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During the past five years, new high-throughput DNA
sequencing technologies have emerged; these tech-
nologies are collectively referred to as next genera-
tion sequencing (NGS). By virtue of sequencing
clonally amplified DNA templates or single DNA mol-
ecules in a massively parallel fashion in a flow cell,
NGS provides both qualitative and quantitative se-
quence data. This combination of information has
made NGS the technology of choice for complex ge-
netic analyses that were previously either technically
infeasible or cost prohibitive. As a result, NGS has had
a fundamental and broad impact on many facets of
biomedical research. In contrast, the dissemination
of NGS into the clinical diagnostic realm is in its early
stages. Though NGS is powerful and can be envi-
sioned to have multiple applications in clinical diag-
nostics, the technology is currently complex. Success-
ful adoption of NGS into the clinical laboratory will
require expertise in both molecular biology tech-
niques and bioinformatics. The current report pre-
sents principles that underlie NGS including sequenc-
ing library preparation, sequencing chemistries, and
an introduction to NGS data analysis. These concepts
are subsequently further illustrated by showing repre-
sentative results from a case study using NGS for tar-
geted resequencing of genes implicated in hypertrophic
cardiomyopathy. (J Mol Diagn 2010, 12:539-551; DOI:
10.2353/jmoldx.2010.100043)

Next generation sequencing (NGS) refers to high-
throughput sequencing technologies that have emerged
during the past five years. These technologies share a
fundamental process in which clonally amplified DNA
templates, or single DNA molecules, are sequenced in a
massively parallel fashion in a flow cell."® Sequencing is
conducted in either a stepwise iterative process or in a
continuous real-time manner. By virtue of the highly par-
allel process, each clonal template or single molecule is
“individually” sequenced and can be counted among the
total sequences generated. The high-throughput combi-
nation of qualitative and quantitative sequence informa-
tion generated has allowed analyses that were previously
either not technically possible or cost prohibitive. This
has positioned NGS as the method of choice for large-
scale complex genetic analyses including whole genome
and transcriptome sequencing, metagenomic character-
ization of microbial species in environmental and clinical
samples, elucidation of DNA binding sites for chromatin
and regulatory proteins, and targeted resequencing of
regions of the human genome identified by linkage anal-
yses and genome wide association studies.* "2 While
NGS has experienced wide dissemination throughout
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biomedical research, its translation into molecular diag-
nostics is just beginning. This report reviews key process
steps of NGS, including library preparation, sequencing,
and data analysis. Concepts are subsequently illustrated
in the context of a diagnostic application the authors are
developing for targeted resequencing of multiple genes
whose mutational spectrum lead to the overlapping clin-
ical phenotype of hypertrophic cardiomyopathy.

Next Generation Sequencing

Sample Library Preparation

NGS technologies share general processing steps, as
shown in Figure 1, while differing in specific technical
details. A major first step in this process is preparation of
a “library” comprising DNA fragments ligated to platform-
specific oliognucleotide adapters. The input nucleic acid
can be genomic DNA, standard or long-range PCR am-
plicons, or cDNA.

To achieve fragmentation, the input nucleic acid is
subjected to shearing by nebulization, sonication, or en-
zymatic digestion. The goal is to generate random over-
lapping fragments typically in the size range of 150-600
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Figure 1. Next generation sequencing process steps for platforms requiring
clonally amplified templates (Roche 454, Illumina and Life Technologies).
Input DNA is converted to a sequencing library by fragmentation, end repair,
and ligation to platform specific oligonucleotide adapters. Individual library
fragments are clonally amplified by either (1) water in oil bead—based
emulsion PCR (Roche 454 and Life Technologies) or (2) solid surface bridge
amplification (Illumina). Flow cell sequencing of clonal templates generates
luminescent or fluorescent images that are algorithmically processed into
sequence reads.

bp depending on platform and application requirements.
Fragmentation by nebulization uses compressed air flow-
ing through an aqueous solution of nucleic acid for sev-
eral minutes. This approach is prone to volume loss and
potential sample cross-contamination. Further, a broad
distribution of fragment sizes is generated, which is dis-
advantageous when a smaller and more restricted size
fragment population is needed. Sonication devices for
closed tube fragmentation in the $10-$15,000 range are
available, including those manufactured by Diagenode
(Sparta, NJ) and Misonix (Farmingdale, NY). However,
the premiere instrumentation for fragmentation, in our
experience, is manufactured by Covaris (Woburn, MA),
which uses acoustic wave energy transmitted into a
closed tube containing an agueous DNA solution. This
results in formation and collapse of air bubbles, which
generate microscale water jets that cause physical
shearing of the nucleic acid. Covaris instruments, which
cost $45,000-$125,000 depending on sample throughput
capacity, generate the most reproducible and tunable
fragment size distributions. In addition, New England Bio-
labs (Ipswich, MA) has recently introduced a promising
enzymatic digestion technology, dsDNA Fragmentase, that
uses two enzymes, one that randomly nicks dsDNA and the
other that recognizes the nicked site and cuts on the oppo-
site strand to produce dsDNA breaks. Regardless of frag-
mentation method, optimum conditions must be empirically
established based on the size of input nucleic acid and the
desired fragment size distribution, with “tighter” distribu-
tions generally preferred so as to maximize representation
of sequences in the library.

Fragmented nucleic acids have terminal overhangs,
which require blunt end repair and phosphorylation.
Commonly, fragments are incubated with Klenow (3" to 5’
exonuclease minus), T4 DNA polymerase (3’ to 5’ exo-
nuclease plus), and polynuclectide kinase in the pres-
ence of dNTPs and ATP. T4 DNA polymerase removes 3’
overhangs and the polymerase activity of Klenow and T4
DNA polymerase fill in 5" overhangs. Phosphorylation of 5
ends occurs in parallel via T4 polynucleotide kinase activity.
Repaired fragments are purified using a spin column or
magnetic beads. In some platform protocols, monoadeny-
lation of 3" ends is subsequently performed using Klenow
and dATP. This enhances the efficiency of ligation to plat-
form specific oligonucleotide adapters (with T overhangs).
Ligation products are often size separated by gel electro-
phoresis, and a specific size range is selected compatible
with a given platform or application. The adapter mod-
ified fragments constitute the “library” of overlapping
sequences. For some protocols, the library concentration
needs to be increased and this is accomplished by PCR
with primers complementary to adapter sequences.

The next major step is to prepare the “library” for
massively parallel sequencing. The first wave of NGS
platforms manufactured by Roche 454 (Branford, CT),
Life Technologies (Carlsbad, CA), and Illumina (San Di-
ego, CA) require their respective libraries to be clonally
amplified before sequencing. For the Roche-454 GS-FLX
(and GS-Junior) and Life Technologies SOLID platforms,
clonal amplification uses emulsion PCR and requires hy-
bridizing the adapter modified fragment library to beads



that display oligonucleotides with sequences comple-
mentary to adapter sequences.'®'® Hybridization is per-
formed under limiting dilution conditions to achieve hy-
bridization of single library fragments to single beads.
This is followed by emulsion PCR, wherein single beads
containing single library fragments are segregated into
water in oil microdroplets and thermocycled. During cy-
cling, tens of thousands to millions of copies of the start-
ing single fragment sequence are produced on the bead
surface (with amplification amount platform specific).
Post-PCR, the emulsion is disrupted and beads contain-
ing clonally amplified templates are enriched and indi-
vidually deposited into wells (Roche-454 picotiter plate)
or onto a surface-modified glass slide flow cell (Life Tech-
nologies SOLID). The deposition of beads needs to be
performed under conditions in which only a single bead
is deposited per well or, with the SOLID technology,
beads need to be sufficiently spatially separated on the
slide surface. The presence of clonally amplified DNA on
the bead surface is required to generate sufficient signal
for optical capture from each bead during sequencing.
The replicate copies are sequenced “in unison” to yield
one sequence read per bead.

For the lllumina Genome Analyzer platform, adapter
modified library fragments are automatically dispensed un-
der limiting dilution conditions onto a glass slide flow cell
that displays oligonucleotides complementary to lllumina
adapter sequences.'® Surface bound individual fragment
molecules are clonally amplified using an isothermal bridge
amplification method that generates clonal “clusters” of ap-
proximately 1000 identical molecules per cluster. By this
approach, one fragment is bound to one surface oligonu-
cleotide, undergoes cluster generation, and the replicate
copies are sequenced to yield one sequence read.

For the Roche 454, Life Technologies, and lllumina
platforms, library preparation is a multistep manual pro-
cess of pipetting, incubations, and purifications of enzy-
matic reaction products using spin columns or magnetic
beads. For the lllumina technology, a gel purification-
based size selection of the library is commonly per-
formed." Clonal amplification by emulsion PCR adds
considerable complexity to sample processing. How-
ever, new front-end automation devices for the emulsion
PCR steps have been developed by Roche 454 and Life
Technologies. In addition, Epicenter Biotechnologies
(Madison, WI) has recently introduced a novel, less man-
ual approach to library preparation wherein fragmenta-
tion and adapter addition are accomplished using in vitro
transposition and PCR. A Transposome complex com-
prising free transposon oligonucleotide ends and a trans-
posase is incubated with input DNA resulting in nearly
random fragmentation with sizes controlled by enzyme
concentration and incubation time. During fragmenta-
tion the transposon associated oligonucleotides are co-
valently attached to the 5’ ends of the target fragment.
The fragments are then amplified using tailed PCR prim-
ers in which the 5’ primer region contains either Roche
454 or lllumina library specific adapter sequences and
the 3’ region is complementary to the transposon oliog-
nucleotides. The resulting library is then ready for either
emulsion PCR or bridge amplification.
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Important quality control steps are essential during
library preparation, notably assuring that fragmentation
yielded an appropriate size distribution for the desired
application and platform being used. Increasingly, deter-
minations of fragment distributions, size changes due to
adapter ligation, and library quantification are performed
with high-resolution electrophoresis instruments (eg,
Agilent BioAnalyzer, Santa Clara, CA).

Next Generation Sequencing Chemistries

Sequencing of clonally amplified templates on first wave
platforms uses nucleotides or their labeled analogs, or
oligonucleotide probes, that are incorporated in a step-
wise, iterative manner with incorporation events optically
monitored and bioinformatically converted to sequence.
Chemistries includes pyrosequencing (Roche 454), se-
quencing by reversible dye terminators (lllumina), and
sequencing by sequential ligation of oligonucleotide
probes (Life Technologies SOLID). For pyrosequencing
on the Roche 454 GS-FLX and new GS-Junior platforms,
dATP, dCTP, dGTP, or dTTP and polymerase are se-
quentially flowed over the picotitre plate containing bead
bound clonally amplified DNA templates. When incorpo-
ration of a complementary nucleotide occurs on a grow-
ing strand in an individual well, pyrophosphate is re-
leased, which drives luciferase-mediated light generation
in the well. The luminescent bursts are optically captured
with a high-sensitivity CCD camera. Luminescence inten-
sity is directly proportional to the number of nucleotides
incorporated, thus homopolymer signals are greater than
single base additions and length-dependent. However,
accuracy of homopolymer determination decreases with
increasing homopolymer length.'® After incorporations
events are recorded, residual nucleotides are washed
out of the flow cell and the process is repeated.

lllumina sequencing uses a mixture of four fluores-
cently unique reversible dye terminators that are simulta-
neously introduced into the flow cell, along with DNA
polymerase. Incorporation of complementary bases into
individual clusters is recorded by virtue of base specific
fluorescent emission spectra. The fluor and termination
moieties, linked to the nucleotide base and 3’ deoxyri-
bose sugar position, respectively, are then cleaved and
washed away. Successive cycles of dye terminator mix-
ture and DNA polymerase introduction, incorporation,
and cleavage vyield chain elongation.

Sequencing by ligation on the SOLID platform involves
the iterative introduction of combinations of fluorescently
unique oligonucleotide probes containing specific inter-
rogation nucleotides and degenerate nucleotides. Post-
annealing and ligation, fluorescence is recorded and the
labeled section of each probe is cleaved and washed
away. Sequencing by ligation of oligonucleotide probes
is conceptually different from other NGS technologies in
that sequence is inferred from probe hybridization events
and includes the process of each base being interro-
gated twice for each sequence read generated.'®

Resulting read lengths vary between chemistries and
have been progressively increasing as each technology
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evolves. Of the first wave technologies, Roche 454 pyro-
sequencing read lengths are the longest at 400 plus
bases. As of this writing, a new platform, requiring
clonally amplified templates, has been announced by lon
Torrent (Guilford, CT), whose CEO Jonathan Rothberg
earlier founded 454 Life Sciences. The lon Torrent plat-
form takes clonally amplified DNA templates and individ-
ually sequences them on a semiconductor chip consist-
ing of an array of about 1.55 million 3.5-micrometer wells.
Underneath the wells is an ion-sensitive layer and one
electronic sensor per well. Unmodified nucleotides are
sequentially added in the presence of DNA polymerase.
With complementary base incorporation, hydrogen ions
are released during formation of the 5’ to 3’ phosphodi-
ester bond. The released hydrogen ions decrease the pH
of the solution in the well proportional to the number of
bases incorporated and the decrease is registered by the
sensing system, which is a microscale solid-state pH
meter. This approach, which generates read lengths in
the 100 base range, represents the first NGS technology
that does not depend on light or fluorescent detection.

Single Molecule Sequencing

While the Roche 454, Life Technologies SOLID, and lllu-
mina platforms currently dominate the field, a second
wave of platforms based on single molecule DNA se-
quencing (SMS) is emerging. Commercially available
SMS platforms are those from Helicos BioSciences (Cam-
bridge, MA) and Pacific Biosciences (Menlo Park, CA),
with a third platform in development by Life Technolo-
gies. Single DNA molecule sequencing inherently re-
duces the complexity of library preparation in that clonal
amplification before sequencing is eliminated. The Heli-
cos BioSciences HeliScope has a library preparative pro-
cedure in which DNA fragments are enzymatically polyA
3’ tailed, purified, and hybridized to oligo dT attached to
a glass slide flow cell surface. For sequencing on the
Heliscope, a variation of dye terminator chemistry com-
prising one color Cy5 fluorescently labeled, 3" unblocked
reversible dye terminators is used.’®~2" In this approach,
sequencing is conducted in a stepwise manner, with
each incorporation event monitored at the single mole-
cule level using total internal reflection fluorescence
microscopy.

The Pacific BioSciences SMS technology represents
the first “real-time” sequencing method based on contin-
uous monitoring of DNA polymerase-mediated incorpo-
ration of labeled nucleotide analogues.?>2* For library
preparation, fragmented DNA is end repaired, monoad-
enylated, and ligated to adapters that form a stem loop
structure on each fragment end. Molecular complexes
are then formed in solution comprised of individual DNA
library fragments with stem loop adapters that are primed
with a sequencing primer complementary to adapter loop
sequences, and phi 29 DNA polymerase. Under limiting
dilution conditions, individual complexes are deposited
into nanoscale wells present in a highly parallel flow cell
configuration. Each nanoscale well is optically monitored
by a zero mode waveguide. To immobilize the complex,

the polymerase is biotinylated and bound to streptavidin
on the well floor so as to be optimally oriented in the zero
mode waveguide.

To initiate DNA polymerization and hence sequencing,
divalent cation and four differently labeled nucleotide
analogs are added. A new class of labeled nucleotide
analogs was developed for this technology wherein a
hexaphosphate moiety is linked to the 5’ position of the
deoxyribose sugar. Through a phosphoester bond, nu-
cleotide specific fluors are coupled to the terminal phos-
phate. As a complementary phospholabeled nucleotide
is incorporated into the growing DNA strand, its respec-
tive emission fluorescence is observed through excitation
in the zero mode waveguide. With incorporation, the
phospholinked fluorescent moiety is cleaved and rapidly
diffuses away. Successive incorporation events take
place at a rate of 2 to 4 bases per second. The ability to
distinguish specific incorporation signals from back-
ground, due to noncomplementary nucleotide sampling
by the polymerase and random nucleotide diffusion, is
based on the longer time that a complementary base is
“held” by the polymerase. Each incorporation event gen-
erates a pulse of nucleotide specific fluorescent emission
followed by a return to baseline background fluores-
cence before the next incorporation event. The phi29
DNA polymerase is a highly processive enzyme with
strand displacement activity. When bound to a library
fragment with stem loop adapters, the polymerase repli-
cates in a “circular” fashion yielding redundant forward
and reverse strand sequence.

A second real-time SMS technology, based on moni-
toring the incorporation of phospholinked fluorescent
nucleotide analogues, is in development by Life Technol-
ogies with a planned commercial release in 2011. Al-
though complete details are not yet available, library
preparation is anticipated to require DNA fragmentation,
end repair, and phosphorylation. The processed frag-
ments are then denatured and ligated, as single strands,
to capture oligonucleotides on a glass slide flow cell
surface. A primer, complementary to the capture oligo-
nucleotide, is annealed and sequencing is initiated by the
addition of four differently labeled nucleotides, a novel
DNA polymerase, and divalent cation. The novel DNA
polymerase is conjugated to a quantum dot that functions
as a donor, whereas the fluorescent moiety on the nucle-
otide serves as an acceptor in a classic fluorescence
resonance energy transfer (FRET) reaction. Excitation of
the quantum dot results in a wavelength emission that
excites labeled nucleotides that are being incorporated
into the growing strand by virtue of their proximity to the
DNA polymerase. Nucleotide incorporation is coupled to
cleavage and diffusion of the phospholinked fluorescent
moiety. In contrast to the use of zero mode waveguides in
individual wells, the optical monitoring employs total in-
ternal reflection fluorescence microscopy.

Comparative Perspective on Platforms

First wave NGS platforms that sequence clonally ampli-
fied templates have continued to improve in terms of



accuracy, turnaround times, and throughput. This im-
provement has been the result of chemistry refinements,
instrument modifications to fluidics and optics, higher
flow cell template densities, and refined algorithms for
signal processing. The maturation of first wave platforms
has increased their attractiveness for the clinical diag-
nostic setting. However, important implementation barri-
ers include complex manual library procedures and ex-
pensive reagents costs. Continued automation efforts will
reduce the former barrier but run cost reduction is more
challenging due to the iterative sequencing process,
which consumes reagents with each cycle that need to
be replenished.

The transition from clonal template-based NGS to sin-
gle molecule sequencing offers several potential advan-
tages. Not needing to generate clonal templates as se-
quencing substrates simplifies library preparation and
has the added benefit of reducing representational
biases introduced by clonal template amplification. Se-
quencing run times will be decreased from the current
multiple hours (Roche 454) and days (Life Technologies
SOLID and lllumina) to fractions of an hour or two. By not
requiring multiple reagent additions and washes, real-
time SMS instrument run costs are expected to be on the
order of several hundred dollars, as opposed to a few
thousand. Read lengths for Pacific Biosciences are now
in the 800-1000 plus base range, an improvement that
will facilitate alignment and bioinformatic analyses. While
SMS technologies are promising, an important concern is
higher error rates in individual reads compared with
those observed in reads generated from clonal template
based sequencing technologies. For further details on
chemistries, the reader is referred to recent reviews in-
cluding one by the authors, which shows diagrams de-
tailing the Roche 454, lllumina, and SOLID chemis-
tries.325-27 A summary of key features of next generation
sequencing platforms is shown in Table 1.
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Sequencing Read Lengths, Accuracy, and
Coverage

Each NGS platform generates different read lengths that
range from short reads (eg, 35 bases) to greater than 500
bases. For a number of applications, including targeted
resequencing, CHiP-Seq, and RNA-Seq, short reads are
highly informative and adequate. The advantage of
longer reads is evident in applications of de novo genome
assembly and when sequencing through areas of repet-
itive DNA and targets that share regions of high homol-
ogy (for example, members of a related gene family and
functional versus pseudogenes). Most platforms have the
important option of being able to sequence both ends of
library fragments, termed paired-end or mate-pair se-
quencing. Different library fragment insert sizes can be
used so that the interval between pair end sequence
information can be varied. Pair-end sequencing effec-
tively doubles the amount of sequence obtained, facili-
tates alignment, and improves detection of insertions and
deletions occurring between the pair ends.

To address accuracy and coverage, it is important to
consider how NGS data are generated. At each iterative
cycle (or real-time incorporation), luminescent or fluores-
cent signals are optically captured and processed. Sig-
nals are compared with background and algorithmically
converted into nucleotide base information in the form of
sequence reads. Each base is assigned a “quality” score
that shares conceptual similarity to Phred quality scores
used in Sanger sequencing. Direct comparison of quality
scores between platforms is not possible as each plat-
form has its own algorithm. With respect to accuracy,
NGS chemistries are prone to errors occurring in individ-
ual reads at frequencies in the 0.5 to 2% range, depend-
ing on platform. These are primarily substitutions and
secondarily single base insertions and deletions (with
erroneous indels being more pronounced in homopoly-

Table 1. Characteristics of Next Generation Sequencing Platforms
Read
length Run time Gb per
Platform Template preparation Chemistry (bases) (days)* runt
Roche 454
GS FLX Titanium Clonal-ePCR Pyrosequencing 400* 0.42 0.40-0.60
GS Junior Clonal-ePCR Pyrosequencing 400* 0.42 0.035
lllumina
HiSeq 2000 Clonal Bridge Amplification ~ Reversible Dye Terminators 35-100 2-4 30-100
Genome Analyzer IIX  Clonal Bridge Amplification  Reversible Dye Terminators 35-100 2-4 9-25
Genome Analyzer IIE  Clonal Bridge Amplification ~ Reversible Dye Terminators 35-100 2-5 3.5-10
iScanSQ Clonal Bridge Amplification  Reversible Dye Terminators 35-75 2.5-5 4-10
Life Technologies
SOLID 4 Clonal-ePCR Oligonucleotide Probe Ligation 35-50 4-7 35-50
Helicos Biosciences
HeliScope Single Molecule Reversible Dye Terminators 35+ 8 25
Pacific Biosciences
SMRT Single Molecule Phospholinked Fluorescent 800-1000 0.02 Pending

Nucleotides

Run times* and gigabase (Gb) output™ per run for single-end sequencing are denoted by a double asterisk and a single dagger, respectively. Run
times and outputs approximately double when performing pair-end sequencing. *Average read lengths for the Roche 454 and Helicos Biosciences

platforms.
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mer tracts). Therefore, nucleotide variant changes (eg,
from a reference sequence) cannot be accurately relied
on if present in only a single read. This is addressed by
requiring redundancy, that is, the variant must be present
in multiple overlapping reads.

The number of times a nucleotide base has been se-
quenced is referred to as its “coverage.” A not fully-
defined parameter is how much coverage is needed for
accurate sequencing, if accuracy is defined as ~99.5 to
99.9%. This varies with platform, but empirical results
from the literature have suggested as few as 4 to 5 reads
per allele, whereas most groups require 10 to 30 reads
per allele.?®3° Confidence in variant identification is in-
creased when bidirectional sequencing reads are con-
cordant. NGS is still early in its overall development, and
sequencing accuracies will improve with further refine-
ments in chemistry, optics, and processing algorithms.

Redundancy is also inherent to Sanger sequencing in
that each base peak of a Sanger electropherogram rep-
resents many copies of the same length chain termination
product. Based on desired coverage, one can calculate
the amount of sequencing required for a given size tar-
get(s). However, coverage can vary considerably across
target regions. Sources of variability include target en-
richment method (see discussion below) and library
preparation. Aspects of library preparation that contrib-
ute to variability include unequal ligation of adapters to
fragment ends and PCR amplification biases. The chal-
lenge posed by variable coverage is when coverage is
low and the number of reads is less than an empirically
derived “cut off” value for accurate variant identification.
To offset variability, we devise NGS experiments to yield
coverage in the several hundred-fold range to in an effort
to achieve 30-fold plus coverage per nucleotide position.
While this conservative approach does not take full ad-
vantage of NGS throughput capabilities, it minimizes the
number of suboptimally covered regions.

Bioinformatics and Variant Identification

Two major computations are performed with NGS reads,
those of assembly and alignment. Assemblies are per-
formed primarily when no reference genome exists for the
DNA sequenced (for example, a genetically uncharacter-
ized pathogen). Assembly algorithms take sequence
reads, align overlapping sections, and generate longer
length contigs, which serve as the scaffold for genome
assembly and subsequent alignments. For diagnostic
applications where NGS is being developed, reference
genomes exist (eg, major pathogens such as HIV and the
human genome). In this context, the primary computation
used is alignment of reads to the reference sequence.
For resequencing human gene targets, reads are typi-
cally aligned to the relevant, complementary subregions
of the human genome (eg, exons or full-length genes) as
opposed to aligning against the entire human genome,
which is more computationally intensive.

Alignment is the process of determining the best
match between sequence reads and reference se-
quence. To accommodate the large number of reads

generated by NGS, a number of new alignment algo-
rithms have been devised. Many share the characteristic
that alignment is performed in a multistep or heuristic
approach in which the first phase consists of converting
either the sequence reads or the reference sequence into
an index of shorter length sequences, which are given
read identifiers. The index is cross matched (eg, se-
quence read index against reference sequence or vice
versa) using an algorithm whose criteria for alignment is
operator-defined, with a key emphasis on the number of
nucleotide matches required and, conversely, the num-
ber of nucleotide mismatches allowed for the given index
sequence length.

A popular method for this type of matching uses tradi-
tional computational science-based hash table algo-
rithms. By using indexes of shorter length (sometimes
referred to as “seeds”) and permitting mismatches, align-
ments proceed more rapidly and generate a first pass set
of matches. Subsequently, greater stringency is applied
to the matched data set, using additional algorithms to
yield a more accurately refined final set of alignments that
optionally permit gaps for identification of insertions and
deletions. These include variants of local sequence align-
ment approaches such as the traditional Smith-Waterman
algorithm and can incorporate criteria based on se-
quence quality scores. Postalignment, programs gener-
ate key information including the number of aligned
reads, a list of sequence variants relative to the refer-
ence, and the percentage of reads containing the variant.
Refinement of variant calling and interpretation is an area
of active investigation.

For heterozygous variants, approximately 50% of se-
quences would be expected to contain the variant (that
is, an allelic read percentage of 50), and for a homozy-
gous variant, approximately 100% of the sequences
would contain the variant. In practice, variant read per-
centages for NGS can exhibit a wide range for both
heterozygous and homozygous variants. Heterozygous
read percentages can range from the low 20 percentile to
as high as 80% and homozygous read percentages can
range from 60% upwards. These wide ranges complicate
variant identification and arise from both technical and
bioinformatic sources. For example, during library prep-
aration allelic biases can be introduced by differential
PCR amplification. Alignment programs can vyield differ-
ent variant read percentages as a consequence of their
unique algorithms and criteria. Cross or misalignment of
related sequences to reference genes that share high
homology can result in skewing of variant read percent-
ages. Improving variant identification and allelic read
percentages will depend on a combination of chemistry
and bioinformatic advances including the use of longer
read lengths, pair end sequencing (to increase alignment
accuracy), algorithm refinements, and sequencing meth-
ods that minimize or do not require amplification during
library preparation. NGS data analysis has become a
burgeoning subdiscipline within bioinformatics. For a fur-
ther introduction the reader is referred to recent
reviews 31732



Targeted Resequencing

Investigations into the genetic basis of a growing number
of inherited disorders have revealed how a clinical phe-
notype can be due to multiple causative genes with a
broad mutational spectrum. Examples include X-linked
mental retardation, mitochondrial disorders (secondary
to mutations in both the mitochondrial genome and nu-
clear genes), congenital hearing loss, cardiac arrhyth-
mias, and hypertrophic and dilated cardiomyopathies. A
comprehensive diagnostic approach requires the analy-
sis of dozens of genes (upwards of 80 genes for X-linked
mental retardation).®*3° The magnitude of analysis
poses an operational challenge for Sanger sequencing.
In the future, when the cost of whole genome sequencing
markedly declines, one could envision sequencing the
entire genome followed by interpretation of the genes of
immediate clinical interest. In the interim, targeted rese-
quencing of the multiple causative genes is an attractive
area for NGS diagnostic development. For this approach,
a number of target gene enrichment strategies have been
tested in conjunction with NGS and are next presented.

Enrichment strategies can be categorized as either
amplification-based or oligonucleotide array capture
based.®®3” For the former, PCR remains the mainstay
approach. Resequencing of exons by targeted PCR en-
richment has been demonstrated for a number of genes.
Using 96-well formats with either manual or automated
reaction setups, amplicons are generated, pooled (pref-
erably at or close to equimolarity), then converted into a
NGS library. This approach integrates well with the longer
read length technologies (eg, Roche 454). A variation
that streamlines library preparation uses amplification
primers tailed with platform-specific adapter sequences.
An additional variation incorporates identifier or barcode
sequences into the adapters. In this scenario, multiple
sample libraries are prepared, each with their own bar-
code, and pooled for sequencing. Post-sequencing, reads
are bioinformaticaly assigned to their respective sample of
origin.®8~*° Qverlapping long-range PCR with 5- to 10-Kb
amplicons can be used to amplify large genes. Postampli-
fication, long-range amplicons are pooled, fragmented, and
converted into a library.

Recently, a novel highly parallel PCR microdroplet
technology has been introduced by RainDance Technol-
ogies (Lexington, MA).*'=*2 Individual primer pairs for
targets are designed (for amplicon lengths 200—-600 bp),
synthesized, and sequestered in individual stable emul-
sion microdroplets. Up to a few thousand primer pairs
can constitute a microdroplet primer population. For tar-
geted amplification, genomic DNA is first fragmented into
a size range of 2000-4000 bp. The fragmented DNA is
then randomly distributed into its own microdroplet pop-
ulation. On an automated microfluidic platform, individual
microdroplets are merged so that one microdroplet con-
taining fragmented genomic DNA is associated with one
microdroplet containing an individual primer pair. The
associated droplet pairs are fused while traversing a
microfluidic channel across which an electrical potential
is applied. Each fused microdroplet contains genomic
DNA and a specific primer pair, which are collected into
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a single tube and thermocycled to achieve highly parallel
PCR amplification. Postamplification, the droplets are
disrupted to release their contents and the pooled
amplification products are converted into a library for
sequencing. When using the RainDance technology for
enrichment before Roche 454 sequencing, the amplicons
are ligated to adapters and converted to clonally ampli-
fied templates for sequencing. To streamline, RainDance
primers can be synthesized with Roche 454 adapter tails.
At present, when using the RainDance technology in
conjunction with short read sequencing platforms (eg,
lllumina Genome Analyzer or Life Technologies SOLID),
the pooled amplicons are converted by ligation into con-
catemers, which are then fragmented and processed into
the respective sequencing library. While a workable ap-
proach, it adds additional technical steps and results in a
proportion of junction sequences between unrelated am-
plicons. The RainDance technology offers PCR specific-
ity and is well suited for resequencing large numbers of
exons.

As an additional PCR-based enrichment approach,
Fluidigm (South San Francisco, CA) has recently re-
leased their Access Array platform. This technology uses
a microfluidic chip that contains nanoliter scale reaction
chambers separated by valves. In its current configura-
tion, 48 samples can be loaded onto the chip and each
sample can be distributed into 48 chambers with unique
primer pairs. The loaded chip is placed on a plate ther-
mocycler for PCR amplification. Post amplification, valves
are reversed and samples (now comprising up to a 48-
amplicon pool) are returned to their original wells. In
comparison with RainDance, the Fluidigm technology is
non-emulsion based, can accommodate long-range PCR
reactions, but, at present, does not have equivalent
scalability.

Alternative amplification strategies have been devel-
oped using molecular inversion probes (MIPs) and vari-
ants thereof.*>~*% MIPs are single-stranded oligonucleo-
tides that contain a common middle positioned linker
sequence flanked by target specific sequences. These
can be highly multiplexed and hybridized to denatured
genomic DNA. On hybridization, the target specific probe
sequences anneal to their genomic complements and the
overall probe assumes a circular structure with a gap
between the specific annealing sites. The gap can be
filled with DNA polymerase followed by ligation. The in-
tact circle, containing the common linker, flanking probe,
and intervening genomic sequences, can be amplified
by PCR with primers complementary to the common
linker sequences. Hundreds to thousands of targets can
be captured and amplified in a single tube. MIP technol-
ogy has not been commercialized, and challenges in-
clude the design and synthesis of MIPs and the need to
re-design to improve target capture uniformity.

A related technology, termed Selector, is being com-
mercialized by OLINK Genomics (Uppsala, Sweden). In
this method, genomic DNA is digested with different
combinations of restriction endonucleases. Denatured
restriction fragments are hybridized to Selector oligonu-
cleotide probes whose right and left sides are comple-
mentary to the fragment ends. Probe hybridization yields
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a genomic DNA circular structure whose ends are then
ligated. For enrichment, ligated circles are amplified us-
ing rolling circle amplification. Both MIP and Selector
amplification products are subsequently fragmented and
converted into next-generation sequencing libraries.

Oligonucleotide array capture methods constitute the
second major enrichment strategy.*®-52 With array meth-
ods, genomic DNA, or genomic DNA converted into a
next-generation sequencing library, is hybridized to oli-
gonucleotides complementary to target regions of inter-
est. Posthybridization, the enriched material is eluted
from the array and processed for NGS. The oligonucleo-
tides can be formatted on a solid surface array (eg,
Nimblegen, Madison, WI, Agilent, Santa Clara, CA, or
Febit, Lexington, MA) or used in solution (Nimblegen and
Agilent). In solution or solid surface oligonucleotide array
capture experiments require either one or two day hybrid-
ization, respectively, and the eluted material can be
increased in quantity by PCR before NGS.®® Capture
arrays have been designed for both large- and smaller-
scale contiguous and noncontiguous target regions. Im-
portant technical considerations for array design are the
specificity of capture probes and the potential for cocap-
ture and enrichment of nontarget sequences, notably those
from closely related genes and pseudogene analogs. When
designing an array, it is common to use software such
as RepeatMasker (http://www.repeatmasker.org, last ac-
cessed on May 12, 2010) that identifies repeat se-
quences and low complexity regions in target regions.
While these will be more often found in introns and other
nonexon regions, they can be present in exons, making
probe selection challenging.

Despite designing arrays to minimize nonspecific hy-
bridization, cocapture of nontarget regions occurs to a
variable degree. Cocapture of highly homologous pseu-
dogene sequences poses an interpretive challenge,
which can be mitigated by bioinformatic filtering against
pseudogene sequences. The inherent coverage variabil-
ity in NGS libraries can be compounded by uneven and
inadequate capture using arrays, sometimes necessitat-
ing array redesign.

Each enrichment methodology has advantages and
disadvantages. Array capture is better suited for enrich-
ment of larger target regions up to the scale of the human
exome. Amplification-based strategies, particularly those
that use PCR, offer increased target enrichment specific-
ity and may ultimately be more appropriate for clinical
diagnostic applications where the enhanced specificity
will translate to increased diagnostic accuracy.

Case Study: Hypertrophic Cardiomyopathy

In the final section of this report, we present highlights
from our initial efforts to develop targeted resequencing
of genes implicated in primary hypertrophic cardiomyop-
athy (HCM). The data selected are representative and
illustrate several of the concepts described earlier. HCM
has an incidence of approximately 1 in 500 and displays
an autosomal dominant pattern of inheritance with vari-
able penetrance.®*~%” HCM manifests primarily in adult-

hood, although pediatric cases are documented.®® HCM
muscle biopsies display disordered cardiac myocyte ar-
chitecture with interstitial fibrosis. As HCM progresses,
left ventricular and septal wall enlargement occurs with
development of angina, arrhythmias, and, in its severest
form, sudden death. HCM is a disorder of the cardiac
sarcomere, the multiprotein contractile unit of the cardiac
muscle comprising thick and thin filaments and acces-
sory proteins. More than 450 mutations in 16 genes have
been implicated in HCM and the genes with the highest
mutation frequency encode for the core sarcomere pro-
teins including myosin heavy and light chains, actin, tro-
ponins T and |, and tropomyosin.®®~%2 Genetic testing
approaches for HCM have included Sanger sequencing of
individual genes and a gene panel approach using rese-
quencing arrays.®?~%* Next generation sequencing now of-
fers a new diagnostic approach for HCM.

In a first phase project to evaluate NGS for HCM diag-
nostics, we used long-range PCR to amplify 16 genes
implicated in HCM in a control DNA (Table 2).% Primers
and reaction conditions were optimized yielding an aver-
age amplicon length of 5136 bp with overlaps averaging
550 bases in length. The choice of long-range PCR al-
lowed for the design of fewer amplicons (67 total) and the
longer term opportunity to investigate potential deep in-
tronic mutations, which to date have not been extensively
studied in HCM. Fourteen of the 16 genes were amplified
in full, including exons and introns, while only exons and
flanking intronic sequences of PRKAG2 and only one
exon of TTN previously reported to contain a HCM asso-
ciated mutation were amplified. A total of 319,646 non-
overlapping bp of genomic DNA were amplified under
uniform reaction conditions using TaKaRa Hot Start DNA
polymerase, representing 35,399 bases of exonic DNA.

Amplicons were gel purified, and an equimolar ampli-
con pool was generated, divided, and used to make

Table 2. Major Genes Implicated in Hypertrophic
Cardiomyopathy and their Respective Mutation
Frequencies

Gene

Protein Gene Mutations  size bp
Myosin, heavy chain 7 MYH7 193 32,628
Myosin binding protein C  MYBPC3 138 28,280
Troponin T type 2 TNNT2 33 25,673
Troponin | type 3 TNNI3 32 12,963
Cysteine and glycine-rich CSRP3 12 27,024

protein 3
Tropomyosin 1, a TPM1 11 36,274
Myosin, light chain 2 MYL2 10 16,758
Actin ACTC 7 14,631
Myosin, light chain 3 MYL3 5 12,617
Protein kinase, PRKAG2 4 328,114
AMP-activated, y 2

Phospholamban PLN 2 19,112
Troponin C type 1 TNNCT 1 9041
Titin TN 2 281,434
Myosin, heavy chain 6 MYH6E 2 32,628
Titin-cap TCAP 2 9361
Caveolin 3 CAV3 1 20,199
Totals 455 906,737

For OMIM accession numbers and loci of genes, see Fokstuen
et al,®2 from which this gene list was derived.



Roche 454 and lllumina Genome Analyzer libraries, re-
spectively. The two libraries were sequenced on their
respective instruments, using either a full picotiter plate
(Roche 454 GS-FLX) or a single-flow cell lane (lllumina
Genome Analyzer). The average read length for the
Roche 454 GS FLX run was 235 bases, whereas the
lllumina Genome Analyzer was programmed to generate
36 base length reads. The number and percentage of
reads aligning to the HCM reference genes for the Roche
454 GS FLX and lllumina Genome Analyzer were 265,155
(94.1%) and 7,081,505 (89.9%), respectively. Figure 2A
shows a coverage plot spanning a portion of the myosin
heavy chain 7 (MYH7) gene sequenced from a control
individual with no known cardiac abnormality. For the
entire gene set, average coverage depths for the GS-FLX
and Genome Analyzer were 186 and 782, respectively.
The pattern of variable coverage, with peaks and valleys,
is typical of NGS data and emphasizes the need to have
sufficient sequencing depth.

In Figure 2B, a variant plot for a region of MYH7 is
shown. Allelic read percentages are plotted against
MYH?7 reference sequence position. Circled are two ex-
amples of platform concordant variants with allelic read
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Figure 2. A: Coverage plot of a region of the MYH7 gene with comparison
of Roche 454 GS FLX (top panel) and Illumina Genome Analyzer (bottom
paneD) sequence read data. Coverage is shown on the y axis and MYH7
reference sequence position on the x axis. Overlapping long-range PCR
amplicons and exon positions are shown. Note difference in coverage scales
between platforms. B: Variant read percentage plot of a region of the MYH7
gene showing variants identified with the Roche 454 GS FLX and Ilumina
Genome Analyzer platforms. Variant read percentage is shown on the y axis
and MYH7 reference sequence position on the x axis. Exons and introns are
indicated. Labeled as heterozygote and homozygote are two platform-con-
cordant Sanger-confirmed variants with read percentages consistent with
heterozygosity and homozygosity, respectively. Also circled are three vari-
ants with read percentages of approximately 25%. Of these three variants, the
two identified only with the Illumina Genome Analyzer were determined to
be false positives by Sanger sequencing. The third variant, with a read
percentage of approximately 25% with the Roche 454 GS FLX, was deter-
mined to be a true variant. The complement of this variant is present in the
Illumina Genome Analyzer data at a read percentage of approximately 50%
(black circle with asterisk).
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percentages consistent with heterozygosity and homozy-
gosity, respectively. These variants were confirmed by
Sanger sequencing. Also shown are three variants with
allelic read percentages of approximately 25%, raising
the question of whether or not they represent true vari-
ants. The two questionable variants, identified in the Illu-
mina Genome Analyzer data only, were determined to be
false positives by Sanger sequencing. The other ques-
tionable variant, circled for the Roche 454 GS FLX data,
was determined to be a true variant, and its complement
in the lllumina Genome Analyzer data is present at ap-
proximately 50% read percentage.

For variant identification in this control individual sam-
ple, we required each variant to have a coverage of
30-fold or greater and an allelic read percentage of 20%
or greater. Using this read percentage was a permissive
approach in which we expected to encounter false pos-
itives. When we applied these criteria to identify exon
variants, we delineated 27 platform concordant exon vari-
ants. Each of the 27 concordant variants was confirmed
by Sanger sequencing and an example of a concordant
variant in the actin (ACTC7) gene is shown in Figure 3A.
We were able to identify an additional five platform-con-
cordant Sanger-confirmed variants when we reduced our
coverage criteria to 5-fold. Of the 32 confirmed exon
variants, heterozygous allelic read percentages ranged
from 33 to 86% and 21 to 67%, respectively, with the GS
FLX and Genome Analyzer platforms, whereas homozy-
gous variant allelic read percentages were either 100%
or ranged from 80 to 94%, respectively. Of the 32 Sanger
confirmed exon variants, 18 were in coding regions with
16 synonymous and two nonsynonymous. The other 14
variants were located in untranslated regions.

Discordant exon variant results were observed be-
tween the two platforms and segregated into two cate-
gories. First, we observed 10 errors in the Roche 454 GS
FLX data secondary to homopolymer sequencing errors
with an example in the AMP activated protein kinase
gene (PRKAGZ2) shown in Figure 3B. The homopolymer
errors were due to either single base deletions or inser-
tions and exhibited allelic read percentages ranging from
20 to 47%. Second, we observed two errors in the Ge-
nome Analyzer data that resulted from sequence read
misalignments between the closely related MYH7 and
MYH6 genes. The high degree of cross homology be-
tween these two genes resulted in a skewing of read
matching during alignment with an example shown in
Figure 3C. Together, these discordants, due to ho-
mopolymer and misalignment errors, represent “false
positives” in exons and highlight the value of confirmatory
Sanger sequencing at this stage of NGS technology evo-
lution. In contrast, no NGS platform false negatives were
observed in a total of 23,016 bases that were Sanger
sequenced during confirmatory studies. This represents
a sampling of 7.2% of the total unique bases that were
NGS sequenced.

The highlights of this case study (for full details see
Dames et al, ®°) illustrate the potential of NGS for targeted
resequencing of multiple genes implicated in HCM. How-
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Figure 3. Comparison examples of Roche 454 GS FLX and Illumina Genome Analyzer next generation sequencing results for hypertrophic cardiomyoapathy
associated genes. A: Concordant heterozygous variant g.5871488T>C in ACTC1. Roche 454 GS FLX and Illumina Genome Analyzer sequence read data were
aligned and viewed in SeqMan NGen version 1.2 software (DNAstar, Madison, WI). Screen shots are shown. Top: GS FLX data showing 19 of 84 reads with the
ACTCT reference sequence shown above the panel box and the variant base designated in blue. Variant read percentage for 84 reads is 50%. Middle: Genome
Analyzer data showing 21 of 499 reads and variant base in blue. Variant read percentage for 499 reads is 51.7%. Bottom: Confirmatory Sanger electropherogram.
B: Discordant exon variant g.11968221delC in PRKAG2 due to GS FLX homopolymer sequencing error. Roche 454 GS FLX and Illumina Genome Analyzer
sequence read data were aligned and viewed in SeqMan NGen version 1.2 software (DNAstar, Madison, WI). Screen shots are shown. Top: GS FLX data showing
19 of 37 reads with the PRKAG2 reference sequence, containing a 7-base polyC tract, shown above the panel box. The g.11968221delC variant in the 7-base poly
C tract is present in 32.4% of 37 reads and designated with a dash mark. Middle: Genome Analyzer data showing 19 of 279 reads. The g.11968221delC variant

is present in 1.8% of 278 reads.

Bottom: Confirmatory Sanger electropherogram. C: Discordant exon variant g.4892783C>T in MYH?7 due to misalignment of

Genome Analyzer 36-base length reads generated from MYHG in pooled amplicon library. Roche 454 GS FLX and Illumina Genome Analyzer sequence read data
were aligned and viewed in SeqMan NGen version 1.2 software (DNAstar, Madison, WI). Screen shots are shown. Top: GS FLX data showing 19 of 39 reads with
the MYH7 reference sequence shown above the panel box. All 39 reads show reference C at position g.4892783. Middle: Genome Analyzer data showing 19 of
293 reads and the variant base designated in blue. Variant read percentage for 293 reads is 21.8%. Bottom: Confirmatory Sanger electropherograms for MYH7
(upper trace) and MYHG (lower trace) showing variant g.4858071C>T. In this region, MYH7and MYHG are 100% identical over 59 bases in the respective reference
sequences. Genome Analyzer reads containing the MYHG6 variant g.4858071C>T cross aligned to the MHY?7 reference sequence in this region resulting in the
discordant variant. The longer GS-FLX reads extend beyond this local region of MYHG6 and MYH7 homology and avoided misalignment. An additional feature,
highlighted in yellow, is a single G/A base difference between MYH6 and MYH?7 downstream from the discordant variant. MYH6 Genome Analyzer reads

overlying this G/A base difference aligned to MYHG and not to MYH?7.

ever, this study also shows important caveats that need
to be addressed. Homopolymer errors with the Roche
454 technology have been earlier reported. Roche 454
reports that modifications including metal coating of pi-
cotiter well walls to prevent well-to-well cross talk and
enhance well specific signals, finer control of pulsed
reagent flow and software algorithm adjustments have
increased homopolymer accuracy. The misalignment er-
rors we observed with the Genome Analyzer 36 base
length reads correlate with the high degree of homology
between MYH7 and MYH6. A future approach to mitigate
this error type will include longer read lengths (now com-
mercially available) coupled with pair end sequencing. In
preliminary experiments with 76 base length Genome
Analyzer reads, we have observed improvements in
alignments and a reduced range of heterozygous and
homozygous allelic read percentages.

Conclusion

Next generation sequencing has fundamentally impacted
biomedical research and is poised to begin a transition
into the clinical diagnostic space. NGS is still relatively
early its evolution, it is fast-paced, and new develop-
ments are expected for the foreseeable future. Continued
refinement of sequencing chemistries should translate to
improved sequencing accuracy, thereby reducing the
need for Sanger confirmation. With each year, technical
complexity is being reduced through platform improve-
ments and automation. A growing number of enrichment
methods and platforms offer options for specific applica-
tions from targeted resequencing to whole genome se-
quencing. Bioinformatic skills are critical for successful
analysis and interpretation of NGS data, and this is an
area that will present a significant challenge to the diag-



nostic laboratory. As sequencing throughput increases,
the need for more facile approaches to data analysis,
variant identification, and correlation with phenotype will
become paramount. Balancing the challenges of adopt-
ing NGS into the diagnostic laboratory is the potential to
use this powerful technology to offer complex genetic
diagnostic testing in a more comprehensive manner.
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