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Sequencing genomes in  
Years 

Sequencing genomes in  
HOURS/Minutes !! 

Project cost:  Billions $ Thousands $ 

Technology Revolution 
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Sequencing:  
Technological Advances 
 

1136  VOLUME 26   NUMBER 10   OCTOBER 2008   NATURE BIOTECHNOLOGY

Molecule Sequencer technology (Helicos; Cambridge, MA, USA). The 
concept of cyclic-array sequencing can be summarized as the sequencing 
of a dense array of DNA features by iterative cycles of enzymatic manipu-
lation and imaging-based data collection15 (Shendure and colleagues16). 
Two reports in 2005 described the first integrated implementations of 
cyclic-array strategies that were both practical and cost-competitive with 
conventional sequencing (J.S. et al.13 and ref. 14), and other groups have 
quickly followed17,18.

Although these platforms are quite diverse in sequencing biochem-
istry as well as in how the array is generated, their work flows are 
conceptually similar (Fig. 1b). Library preparation is accomplished 
by random fragmentation of DNA, followed by in vitro ligation of 

common adaptor sequences. Alternative 
protocols can be used to generate jumping 
libraries of mate-paired tags with control-
lable distance distributions13,19. The genera-
tion of clonally clustered amplicons to serve 
as sequencing features can be achieved by 
several approaches, including in situ polo-
nies15, emulsion PCR20 or bridge PCR21,22 
(Fig. 2). What is common to these methods 
is that PCR amplicons derived from any given 
single library molecule end up spatially clus-
tered, either to a single location on a planar 
substrate (in situ polonies, bridge PCR), or 
to the surface of micron-scale beads, which 
can be recovered and arrayed (emulsion 
PCR). The sequencing process itself consists 
of alternating cycles of enzyme-driven bio-
chemistry and imaging-based data acquisi-
tion (Fig. 3). The platforms that are discussed 
here all rely on sequencing by synthesis, that 
is, serial extension of primed templates, but 
the enzyme driving the synthesis can be 
either a polymerase16,23 or a ligase13,24. Data 
are acquired by imaging of the full array 
at each cycle (e.g., of fluorescently labeled 
nucleotides incorporated by a polymerase).

Global advantages of second-generation 
or cyclic-array strategies, relative to Sanger 
sequencing, include the following: (i) in vitro 
construction of a sequencing library, followed 
by in vitro clonal amplification to generate 
sequencing features, circumvents several bot-
tlenecks that restrict the parallelism of con-
ventional sequencing (that is, transformation 
of E. coli and colony picking). (ii) Array-based 
sequencing enables a much higher degree of 
parallelism than conventional capillary-based 
sequencing. As the effective size of sequencing 
features can be on the order of 1 Mm, hundreds 
of millions of sequencing reads can potentially 
be obtained in parallel by rastered imaging of 
a reasonably sized surface area. (iii) Because 
array features are immobilized to a planar sur-
face, they can be enzymatically manipulated by 
a single reagent volume. Although microliter-
scale reagent volumes are used in practice, 
these are essentially amortized over the full set 
of sequencing features on the array, dropping 
the effective reagent volume per feature to the 

Second-generation DNA sequencing
Alternative strategies for DNA sequencing can be grouped into several 
categories (as discussed previously in ref. 4). These include (i) microelec-
trophoretic methods9 (Box 1), (ii) sequencing by hybridization10 (Box 
2), (iii) real-time observation of single molecules11,12 (Box 3) and (iv) 
cyclic-array sequencing (J.S. et al.13 and ref. 14). Here, we use ‘second-
generation’ in reference to the various implementations of cyclic-array 
sequencing that have recently been realized in a commercial product (e.g., 
454 sequencing (used in the 454 Genome Sequencers, Roche Applied 
Science; Basel), Solexa technology (used in the Illumina (San Diego) 
Genome Analyzer), the SOLiD platform (Applied Biosystems; Foster 
City, CA, USA), the Polonator (Dover/Harvard) and the HeliScope Single 
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(>10 6  reads/array)
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Figure 1  Work flow of conventional versus second-generation sequencing. (a) With high-throughput 
shotgun Sanger sequencing, genomic DNA is fragmented, then cloned to a plasmid vector and 
used to transform E. coli. For each sequencing reaction, a single bacterial colony is picked and 
plasmid DNA isolated. Each cycle sequencing reaction takes place within a microliter-scale volume, 
generating a ladder of ddNTP-terminated, dye-labeled products, which are subjected to high-resolution 
electrophoretic separation within one of 96 or 384 capillaries in one run of a sequencing instrument. As 
fluorescently labeled fragments of discrete sizes pass a detector, the four-channel emission spectrum 
is used to generate a sequencing trace. (b) In shotgun sequencing with cyclic-array methods, common 
adaptors are ligated to fragmented genomic DNA, which is then subjected to one of several protocols 
that results in an array of millions of spatially immobilized PCR colonies or ‘polonies’15. Each polony 
consists of many copies of a single shotgun library fragment. As all polonies are tethered to a planar 
array, a single microliter-scale reagent volume (e.g., for primer hybridization and then for enzymatic 
extension reactions) can be applied to manipulate all array features in parallel. Similarly, imaging-based 
detection of fluorescent labels incorporated with each extension can be used to acquire sequencing 
data on all features in parallel. Successive iterations of enzymatic interrogation and imaging are used to 
build up a contiguous sequencing read for each array feature.
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From: Next generation DNA sequencing, Jay Shendure, Hanlee Ji, 2008 

Nb. Sequences/run: 96 
Run time:  many hours              

Limitation: 1 plasmid prep per 
tube! 

50 cents/sequence 
Bacterial genome seq cost : > 

$500k using multiple machines…   
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The next wave of DNA sequencing 



Life	technology:	SOLiD	/	ion	torrent	
	

Illumina:	Novaseq/	Hiseq	/		
	 	 	Miseq		

Roche:	454	
	

Pacific	Bioscience:	PacBio	
	

Oxford	Nanopore:	MinION	/	GridION	

SMALL	

MEDIUM	

LONG	

Read	length	
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Major Players 



Short Read (Illumina)	
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Illumina sequencing is no longer clone-based : replaced by 
Clusters 

Clusters	

Illumina: 
How it works 
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to prepare each strand for the next incorpora-
tion by DNA polymerase. This series of steps
continues for a specific number of cycles, as de-
termined by user-defined instrument settings,
which permits discrete read lengths of 25–35

bases. A base-calling algorithm assigns se-
quences and associated quality values to each
read and a quality checking pipeline evaluates
the Illumina data from each run, removing
poor-quality sequences.

Adapter

DNA fragment

Dense lawn
of primers

Adapter

Attached

DNA

Adapters

Prepare genomic DNA sample
Randomly fragment genomic DNA
and ligate adapters to both ends of
the fragments.

Attach DNA to surface
Bind single-stranded fragments
randomly to the inside surface
of the flow cell channels.

Bridge amplification
Add unlabeled nucleotides
and enzyme to initiate solid-
phase bridge amplification.

Denature the double
stranded molecules

Nucleotides

a

Figure 2
The Illumina sequencing-by-synthesis approach. Cluster strands created by bridge amplification are primed and all four fluorescently
labeled, 3′-OH blocked nucleotides are added to the flow cell with DNA polymerase. The cluster strands are extended by one
nucleotide. Following the incorporation step, the unused nucleotides and DNA polymerase molecules are washed away, a scan buffer is
added to the flow cell, and the optics system scans each lane of the flow cell by imaging units called tiles. Once imaging is completed,
chemicals that effect cleavage of the fluorescent labels and the 3′-OH blocking groups are added to the flow cell, which prepares the
cluster strands for another round of fluorescent nucleotide incorporation.
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termined by user-defined instrument settings,
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read and a quality checking pipeline evaluates
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Figure 2
The Illumina sequencing-by-synthesis approach. Cluster strands created by bridge amplification are primed and all four fluorescently
labeled, 3′-OH blocked nucleotides are added to the flow cell with DNA polymerase. The cluster strands are extended by one
nucleotide. Following the incorporation step, the unused nucleotides and DNA polymerase molecules are washed away, a scan buffer is
added to the flow cell, and the optics system scans each lane of the flow cell by imaging units called tiles. Once imaging is completed,
chemicals that effect cleavage of the fluorescent labels and the 3′-OH blocking groups are added to the flow cell, which prepares the
cluster strands for another round of fluorescent nucleotide incorporation.
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Applied Biosystems SOLiDTM

Sequencer
The SOLiD platform uses an adapter-ligated
fragment library similar to those of the other
next-generation platforms, and uses an emul-
sion PCR approach with small magnetic beads
to amplify the fragments for sequencing. Un-
like the other platforms, SOLiD uses DNA lig-
ase and a unique approach to sequence the am-
plified fragments, as illustrated in Figure 3a.
Two flow cells are processed per instrument
run, each of which can be divided to contain
different libraries in up to four quadrants. Read
lengths for SOLiD are user defined between
25–35 bp, and each sequencing run yields be-
tween 2–4 Gb of DNA sequence data. Once

the reads are base called, have quality values,
and low-quality sequences have been removed,
the reads are aligned to a reference genome to
enable a second tier of quality evaluation called
two-base encoding. The principle of two-base
encoding is shown in Figure 3b, which illus-
trates how this approach works to differenti-
ate true single base variants from base-calling
errors.

Two key differences that speak to the utility
of next-generation sequence reads are (a) the
length of a sequence read from all current next-
generation platforms is much shorter than that
from a capillary sequencer and (b) each next-
generation read type has a unique error model
different from that already established for

b

Laser

First chemistry cycle:
determine first base
To initiate the first
sequencing cycle, add
all four labeled reversible
terminators, primers, and
DNA polymerase enzyme
to the flow cell.

Image of first chemistry cycle
After laser excitation, capture the image
of emitted fluorescence from each
cluster on the flow cell. Record the
identity of the first base for each cluster.

Sequence read over multiple chemistry cycles
Repeat cycles of sequencing to determine the sequence
of bases in a given fragment a single base at a time.

Before initiating the
next chemistry cycle
The blocked 3' terminus
and the fluorophore
from each incorporated
base are removed.

GCTGA...

Figure 2
(Continued )
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Illumina sequencing-by-synthesis 
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Sequencing by synthesis: errors 



Ilumina NovaSeq 
20 billion paired 150bp reads 

3Tb < 2days 

Illumina sequencing summary 
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Long Reads	
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4 nucleotides with different fluorescent 
dye simultaneously present 

PacBio RS and Sequel systems 

15	



•  Advantages:	
•  Really	long	reads	(up	to	70kb)	
•  Near	random	distribution	of	errors		

•  which	allows	correction	in	high	coverage	data	
•  No	PCR	bias	
•  Direct	detection	of	modified	nucleotides		

•  A	really	high	coverage	is	needed	for	some	modification	
detection.	

•  Circular	Consensus	Reads	(CCS)	
•  CCS	reads	have	a	low	error	rate	and	a	length	sufficient	to	solve	

many	long	repeats	in	genomes	

•  Limitations:	
•  The	amount	of	input	materials	
•  The	error	rate	
•  The	cost		

PacBio 
Advantages & limitations 

16	



	
	Use nanopore (hemolysin) with inner diameter of 1nm, 
about 100,000 times smaller than that of a human hair 

17	

Nanopore systems 



	
	•  The DNA sequences are 

coupled with a zip 
enzyme which transforms 
the double helix structure 
in to a one stranded 
mollecule 

•  Each different 5-mer 
going through the pore 
will a specific modifcation 
of the voltage 

18	

Nanopore: sequencing 



•  Advantages: 
•  Really long reads (up to 200kb) 
•  Low-cost, portable instrument 
•  Easy sample prep 
•  Can repetitively sequence a given molecule to generate 

higher quality data 

•  Limitations: 
•  The error rate 
•  Whole-genome sequencing remains a challenge 
•  Performance still being tested and optimized 
•  Data processing 

Nanopore: 
Advantages & limitations 
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On the side technology	
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10x Genomics - Technology 

21	



•  Advantages: 
•  Compatible with widely used Illumina platform  
•  Compatible with standard DNA/RNA preps 
•  Minimal input requirements (1–3 ng) 
•  DNA: High-quality genome assembly 
•  scRNA: Large number of cell for a limited cost 
•  Data processing 

•  Limitations: 
•  Vulnerable to Illumina biases and limitations 
•  DNA: Not true long-read and gapped sequence 
•  scRNA: 

•  Depth per cell 
•  Only the 3' end of the transcripts is sequenced   

•  Data processing 

10x Genomics: 
Advantages & limitations 
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Equipment MUGQIC 
number Current Applications 

454 3 
(1) 

Small de novo genome 
sequencing 
Amplicon sequencing 
Metagenomics 
Validation  

Ion Torrent 1 

Illumina 
MiSeq 2 

SOLiD 0 Transcriptome sequencing (RNA-
Seq), Whole Exome Sequencing, 
Whole Genome Sequencing, 
ChIPseq, Whole Genome 
Bisulfate sequencing, DNAse-seq, 
… 

Illumina 
NovaSeq 

HiSeq 
2500/4000/X) 

12 

Pacific 
Biosciences 
RS/Sequel 

2 Small and medium genomes, 
Long haplotype sequencing, target 
sequencing, Epigenomics, 
Validation Nanopore 

MinIon 1 

10x genomics 1 
Whole genome sequencing 
De novo genome sequencing 
Single cell sequencing 23	

Applications 



•  Library type 

•  Read length 

•  Error Profile 

•  Barcoding potential (multiplexing) 

•  Cost 

•  Turn around time 

Some Key Parameters while designing 
your experiment 
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From	Glenn	TC,	Mol	Ecol	Resour.	2011	adatped	for	2013	

25	

Different type of sequencing libraries 
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What are paired reads? 



•  Illumina HiSeq:  
•  up to 250-300 bp for now but the 100-150bp is still the 

standard 

•  Pacbio and MinIon:  
•  > 50kb but with a very large range of read lengths in the 

same run. 

•  Short Reads are sufficient for re-sequencing applications 
(known genome reference) 

•  Longer Reads are beneficial for de novo genome assemblies 

27	

Read Length 



Longer reads are also good in transcriptomics: 
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uncertainty and error, and depends largely on splicing structure. 
Cuffdiff 2 determines the degree of overdispersion in this mixture 
by globally fitting the observed variance in fragment counts as a 
function of the mean across replicates (Supplementary Fig. 2). The 
algorithm then estimates the number of fragments that originated 
from each transcript, as previously described3,30. Next, it combines 
the uncertainty in each transcript’s fragment count with the over-
dispersion predicted to exist for that count by the global model of 
cross-replicate variability. Cuffdiff 2 estimates uncertainty by calcu-
lating the confidence that each fragment is correctly assigned to the 
transcript that generated it; transcripts with more shared exons and 
few uniquely assigned fragments will have greater uncertainty. The 
algorithm captures uncertainty in a transcript’s fragment count as a 
beta distribution and the overdispersion in this count with a negative 
binomial, and mixes the distributions together. The resulting mixture 
is a beta negative binomial distribution that reflects both sources of 
variability in an isoform’s measured expression level.

Cuffdiff 2 estimates expression at gene- and transcript-level resolu-
tion, the variance in the expression levels and the covariances between 
isoforms of the same gene from replicate experiments. This allows it to 

accurately estimate gene expression and perform differential analysis 
at gene-level resolution without encountering the limitations inherent 
in the raw count methods discussed above. The software reports to 
the user the change in expression for each gene and transcript, along 
with statistical significance scores for these changes.

Response to loss of HOXA1 at gene- and transcript-level resolution
To demonstrate the effectiveness of transcript-resolution RNA-seq 
analysis, we selected a biological problem arising from an ongoing 
study of the role of HOX gene function in adult cells. Genes in the 
HOXA cluster, which are critical for proper body patterning dur-
ing development, have spatial expression patterns in adult cells that 
identify their anatomic origin31. Whether this expression pattern is 
functionally relevant in adult cell types has been so far unanswered.

We performed RNA interference (RNAi)-mediated knockdown 
of HOXA1 in human primary lung fibroblasts, where HOXA1 was 
depleted using a pool of four short interfering RNAs (siRNAs) target-
ing HOXA1 designed to minimize off-target effects. We controlled for 
a nonspecific RNAi response by comparing HOXA1-depleted fibro-
blasts against cells treated with a pool of scrambled siRNAs that do not 
target a specific gene. We isolated total RNA in biological triplicate 
48 h after transfection. Sequencing of the poly-A–selected fraction 
on an Illumina HiSeq 2000 yielded >231 million 100-bp paired-end 
RNA-seq reads. The same RNA was labeled and hybridized to Agilent 
SurePrint G3 Gene Expression arrays (Online Methods).

Cuffdiff 2–derived changes in gene expression in response to 
HOXA1 knockdown strongly agreed with values from microarrays 
(Spearman correlation = 0.85), consistent with previous compari-
sons2,5 (Fig. 3a and Supplementary Fig. 3). Changes in multi-isoform 
gene expression calculated by Cuffdiff 2 improved concordance 
with the array measurements by 15% compared with the change 
in raw count (Fig. 3b and Supplementary Figs. 4 and 5). The dis-
crepancy between raw count and Cuffdiff 2 measurements of gene  
expression tended to be higher for genes where alternative isoforms 
shift in expression relative to one another, a phenomenon we term 
‘isoform switching’. (Supplementary Figs. 6 and 7).

Cuffdiff 2 returned far more statistically significant differentially 
expressed genes than microarray analysis. Cuffdiff 2’s differentially 
expressed genes contained 623 of the 745 (84%) reported by the arrays, 
along with an additional 4,138 genes (false-discovery rate (FDR) <1%). 
Moreover, Cuffdiff 2 was highly concordant with the popular count-based 
tools, with >94% of genes reported as differentially expressed also identi-
fied by the popular raw-count methods DESeq or edgeR (Fig. 3c).

Cuffdiff 2 detected expression for 16,278 of 69,202 (38%) tran-
scripts in the annotated transcriptome (UCSC hg19 coding genes; 
http://genome.ucsc.edu/), and identified an average of 1.15 differ-
entially expressed transcripts per differentially expressed gene in 
response to loss of HOXA1. Alternative isoform abundances rela-
tive to one another were maintained in most genes, with only 170 
genes undergoing significant (FDR a 1%) differential splicing, coding 
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1) Model cross-replicate fragment count 
dispersion (negative binomial)

2) Determine maximum-likelihood
assignment of fragments to

isoforms

3) Model uncertainty in assignment
of fragments to isoforms 

(beta)

No. of fragments from
isoform A

4) Combine uncertainty and overdispersion into a single model of 
fragment count variability (beta negative binomial)

5) Test for signficance of changes between 
conditions in transcript-level counts

Condition X

Condition Y

Isoform A

Isoform B

No. of fragments from
isoform A

Figure 2 An overview of the Cuffdiff 2 approach to isoform-level 
differential analysis of RNA-seq data. (1) The variability in fragment count 
for each gene across replicates is modeled. (2) The fragment count for 
each isoform is estimated in each replicate, along with (3) a measure 
of uncertainty in this estimate arising from ambiguously mapped reads, 
which are extremely prevalent in alternatively spliced transcriptomes. 
(4) The algorithm combines estimates of uncertainty and cross-replicate 
variability under a beta negative binomial model of fragment count 
variability to estimate count variances for each transcript in each library. 
(5) These variance estimates are used during statistical testing to report 
significantly differentially expressed genes and transcripts.

A	or	B	??	

28	
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NGS reads have errors; diff. technologies, different 
rates 

Source:	2014	NGS	Field	Guide,	Glenn	TC.	

How to deal with errors: 
 
1. Remove it: it works for technologies with semi-random 

error distribution and with higher throughput 

2. Correct it : it works for non-random errors but needs 
high depth of sequencing or hybrid sequencing design  

instrument	 Nanopore	 Pacbio	 Ion	Torrent	 454	 Illumina	 SOLiD	

single-Pass	
Error	rate	%	 ~12	(1-3)	 ~13	(~1)	 ~1		 ~0.1		 ~0.1		 ~0.1		

29	

Error Profile 



	
8	lanes	

150M	2x100	bp	reads	
each	

Illumina	Flowcell	

What	if	only	50M	reads	per	
samples	are	sufficient?	

Multiplexing (Barcoding) 
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Adapted	from	Lefrançois	et	al.	BMC	Genomic	2009		

Multiplexing (Barcoding) 
 

31	



1. The technology	

2. Types of data	

3. Conclusions	

Outline 
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•  Strings of 100 to ≈ 50kb letters 

•  Puzzle of 3,000,000,000 letters 

•  Usually have 120,000,000,000 letters you need to 
fit 

•  Many pieces don’t fit : 
•  sequencing error/SNP/Structural variant 

•  Many pieces fit in many places: 
•  Low complexity region/microsatellite/repeat 

What is the NGS short read problem 
all about ? 
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DNAseq	

34	



•  Whole genome sequencing: 
•  Whole genome SNV detection 
•  Structural variant 
•  Capture the regulatory region information  
•  Cancer analysis 
•  De novo genome assembly 

•  Whole exome sequencing: 
•  Cheaper  
•  Captures only the coding region information 
•  Rare diseases analysis 

Why DNAseq? 

35	



sequencing	errors	 SNP	

Mopdified	from	Bionformatics.ca	

An	accurate	SNP	discovery	is	closely	linked	with	a	good	base	quality	
and	a	sufficient	depth	of	coverage	

DNAseq – SNP Discovery 
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(Re-)sequence genomes to compare to a reference 

The spectrum of human genetic variation ranges from 
the single base pair to large chromosomal events, but 
it has become apparent that human genomes differ 
more as a consequence of structural variation than of 
single-base-pair differences1–6. Structural variation was 
originally defined as insertions, deletions and inversions 
greater than 1 kb in size7. With the sequencing of human 
genomes now becoming routine8, the operational spec-
trum of structural variants (SVs) and copy number variants 
(CNVs) has widened to include much smaller events 
(for example, those >50 bp in length). The challenge 
now is to discover the full extent of structural varia-
tion and to be able to genotype it routinely in order to 
understand its effects on human disease, complex traits 
and evolution.

At least two distinct models have been proposed with 
respect to associations between disease and structural 
variation. The first involves large variants (typically gains 
and losses several hundred kilobase pairs in length) that 
are individually rare in the population (<1%) but collec-
tively account for a significant fraction of disease, as seen 
for some neurological and neurocognitive disorders9–12. 
The second includes multicopy gene families that are 
commonly copy number variable and contribute to dis-
ease susceptibility, as seen for traits related to immune 
gene functions13,14. The discovery and genotyping of 
structural variation has been central to understanding 
these disease associations. Systematic and comprehensive 
assessment of structural variation has been problematic 
owing to the complexity and multifaceted features of SVs. 
Ideally, SV discovery and genotyping requires accurate 

prediction of three features: copy, content and structure. 
In practice, this goal has remained elusive because SVs 
tend to reside within repetitive DNA, which makes their 
characterization more difficult. SVs vary widely in size 
and there are numerous classes of structural variation: 
deletions, translocations, inversions, mobile elements, 
tandem duplications and novel insertions (FIG. 1). Within 
the past 5 years, a variety of computational and experi-
mental methods has emerged; typically each focuses 
on a particular class of structural variation limited by  
frequency and size range of the events.

In this Review, we consider current methods for dis-
covery and then for genotyping, including experimental 
approaches using microarrays, single-molecule analysis 
and sequencing-based computational approaches. The 
distinction between discovery and genotyping is impor-
tant. Once a variant has been detected, validated and 
characterized at the sequence level (discovery), a differ-
ent suite of methods may be applied to infer genotypes 
with relaxed thresholds. We discuss recent advances in 
the genetic characterization of germline structural vari-
ation — recognizing that the methods may be applied, 
in principle, to the study of somatic structural variation 
— and highlight current deficiencies, as well as areas for 
future development.

Hybridization-based microarray approaches
Microarrays have been the experimental workhorse of 
CNV discovery and genotyping1,6,15–18. These are repre-
sented primarily by array comparative genomic hybridization 
(array CGH) and SNP microarrays. Both hybridization-based  

*Department of Genome 
Sciences, University of 
Washington School  
of Medicine, and  
‡Howard Hughes Medical 
Institute, Foege S413C,  
3720 15th Ave NE,  
Seattle, Washington, USA. 
Correspondence to E.E.E.  
e-mail:  
eee@gs.washington.edu
doi:10.1038/nrg2958 
Published online 1 March 2011

Structural variant
(SV). Genomic rearrangements 
that affect >50 bp of 
sequence, including deletions, 
novel insertions, inversions, 
mobile-element transpositions, 
duplications and translocations.

Copy number variant
(CNV). Also defined as 
unbalanced structural 
variants; variants that  
change the number of base 
pairs in the genome.

Mobile elements
DNA sequences that move 
location within the genome. 
Active mobile elements 
(transposons) in the human 
genome include Alu, L1  
and SVA sequences.

Genome structural variation discovery 
and genotyping
Can Alkan*‡, Bradley P. Coe* and Evan E. Eichler*‡

Abstract | Comparisons of human genomes show that more base pairs are altered as a 
result of structural variation — including copy number variation — than as a result of point 
mutations. Here we review advances and challenges in the discovery and genotyping of 
structural variation. The recent application of massively parallel sequencing methods has 
complemented microarray-based methods and has led to an exponential increase in the 
discovery of smaller structural-variation events. Some global discovery biases remain,  
but the integration of experimental and computational approaches is proving fruitful for 
accurate characterization of the copy, content and structure of variable regions. We argue 
that the long-term goal should be routine, cost-effective and high quality FG|PQXQ assembly 
of human genomes to comprehensively assess all classes of structural variation.
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Figure 1 | Classes of structural variation. Traditionally, structural variation refers  
to genomic alterations that are larger than 1 kb in length, but advances in discovery 
techniques have led to the detection of smaller events. Currently, >50 bp is used as  
an operational demarcation between indels and copy number variants (CNVs). The 
schematic depicts deletions, novel sequence insertions, mobile-element insertions, 
tandem and interspersed segmental duplications, inversions and translocations in a 
test genome (lower line) when compared with the reference genome.

Array comparative genomic 
hybridization
(Array CGH). A technique 
based on competitively 
hybridizing fluorescently 
labelled test and reference 
samples to a known target 
DNA sequence immobilized  
on a solid glass substrate  
and then interrogating the 
hybridization ratio.

SNP microarrays
Hybridization-based assays  
in which the target DNA 
sequences are discriminated 
on the basis of a single  
base difference. Assays are 
processed with a single sample 
per array and perform both 
SNP genotyping and 
copy-number interrogation.

Single-base extension
Single-base-extension 
reactions use a primer that 
binds to a region of interest 
and follow this with an 
extension reaction that allows 
the incorporation of a single 
base after the primer.

technologies infer copy number gains or losses com-
pared to a reference sample or population, but differ in 
the details and application of the molecular assays.

Array CGH. Array CGH platforms are based on the 
principle of comparative hybridization of two labelled 
samples (test and reference) to a set of hybridization tar-
gets (typically long oligonucleotides or, historically, bac-
terial artificial chromosome (BAC) clones). The signal 
ratio is then used as a proxy for copy number (see BOX 1 
for details). An important consideration is the effect of 
the reference sample on the copy-number profile. For 
example, when only one sample is examined, a loss in the  
reference sample is indistinguishable from a gain in  
the test sample. For this reason, a well-characterized ref-
erence is key to interpretation of array CGH data19. Early 
studies of germline CNVs were based on BAC arrays or 
low-resolution oligonucleotide platforms and allowed 
detection of CNVs typically greater than 100 kb1,2,6 
(BOX 2). These initial studies highlighted the incred-
ible number of CNVs observed in healthy individuals; 
however, the breakpoints of these alterations were not 
sufficiently well-defined to allow accurate assessment of 
the proportion of the genome altered or its gene con-
tent. This led to a drastic overestimation of the extent 
of copy-number polymorphism using large-insert BAC 
clones2, which was subsequently refined by oligonucle-
otide microarrays or sequence-based studies of the same 
DNA samples4,5,20,21.

Currently,  Roche NimbleGen and Agilent 
Technologies are the major suppliers of whole-genome 
array CGH platforms and routinely produce arrays with 
up to 2.1 million (2.1M) and 1M long oligonucleotides 
(50–75-mers), respectively, per microarray. Detection of 
a CNV typically requires a signal from at least 3 to 10 

consecutive probes (BOX 1); as a result, SNP and CGH 
microarrays can routinely detect anywhere from dozens  
to several hundred events per genome depending on the 
platform applied (BOXES 1,2). Two studies have recently 
used ultra-high-resolution arrays (24M to 42M probes) 
for array CGH-based SV discovery in samples from 
HapMap individuals5,19. Although such high-density 
arrays are not practical for a large number of samples 
(30 and 40 samples were used in these studies), these 
approaches enabled the discovery of CNVs down to 
500 bp, with breakpoints precise enough to allow the 
identification of sequence motifs at a subset of vari-
ants. One key advantage of array CGH platforms is 
the availability of custom, high-probe-density arrays 
from both major manufacturers. This has led to their 
widespread adoption in clinical diagnostics, essentially 
replacing karyotype analysis as the primary means of 
detecting copy-number alterations among children with 
developmental delay22.

SNP arrays. SNP microarray platforms are also based on 
hybridization, with a few key differences from CGH tech-
nologies. First, hybridization is performed on a single  
sample per microarray, and log-transformed ratios are 
generated by clustering the intensities measured at each 
probe across many samples20,23,24. Second, SNP platforms 
take advantage of probe designs that are specific to 
single-nucleotide differences between DNA sequences, 
either by single-base-extension methods (Illumina) or 
differential hybridization (Affymetrix)20,23,24. One key 
disadvantage is that, per probe, SNP microarrays tend to 
offer lower signal-to-noise ratio than do the best array 
CGH platforms. This is apparent in comparisons of  
array CGH and SNP platforms in terms of detection  
of CNVs by a purely ratio-based approach24–27. However, 
a key advantage of SNP microarrays is the use of SNP 
allele-specific probes to increase CNV sensitivity, dis-
tinguish alleles and identify regions of uniparental  
disomy through the calculation of a metric termed B 
allele frequency (BAF) (BOX 1).

SNP arrays have proved popular in CNV-detection 
studies, historically as complements to array CGH 
platforms for fine-mapping regions2 and currently in 
the large-scale discovery of CNVs in a broad variety of 
populations16,20,23,28,29. Early SNP arrays demonstrated 
poor coverage of CNV regions, but recent arrays (such 
as the Affymetrix 6.0 SNP and Illumina 1M platforms) 
incorporate better SNP selection criteria for complex 
regions of the genome and non-polymorphic copy-
number probes (which are examined for log ratios but 
not BAF)20,23,30. Another important consideration is the 
choice of population because the average heterozygosity 
affects the proportion of SNPs that will generate a mean-
ingful BAF signal (typically, heterozygosity is 30–40% in 
Illumina platforms). This is particularly relevant when 
dealing with populations that may have experienced a 
drastic bottleneck, as opposed to more outbred popula-
tions, and thus may affect the number of probes needed 
to identify an alteration23,24. Some studies combine array 
CGH and SNP platforms to offer higher confidence in 
CNV detection2,20,30.
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DNAseq – structural variants 
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RNAseq	
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Condition	1	
(normal	colon)	

Condition	2	
(colon	tumor)	

Isolate	RNAs	

Sequence	ends	

100s	of	millions	of	paired	reads	
10s	of	billions	bases	of	sequence	

Generate	cDNA,	fragment,	
size	select,	add	linkers	

Samples	of	interest	

RNA sequencing 
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•  RNAs consist of small exons that may be separated 
by large introns 
•  Mapping reads to the genome is challenging 
•  Ribosomal and mitochondrial genes are misleading 

•  RNAs come in a wide range of sizes 
•  Small RNAs must be captured separately 

•  RNA is fragile and easily degraded 
•  Low quality material can bias the data 

Modified	from	Bionformatics.ca	

RNAseq Challenges 
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•  Functional studies 
•  Genome may be constant but experimental conditions have 

pronounced effects on gene expression 

•  Some molecular features can only be observed at the 
RNA level 
•  Alternative isoforms, fusion transcripts, RNA editing 

•  Interpreting mutations that do not have an obvious 
effect on protein sequence 
•  ‘Regulatory’ mutations 

•  Prioritizing protein coding somatic mutations (often 
heterozygous) 

Modified	from	Bionformatics.ca	

Why sequence RNA? 
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Epigenomics	
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From	The	Cell	Biology	of	Stem	Cells	(2010)	

1) histone modification 
(accessibility/compaction) 

2) DNA methylation 

Studies changes in gene 
expression which are not encoded 
by the underlying DNA sequence 

Modified	from	Felix	Krueger	

Epigenetics 
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•  Combination of chromatin immunoprecipitation (ChIP) with 
ultra high-throughput massively parallel sequencing 

•  Allows mapping of protein–DNA interactions in vivo on a 
genome scale 

•  Why run a ChIP-seq experiment: 
•  Transcription factors and other chromatin-associated 

proteins influence phenotype 

•  Can be evaluated for the entire genome in a single 
experiment 

Modified	from	Bionformatics.ca	

What is ChIP-Sequencing? 
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Mardis, E.R. Nat. Methods 4, 613-614 (2007)	
45	



Methylseq	
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•  Cytosine methylation can significantly modify temporal and 
spatial gene expression and chromatin remodeling.  

•  Whole-genome bisulfite sequencing (WGBS) provides a 
comprehensive view of methylation patterns at single-base 
resolution across the genome. 

Why Methylseq ? 
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•  DNA methylation is one of the 
most commonly occurring 
epigenetic events in the 
mammalian genome 

•  DNA methylation plays a role 
in silencing of genes, and in 
X-chromosome inactivation 

•   DNA methylation plays a role 
in the establishment and 
maintenance of imprinted 
genes 

http://www.hgu.mrc.ac.uk/img/researchers_img/meehan/	

Portela	et	al.	2010,	Nat	Biotech	28	(10),	1057		
active	 silencing	

DNA Methylation: 
Background 
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Xi	et	al,	BMC	Bioinformatics,	2009	
Taken	from	Roche	NimbleGen	

Whole-genome	bisulfite	sequencing	(WGBS):	detect	DNA	
methylation	at	single	base	resolution	genome-widely.		

Bisulfite Sequencing 
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3. Conclusions	

2. Types of data	

1. The technology	

Outline 
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•  Illumina:	
•  100-200bp	reads	

•  Up	to	600Gbp	per	run*	

•  Very	low	error	rate	(<1%	bases	miscalled)	

•  Pacbio/Oxford	Nanopore:	
•  Single	molecule	sequencing	(no	amplification)	
•  >50kb	bp	reads	

•  5-10	Gbp	per	run*	

•  Higher	error	rate	(5-15%)	
•  Can	detect	modified	bases	

51	

Sequencing technology summary 



•  NGS offers a variety of technologies and methods 

•  A good knowledge of errors and technicality allows a 
better choice of analysis and a better understanding of 
results  

•  NGS analyses requires both mathematics and 
informatics skills 

•  The major challenge is actually link to the analysis, the 
compute and storage capacities 
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Notes 



Good news:  Cost of sequencing rapidly decreasing 

Cost of sequencing 
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Stein,	Genome	Biol.	2010	

Next-generation sequencing (NGS) 
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Pennisi,	Science,	2011	

Will computers crash genomics? 
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C3G provides bioinformatics analysis, HPC services and 
solutions for the life science research community.  

	
	

About us 
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Thank	you!	

"	The	$1,000	genome,		the	$100,000	analysis?"	 Elaine		R.	Mardis	
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