspected Mendelian disorders for which 
the genetic basis has yet to be discovered.

Identifying causal alleles
A key challenge of using exome sequencing to find 
novel disease genes for either Mendelian or complex 
traits is how to identify disease-related alleles among 
the background of non-pathogenic polymorphism 
and sequencing errors. On average, exome sequencing 
identifies ~24,000 single nucleotide variants (SNVs) in 
African American samples and ~20,000 in European 
American samples (TABLE 1). More than 95% of these 
variants are already known as polymorphisms in 
human populations. Strategies for finding causal alleles 
against this background vary, as they do for traditional 
approaches to gene discovery, depending on factors 
such as: the mode of inheritance of a trait; the pedigree 
or population structure; whether a phenotype arises 
owing to de novo or inherited variants; and the extent 
of locus heterogeneity for a trait. Such factors also influ-
ence both the sample size needed to provide adequate 
power to detect trait-associated alleles and the selection 
of the most successful analytical framework.

Box 1 | Workflow for exome sequencing

Since 2007, there has been tremendous progress in the development of diverse 
technologies for capturing arbitrary subsets of a mammalian genome at a scale 
commensurate with that of massively parallel sequencing8,10,72–79. To capture all 
protein-coding sequences, which constitute less than 2% of the human genome,  
the field has largely converged on the aqueous-phase, capture-by-hybridization 
approach described below.

The basic steps required for exome sequencing are shown in the figure. Genomic 
DNA is randomly sheared, and several micrograms are used to construct an KP|XKVTQ�
shotgun library; the library fragments are flanked by adaptors (not shown). Next, the 
library is enriched for sequences corresponding to exons (dark blue fragments) by 
aqueous-phase hybridization capture: the fragments are hybridized to biotinylated 
DNA or RNA baits (orange fragments) in the presence of blocking oligonucleotides 
that are complementary to the adaptors (not shown). Recovery of the hybridized 
fragments by biotin–streptavidin-based pulldown is followed by amplification and 
massively parallel sequencing of the enriched, amplified library and the mapping  
and calling of candidate causal variants. Barcodes to allow sample indexing can 
potentially be introduced during the initial library construction or during 
post-capture amplification. Key performance parameters include the degree of 
enrichment, the uniformity with which targets are captured and the molecular 
complexity of the enriched library.

At least three vendors (Agilent, Illumina and Nimblegen) offer kitted reagents  
for exome capture. Although there are technical differences between them (for 
example, Agilent relies on RNA baits, whereas Illumina and Nimblegen use DNA baits 
— the kits vary in the definition of the exome), we find the performance of these kits 
to be largely equivalent, and each is generally scalable to 96-plex robotic 
automation. The fact that the costs of exome sequencing are not directly 
proportional to the fraction of the genome targeted is a consequence of several 
factors, including imperfect capture specificity, skewing in the uniformity of target 
coverage introduced by the capture step and the fixed or added costs that are 
associated with sample processing (for example, library construction and exome 
capture). This ratio will fall as the cost of whole-genome sequencing drops.

Although methods for calling single nucleotide substitutions are maturing80, there 
is considerable room for improvement in detecting small insertion–deletions and 
especially copy number changes from short-read exome sequence data81 (for 
example,�detecting a heterozygous, single-exon deletion with breakpoints that fall 
within adjacent introns). Exome sequencing also needs improvements of a technical 
nature. First, input requirements (several micrograms of high-quality DNA) are such 
that many samples that have already been collected are inaccessible. Protocols using 
whole-genome amplification or transposase-based library construction offer a 
solution82, but additional work is required to fully integrate and validate these 
methods. Second, as the minimum ‘unit’ of sequencing of massively parallel 
sequencing continues to increase, sample indexing with minimal performance loss 
and minimal crosstalk between samples will be required to lower the costs of exome 
sequencing. Third, a substantial fraction of the exome (~5–10%, depending on the kit) 
is poorly covered or altogether missed, largely owing to factors that are not specific 
to exome capture itself.
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Types of genetic variation
A
A

A
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Heterozygous

Deletion 
(hemizygous)

Duplication

SNP/SNV

CNV/indel

SNP/SNV: single nucleotide polymorphism/variant 
CNV: copy number variant 

indel: insertion/deletion



Effect of variants

silent - no amino acid change 

missense -  change amino acid 

nonsense - premature stop codon 

frameshift - shift the codon frame 

Indels - multiple effects
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Which variants cause disease?
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Genetics strategies to identify mutations
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Figure 2 | Strategies for finding disease-causing rare variants using exome sequencing. Four main strategies are 
illustrated. a | Sequencing and filtering across multiple unrelated, affected individuals (indicated by the three coloured 
circles). This approach is used to identify novel variants in the same gene (or genes), as indicated by the shaded region 
that is shared by the three individuals in this example. b | Sequencing and filtering among multiple affected individuals 
from within a pedigree (shaded circles and squares) to identify a gene (or genes) with a novel variant in a shared region 
of the genome. c | Sequencing parent–child trios for identifying FG|PQXQ mutations. d | Sampling and comparing the 
extremes of the distribution (arrows) for a quantitative phenotype. As shown in panel d, individuals with rare variants in 
the same gene (red crosses) are concentrated in one extreme of the distribution.

Processed pseudogenes
Copies of the coding 
sequences of genes that lack 
promoters and introns, contain 
poly(A) tails and are flanked  
by target-site duplications.

Posterior probability
The probability of an event 
after combining prior 
knowledge of the event with 
the likelihood of that event 
given by observed data.

Analytical failures can follow from the limitations 
and assumptions of discrete filtering. Perhaps the major 
limitation of discrete filtering is that its power is substan-
tially reduced by genetic heterogeneity. For example, if 
alleles of one gene account for only a fraction of cases, 
no single gene will be found to have disease-causing 
alleles in all cases, and several other genes may carry 
neutral mutations in as many cases, depending on the 
sample size. In this scenario, it is impossible to separate 
the causal alleles from the non-causal alleles. From an 
analytical perspective, false-negative calls, the presence 
of disease-causing alleles in the comparative data set and 
reduced penetrance result in a reduced signal-to-noise 
ratio that is practically indistinguishable from genetic 
heterogeneity. False-positive calls will result in detection 
of candidate genes that cannot logically be eliminated 
by filtering alone. False-positive calls are frequently 
observed in segmental duplications and processed  
pseudogenes. Particularly notorious are processed pseu-
dogenes that are not currently represented in the human 
genome (for example, CDC27; see REF. 11). Finally, quan-
tifying the strength of the results of discrete filtering 
by significance testing (for example, by P value or by  
posterior probability) is problematic in the absence of a 
better understanding about the nature and distribution 
of variation across the exome.

Application to clinical diagnostics
Discovery of variants that underlie both Mendelian 
and complex traits will naturally lead to a much deeper 
understanding of disease mechanisms that should, in 
turn, facilitate development of improved diagnostics, 
prevention strategies and targeted therapeutics48,49. For 
example, the finding that several families with domi-
nantly inherited adult-onset arterial calcifications had 
mutations in NT5E — a gene that encodes a protein 
involved in adenosine metabolism — allowed for con-
sideration of specific therapeutic interventions that 
would otherwise not have been considered50. Some of 
these improvements will soon be realized (for example, 
better diagnostics for Mendelian disorders and disorders 
of unknown aetiology), whereas others (for example, 
risk profiling for complex traits) are likely to be a more  
distant realization.

Diagnosis. One of the immediate applications of exome 
sequencing will be facilitating the accurate diagnosis 
of individuals with Mendelian disorders that: present 
with atypical manifestations; are difficult to confirm 
using clinical or laboratory criteria alone (for exam-
ple, when symptoms are shared among multiple dis-
orders); or require extensive or costly evaluation (for 
example, when there is a long list of possible candidate 
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Example
Finding the mutation in ARAS syndrome



ARAS syndrome

Born blind, due to anopthalmia/
micropthalmia  
Early onset (infant) 
neurodegenerative disease 
MRI shows brain atrophy 
Often fatal early

Diagnostic test?
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Exome sequencing
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