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Sequencing platforms

Platform 454 Illumina 
HiSeq

Illumina 
MiSeq PacBio* Ion Torrent*

System cost - -- ++ --- +++
Prep - + ++ + +

Running cost -- + ++ ++ ++

Run time 10 hours 1-9 days 27 hours 2 hours 2 hours

Read accuracy 99% 98% 98% 87% 98.8%

Read number 100000 3000000000 3500000 75000 6 x 10^6

Read length 400 bp 2x100 2x150 ~2700 (10kb) 2-400 bp

Output 35 Mb 600 Gb >1 Gb 90 Mb >1 Gb

*projected: Q4 2011-Q2 2012

Bench Top Convenience

6

Easy, automatic fluid connections.
Match the size of the Ion chip to your application.

Low cost, convenient, 
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NSC platforms - applications

Platform 454 Illumina 
HiSeq

Illumina 
MiSeq* PacBio* Ion Torrent*

Resequencing - +++ ++ + +++

de novo +++ + + +++ +++

metagenomics +++ ++ + ++ +++

mRNA ++ +++ ++ ++ ++

miRNA - +++ +++ - -

ChIP - +++ ++ - -

DNA meth - +++ + ??? -

*Q4 2011

Bench Top Convenience

6

Easy, automatic fluid connections.
Match the size of the Ion chip to your application.

Low cost, convenient, 
single use device.

Confidential and  Proprietary—DO NOT DUPLICATE



HTS and medical genetics



Methods for identifying variants/aberrations

Southern blotting

MLPA
Fragment analysis

FISH

Karyotyping

DNA (Sanger) sequencing

Array CGH 

Low throughput (limited number of loci per run)
Detect specific types of variation

SNP array



How soon will high-throughput sequencing 
replace these techniques?

Variation aCGH SNP array HTS

SNP - - +

indel - - +

CNV + + +

Non-balanced chromosomal aberrations + + +

Balanced chromosomal aberrations - - +

UPD - + +

Regions of homozygosity - + +

Trinucleotide repeats - - +?



Resequencing - aim
@EAS54_6_R1_2_1_413_324
CCCTTCTTGTCTTCAGCGTTTCTCC
+
;;3;;;;;;;;;;;;7;;;;;;;88
@EAS54_6_R1_2_1_540_792
TTGGCAGGCCAAGGCCGATGGATCA
+
;;;;;;;;;;;7;;;;;-;;;3;83
@EAS54_6_R1_2_1_443_348
GTTGCTTCTGGCGTGGGTGGGGGGG
+EAS54_6_R1_2_1_443_348
;;;;;;;;;;;9;7;;.7;39333

FASTQ format

R|G

Sequence Mutation

Compare to 
reference



Resequencing
Compare test sequence to a reference sequence

Mendelian (linkage)

Association studies

Exome sequencing

Identify genetic variation

Single-nucleotide polymorphisms (SNPs)

Insertions/deletions

Copy-number variation (CNVs)



Mendelian disease in man
2951 of the well-characterized phenotypes 
registered in OMIM have a known molecular basis

3743 registered phenotypes with known or 
suspected Mendelian basis, no associated gene 
has been identified

Protein coding regions of the human genome (the 
exome) constitute approximately 1.5% of the total, 
but harbour ~85% of the mutations with large 
effects on disease-related traits

Exome sequencing

HTS in research and routine diagnostics?

1965

1778

2951

OMIM Statistics

Mendelian, gene known
Mendelian, gene unknown
Suspected Mendelian
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Exome sequencing
4 easy steps
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Cluster Generation
<4 h (<10 min hands-on)

Sequencing by Synthesis
1.5-8 days (<10 min hands-on)
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Alignment
NovoAlign

BWA
Bowtie
Tophat

Variant calling
Filtering

MAQ
SAMtools

GATK
Annovar

Perl
shell

Viewing UCSC (bed, gff, wig)
IGV

Bioinformatics solutions

http://seqanswers.com/wiki/Software/list

http://seqanswers.com/wiki/Software/list
http://seqanswers.com/wiki/Software/list
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Resequencing - aim
@EAS54_6_R1_2_1_413_324
CCCTTCTTGTCTTCAGCGTTTCTCC
+
;;3;;;;;;;;;;;;7;;;;;;;88
@EAS54_6_R1_2_1_540_792
TTGGCAGGCCAAGGCCGATGGATCA
+
;;;;;;;;;;;7;;;;;-;;;3;83
@EAS54_6_R1_2_1_443_348
GTTGCTTCTGGCGTGGGTGGGGGGG
+EAS54_6_R1_2_1_443_348
;;;;;;;;;;;9;7;;.7;39333

FASTQ format

R|G

Sequence Mutation

Compare to 
reference



ExomeSeq - finding mutations

~ 20 000 variants will be found

Which variants are deleterious?

Novel? (dbSNP, 1000genomes, HGMD)

Synonymous/non-synonymous?

Conserved?

Alter protein structure? SNPnexus
PolyPhen2

MutationTaster
ANNOVAR

SeattleSeq Annotation

This is the hard part



What’s in an exome?
> 20 000 variants

Since the publication of Venter’s genome, several dozen
complete genomes and exomes (targeted sequencing of the
protein-coding regions of the genome) have been generated
using ‘second-generation’ sequencing technologies (26). Unfor-
tunately, few of the resulting publications have provided sys-
tematic counts of observed LOF variants. Even where such
numbers are provided, differences between studies in terms of
the sequencing technology, read-mapping and variant-calling
algorithms and annotation sets make it difficult to compare
studies.

These differences, and the problems with sequencing and
annotation artefacts raised above, mean that there is as yet no
clear consensus on the number of LOF variants present in an
individual genome. To illustrate the extent of the discrepancy,
one recent exome sequencing study (27) reported an average
of 45 nonsense SNPs, 16 splice-disrupting SNPs and 46 frame-
shift indels per genome in individuals of non-African ancestry,
whereas a whole-genome sequence of a European male (28)
reported 121 stop SNPs and 112 splice-disrupting SNPs but
did not report frame-shift indels (Figure 3). At least some of
this discrepancy relates to the relatively conservative consensus
coding sequence (CCDS) gene set (29) targeted by the exome
sequencing study, but differences in sequencing technology
and variant calling thresholds likely also played a role.

Several lessons can be drawn from the data generated so far.
First, the current catalogue of human LOF variants is incom-
plete—especially for insertion/deletion variants, which are still
more difficult than SNPs to ascertain from short-read sequence
data due to their frequently repetitive sequence context—and
also likely contains many sequencing and annotation artefacts.
Second, although there is wide variation in per-individual
numbers between studies (Figure 3), LOF variants are certainly
more prevalent within human genomes than most observers
would have predicted prior to the genomic era; using even the
more conservative estimates thus far from large-scale sequen-
cing (27), each individual carries at least 100 of these variants,
and at least 30 in the homozygous state.

Third, the distribution of allele frequencies of LOF variants
suggests—as might be expected—that they as a class tend to
be evolutionarily deleterious (4), in turn suggesting that they
may provide a rich source of potentially causal variation for

complex diseases. Finally, however, the sheer number of these
variants present within each human genome also poses major
analytical challenges for clinical genome sequencing studies
seeking to identify a single disease-causing mutation, especially
in cases where there is little or no additional information (such as
linkage data) available to filter out spurious variants.

MOVING FORWARD

As mentioned above, comparison of published genomic data
sets is challenging due to heterogeneity in the technologies
and analysis techniques employed, the annotation sets used
and the degree of filtering and validation of variants. In order
to better understand the full spectrum of LOF variation in the
human genome, it will be necessary to take a more systematic
approach to the analysis of genome-wide sequence data.

We and others are currently performing this type of analysis
as part of the 1000 Genomes Project, an international collab-
oration generating low-coverage whole-genome and high-
coverage exome sequence data from 2500 individuals from
27 diverse populations (http://www.1000genomes.org/page.
php); the results of a pilot study are expected to be published
around the same time as this review. The project is stimulating
improvements in the annotation of both gene models and
disease-associated variants in databases such as the Human
Gene Mutation Database (HGMD; http://www.hgmd.cf.ac.
uk/ac/index.php). It is expected to provide a catalogue of
most coding LOF variants present at !5% frequency in the
populations studied by the end of 2010 and !0.1% when
the project is complete.

Simply collecting observed LOF variants from a high-
throughput survey, however, is not sufficient to provide a
useful resource, since we expect a significant minority of
these variants to be false positives for the reasons outlined
above. Therefore, we are subjecting many of the LOF variants
collected by the project to both experimental validation and
careful manual reannotation of the surrounding gene structure,
thus providing a core set of true LOF variants to serve as the
basis for interpretation of these variants in other sequencing
studies. In the long term, this catalogue will prove most

Figure 3. Reported numbers of LOF variants per individual genome in several published large-scale sequencing studies. Individuals labelled European, East
Asian or Nigerian are HapMap individuals from reference (27). Numbers for Venter and Lupski are from references (25) and (28), respectively. Small grey
segments in Venter and Lupski histograms indicate unreported numbers for splice-disrupting SNPs and frame-shift indels, respectively.
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Many loss-of-function variants
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1000 genomes data - everyone has 200-250 nonsense variants



ART ICLES

ing. All four individuals were found to be compound heterozygotes 
for missense mutations in DHODH that are predicted to be delete-
rious. Collectively, 11 different mutations in 6 kindreds with Miller 
syndrome were identified in DHODH by a combination of exome and 
targeted resequencing (Table 4 and Fig. 2). Each parent of an affected 
individual who was tested was found to be a heterozygous carrier, and 
none of the mutations appeared to have arisen de novo. In the kindreds 
with affected siblings, none of the unaffected siblings were compound 
heterozygotes. None of these mutations were found in 200 control 
chromosomes from unaffected individuals of matched geographical 
ancestry that were genotyped. Ten of these mutations were missense 
mutations, two of which affected the same amino acid codon, and one 
was a 1-bp indel that is predicted to cause a frameshift resulting in a 
termination codon seven amino acids downstream. One mutation, 
C1036T, was shared between two unrelated individuals with Miller 
syndrome who are of different self-identified geographical ancestry. 
Each of the amino acid residues affected by a DHODH mutation is 
highly conserved among homologs studied to date (Supplementary 
Fig. 1). A single, validated nonsynonymous polymorphism in human 
DHODH has been studied previously19. This polymorphism causes a 
lysine-to-glutamine substitution in the relatively diverse N-terminal 
extension of dihydroorotate dehydrogenase that is responsible for the 
association of the enzyme with the inner mitochondrial membrane.

DISCUSSION
We show that the sequencing of the exomes of affected individuals 
from a few unrelated kindreds, with appropriate filtering against public 
SNP databases and a small number of HapMap exomes, is sufficient 
to identify a single candidate gene for a monogenic disorder whose 
cause had previously been unknown, Miller syndrome. Several factors 
were important to the success of this study. First, Miller syndrome is a 
very rare disorder that is inherited in an autosomal recessive pattern. 
Therefore, the causal variants were unlikely to be found in public SNP 
databases or in control exomes. Second, genes for recessive diseases 
will, in general, be easier to find than genes for dominant disorders 
because fewer genes in any single individual have two or more new 
or rare nonsynonymous variants. Third, we were fortunate that there 

was no genetic heterogeneity in our sample of individuals with Miller 
syndrome. In the presence of heterogeneity, it is possible to relax strin-
gency by allowing genes common to subsets of all affected individuals 
to be considered candidates, although this method will reduce power 
(Table 3). Fourth, all of the individuals with Miller syndrome for 
whom exomes were sequenced were of European ancestry. Sequencing 
exomes of affected individuals sampled from populations with a dif-
ferent geographical ancestry who have a higher number of novel and/
or rare variants (for example, individuals with sub-Saharan African 
or East Asian ancestry) will make the identification of candidate genes 
more difficult. This will become less of an issue as databases of human 
polymorphisms become increasingly comprehensive.

Additional factors could facilitate the future application of this strat-
egy. Mapping information, such as blocks of homozygosity, could focus 
the search to a smaller pool of candidates. The number of candidate 
variants can also be reduced further by comparison between variants 
in an affected individual to those found in each parent. For autosomal 
dominant disorders, this strategy can discover de novo coding variants, 
as neither parent is predicted to have a mutation that causes a fully 
penetrant dominant disorder; by contrast, in recessive disorders, par-
ents are predicted to be carriers of the disease-causing variants.

There are at least three aspects of this approach where we see sub-
stantial scope for improvement. The first relates to missed variant calls, 
either due to low coverage or because some variants are not identified 
easily with current sequencing platforms—for example, those within 
repeat tracts in coding sequences. The second is that our filtering relied 
on a public SNP database (dbSNP) that has a highly uneven ascertain-
ment of variation across the genome. It would be better to rely on 
catalogs of common variation that are ascertained in a single study 
either exome wide (as with the eight HapMap exomes2) or genome 
wide (for example, as with the 1,000 genomes project) and where 
estimates of allele frequency are available. Increasing the number of 
control exomes progressively reduces the relevance of dbSNP to this 
analysis (Supplementary Fig. 2). Furthermore, as increasingly deep 
catalogs of polymorphism become available, it may be necessary to 
establish frequency-based thresholds for defining common variation 
that is unlikely to be causal for disease. A third concern is that the  
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Table 3  Number of candidate genes identified based on different filtering strategies
     Number of affected exomes            Subsets of 3 exomes         Subsets of all 4 exomes

1 2 3 Any 1 Any 2 Any 1 Any 2 Any 3Dominant model

NS/SS/I 4,645–4,687 3,358–3,940 2,850–3,099 6,658 4,489 6,943 5,167 3,920

Not in dbSNP129 634–695 136–369 72–105 1,617 274 1,829 553 172

Not in HapMap 8 898–979 161–506 55–117 2,336 409 2,628 835 222

Not in either 453–528 40–228 10–26 1,317 109 1,516 333 44

Predicted damaging 204–284 10–83 3–6 682 37 787 126 11

Recessive model

NS/SS/I 2,780–2,863 1,993–2,362 1,646–1,810 4,097 2,713 4,293 3,172 2,329

Not in dbSNP129 92–115 30–53 22–31 226 61 270 90 42

Not in HapMap 8 111–133 13–46 5–13 329 32 397 75 19

Not in either 31–45 2–9 2–3 100 6 121 14 4

Predicted damaging 6–16 0–2 0–1 35 2 44 4 1

Under the dominant model, at least one nonsynonymous variant, splice acceptor or donor site variant or coding indel (NS/SS/I) in a gene was required in the gene. Under the 
recessive model, at least two novel variants were required, and these could be either at the same position (a homozygous variant) or at two different positions in the same gene (a 
potential compound heterozygote, though we are unable to ascertain phase at this stage). In each column are the range for the number of candidate genes for exomes considered 
individually (column 1) and all combinations of 2–4 exomes (columns 2–4). Note that the upper bound on the ranges may be inflated relative to what would be the case if four 
unrelated affected individuals had been used because the comparisons in which the two siblings were included provided reduced power compared to unrelated individuals. 
Columns 5–9 show the number of candidate genes when at least 1, 2 or 3 individuals is required to have one variant in a gene (dominant model) or two or more variants in a gene 
(recessive model). This is a simple model of genetic heterogeneity or incomplete data. For example, the total number of candidate genes common to any 3 of all 4 exomes is shown 
in column 9. For columns 5–6, one of the siblings (kindred 1-B) was not included in the analysis as siblings share 50% of variants.

Family data - Shendure table

Comparing two exomes identifies ~22 000 SNPs

Which is the causal variant?

In a family, compare more exomes

more exomes
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Checking variants - IGV
Chromosome

Gene

Coverage

Mapped reads



Disease genes found by ExomeSeq

genome sequencing is applied to genetically 
heterogeneous diseases that can be caused by monogenic 
mutations in many di!erent genes. "e technological 
limitations of Sanger sequencing often did not allow 
routine analysis of all known disease genes in patients 
with genetically heterogeneous disorders before whole 
exome approaches. "e most prominent example of this 
was the identification of mutations in the SH3 domain 
and tetratricopeptide repeat domain 2 gene (SH3TC2, a 
gene known to cause neuropathy) as the cause of 
Charcot-Marie Tooth neuropathy (MIM 601596) in a 
family by whole genome sequencing [20]. An unbiased 
base-pair resolution approach can also reveal mutations 

in multiple genes that jointly explain a combination of 
two Mendelian phenotypes. For example, a study 
identified mutations in dihydroorotate dehydrogenase 
(DHODH) and dynein, axonemal, heavy chain 5 
(DNAH5) in two siblings as the explanation of the 
combined phenotype of Miller syndrome (postaxial 
acrofacial dysostosis; MIM 263750) and primary ciliary 
dyskinesia, respectively [14]. Traditional mapping 
approaches would probably have missed the mutations in 
DNAH5 as these were unique to this sibling and not 
present in other patients with Miller syndrome, which 
severely complicates mapping. Unbiased whole exome 
sequencing, on the other hand, identifies all variants and 

Table 2. Mendelian disease gene identi!cations by exome or genome sequencing
Disorder Inheritance Gene identi!ed Scope References

Congenital chloride diarrhea Recessive SLC26A3 Exome Choi et al. [16]

Miller syndrome Recessive  DHODH Exome Ng et al. [14]

Charcot-Marie-Tooth neuropathy Recessive SH3TC2 Genome Lupski et al. [20]

Metachondromatosis Dominant PTPN11 Genome Sobreira et al. [23]

Schinzel-Giedion syndrome Dominant SETBP1 Exome Hoischen et al. [29]

Nonsyndromic hearing loss Recessive GPSM2 Exome Walsh et al. [69]

Perrault syndrome Recessive HSD17B4 Exome Pierce et al. [25]

Hyperphosphatasia mental retardation syndrome Recessive PIGV Exome Krawitz et al. [68]

Sensenbrenner syndrome Recessive WDR35 Exome Gilissen et al. [26]

Cerebral cortical malformations Recessive WDR62 Exome Bilguvar et al. [70]

Kaposi sarcoma Recessive STIM1 Exome Byun et al. [71]

Spinocerebellar ataxia Dominant TGM6 Exome Wang et al. [72]

Combined hypolipidemia Recessive ANGPTL3 Exome Musunuru et al. [40]

Complex I de!ciency Recessive ACAD9 Exome Haack et al. [52]

Autoimmune lymphoproliferative syndrome Recessive FADD Exome Bolze et al. [73]

Amyotrophic lateral sclerosis Dominant VCP Exome Johnson et al. [74]

Nonsyndromic mental retardation Dominant Various Exome Vissers et al. [31]

Kabuki syndrome Dominant MLL2 Exome Ng et al. [30]

In"ammatory bowel disease Dominant XIAP Exome Worthey et al. [18]

Nonsyndromic mental retardation Recessive TECR Exome Caliskan et al. [75]

Retinitis pigmentosa Recessive DHDDS Exome Züchner et al. [56]

Osteogenesis imperfecta Recessive SERPINF1 Exome Becker et al. [53]

Dilated cardiomyopathy Dominant BAG3 Exome Norton et al. [24]

Hajdu-Cheney syndrome Dominant NOTCH2 Exome Simpson et al. [76]

Hajdu-Cheney syndrome Dominant NOTCH2 Exome Isidor et al. [77]

Skeletal dysplasia Recessive POP1 Exome Glazov et al. [78]

Amelogenesis Recessive FAM20A Exome O’Sullivan et al. [80]

Chondrodysplasia and abnormal joint development Recessive IMPAD1 Exome Vissers et al. [80]

Progeroid syndrome Recessive BANF1 Exome Puente et al. [81]

Infantile mitochondrial cardiomyopathy Recessive AARS2 Exome Götz et al. [82]

Sensory neuropathy with dementia and hearing loss Dominant DNMT1 Exome Klein et al. [49]

Autism Dominant Various Exome O’Roak et al. [32]

Gilissen et al. Genome Biology 2011, 12:228 
http://genomebiology.com/2011/12/9/228
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Genetic diagnosis

A diagnostic revolution
(common/rare)

2009 2011

Diagnosis Diagnosis

Test series of single genes Test exome

Often international labs In house

Very expensibe Cheap (and getting cheaper)

Time-consuming (years) Fast (weeks)



Summary

High-throughput sequencing

Dramatic increase in sequence production

Many new technologies

Field new and moving very quickly

Many applications on one platform

Huge impact on human/medical genetics

Bioinformatics challenges/opportunities

Data storage/backup/distribution

Data analysis


