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Abstract Genome-wide variant detection within a

species is the primary initial step towards linking

genotypic variation and phenotypes. The conversion

of these genetic variants (the most prevalent of these

being single-nucleotide polymorphisms or SNPs) into

genetic markers is particularly important in agro-

nomically valuable crop species to allow for cost-

effective marker-assisted selection strategies, whole-

genome fingerprinting, association studies, map-

based gene cloning and population-based analyses.

Towards these goals, an increasing number of large-

scale genetic variant discovery initiatives are being

undertaken in conjunction with next-generation

sequencing platforms, allowing for drastically

quicker and cheaper variant discovery, and leading

towards a far more comprehensive view of the

genome or transcriptome. This review will summa-

rize the current status of these initiatives and will

discuss the expanding role of next-generation

sequencing technologies in facilitating crop

improvement.
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Introduction

The ability to obtain important information on genes,

underlying genetic variation, and gene function

originates with the ability to sequence both the

genomic and transcribed DNA of an organism. This

sequencing can be used to generate a reference

genome assembly, to query the transcribed fraction of

the genome in order to assist with the annotation of

the reference sequence, or to obtain genetic variation

among individuals within a population through the

comparison of sequences at a given locus or loci. The

advent of next-generation sequencing platforms has

drastically increased the speed at which DNA

sequence can be acquired while reducing the costs

by several orders of magnitude. These next-genera-

tion platforms generate shorter reads with lower

quality when compared to the Sanger platform. This

reduction in read length and quality necessitates the

development of bioinformatics tools to assist in either

the mapping of these shorter reads to reference

sequences or de novo assembly. In order to compen-

sate for the lower quality, redundancy of reads at a

given nucleotide position (coverage) is employed to

discern sequencing errors from true genetic variation.
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This review will focus on the current and future new

sequencing platforms as well as how two of these

platforms currently are being utilized in genetic

variant discovery among agronomically important

species within the Plant Kingdom.

Sequencing systems

Since the advent of the modern genomics era in the

early 1990’s, the majority of prokaryotic and eukary-

otic genome sequencing projects has relied almost

exclusively on instruments carrying out semi-auto-

mated versions of the Sanger biochemistry (Sanger

et al. 1977; Hunkapiller et al. 1991). The resulting

genomic assemblies (The Arabidopsis Genome Ini-

tiative 2000; Lander et al. 2001; Goff et al. 2002; Yu

et al. 2002; IRGSP 2005; Tuskan et al. 2006; Jaillon

et al. 2007; Paterson et al. 2009) are based upon

strategies deriving from shotgun de novo sequencing

(Roe 2004), where many copies of randomly frag-

mented DNA cloned into a high-copy number

plasmid, generated after transformation into Esche-

richia coli, are end-sequenced in reactions consisting

of successive rounds of template denaturation, primer

annealing and primer extension, and then assembled

de novo to recreate larger sequences, or ‘‘contigs’’.

Another shotgun application of the Sanger biochem-

istry is the sequencing of cDNA fragments derived

from transcripts and cloned into high-copy number

plasmids. The resulting sequences (classified as

expressed sequenced tags, or ‘‘ESTs’’) can be used

to generate a ‘‘snapshot’’ of the expression of genes

within a tissue, or pool of tissues, at a given time or

under given conditions (Clifton and Mitreva 2009;

Parkinson and Blaxter 2009). In addition to genome

assembly and expression studies, another major

application of the Sanger-based biochemistry is the

discovery of genetic variation among a set of

individuals in a population. An original method of

discovery employs the digestion of genomic DNA

with a restriction endonuclease followed by size-

selection on an agarose gel, shotgun sequencing and

alignment of homologous sequences from each

individual to reveal sequence variation (Altshuler

et al. 2000). A more targeted approach has used

separate PCR amplifications at a locus of interest

among a set of individuals followed by the separate

end-sequencing of the individual amplicons and the

comparison of sequence assemblies to determine the

presence of genetic variation (Rostoks et al. 2005;

Choi et al. 2007). Another strategy is to screen ESTs

or EST-derived transcript assemblies resulting from

Sanger sequencing data to obtain genetic variation

within exons among a selected number of genotypes

(Buetow et al. 1999; Picoult-Newberg et al. 1999;

Sachidanandam et al. 2001; Useche et al. 2001;

Lijavetzky et al. 2007; Duran et al. 2009). Significant

improvements, such as the introduction of fluorescent

dye terminators of different colors (Smith et al. 1986;

Prober et al. 1987) and the replacement of the

original slab gel electrophoresis with capillary gel

electrophoresis (Luckey et al. 1990; Swerdlow and

Gesteland 1990), have allowed the Sanger biochem-

istry to achieve higher throughputs. Additionally,

reductions in volumes for the reactions can be

employed to reduce reagent costs (Smailus et al.

2006). These successive improvements have led to

current read lengths of up to *1,000 bps at a per-

base error rate as low as 0.001% (Ewing and Green

1998). The current cost of Sanger sequencing now is

on the order of $0.01 per base.

Entirely new strategies for sequencing (now

dubbed ‘‘next-generation sequencing’’) have emerged

over the past 5 years (Shendure and Ji 2008), reducing

the cost of sequencing by over two orders of

magnitude, and enabling, in a matter of days,

sequencing throughputs that otherwise would have

taken months to generate with a classic Sanger

sequencing approach (Table 1). Even though the

complexity and timelines necessary to generate the

libraries vary markedly, existing next-generation

sequencing strategies all follow a similar pattern for

library preparation that can be summarized in three

major steps: (1) random shearing of DNA, either via

nebulization or sonication; (2) ligation of universal

adapters at both ends of the sheared DNA fragments

and (3) immobilization and amplification of the

adapter-flanked fragments to generate clustered

amplicons to serve as templates for the sequencing

reactions (Shendure and Ji 2008). These new plat-

forms also share the fact that they parallelize in a

single run from hundreds of thousands to hundreds of

millions of sequencing reactions. Through alternating

cycles of base incorporation and image capture, these

platforms produce short DNA sequences which range

in size from 25 to 500 bases and generate from several

hundreds of millions to several billions bases per runs.
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The raw data generated by the instrument generally

are contained within terabyte-sized folders that require

complex computer storage and analytical power to be

translated into DNA sequences. Some next-generation

sequencing systems offer real-time basecalling abili-

ties where raw data are translated into sequences in a

real-time fashion, before the DNA sample is fully

processed and the instrument completes the last cycle.

The resulting sequences and accompanying files are

smaller gigabyte-sized text-encoded files that can be

transferred and stored on a local desktop. The raw data

are automatically deleted from the system after being

processed, thus alleviating the need for large storage

capacity required to maintain the images of each cycle.

All next-generation sequencing systems also provide

computational tools for basecalling and post-process-

ing data analysis, such as alignment to a reference

sequence and variant detection. Examples of such tools

are given in a later chapter.

While next-generation sequencing platforms offer

much higher throughput with greatly reduced costs,

one liability is that the error rates are on average

10 times greater than that of Sanger sequencing

(Shendure and Ji 2008). However, the massive

throughput typically provides a very high base cover-

age which can be used to screen for sequencing errors

and separate them from true variations (Hillier et al.

2008). Thus genetic variant discovery with these next-

generation sequencing platforms currently has a trade-

off between coverage needs for desired rates of true

SNP discovery with a given capacity versus the total

number of unique individuals being screened (Push-

karev et al. 2009). All current next-generation sequenc-

ing platforms (often labeled as ‘‘second-generation’’

sequencing platforms, due to the emergence of ‘‘third-

generation’’ sequencing platforms, described in a later

chapter) offer ‘‘paired-end’’ read capability (i.e. both

ends of a given DNA fragments are sequenced), which,

depending on the physical distance between the read

pairs, can become useful in applications such as de

novo sequencing or metagenomics.

As current second-generation sequencing plat-

forms generate reads whose lengths are shorter than

typical read lengths achieved by Sanger sequencing,

second-generation sequencing technologies have

been primarily applied in contexts that could benefit

from such short read lengths (Barski et al. 2007;

Fahlgren et al. 2007; Johnson et al. 2007; Kasschau

et al. 2007; Cokus et al. 2008; Lister et al. 2008; Lu

et al. 2008; Mortazavi et al. 2008; Nobuta et al. 2008;

Sultan et al. 2008; Sunkar et al. 2008; Wilhelm et al.

2008). An important application of second-generation

sequencing technologies has been the identification of

sequencing variants, by aligning short DNA or cDNA

reads to the sequence of a DNA molecule from

another individual, another strain or another species

(Barbazuk et al. 2007; Hillier et al. 2008; Ossowski

et al. 2008; Van Tassel et al. 2008; Wang et al. 2008;

Ahn et al. 2009; Amaral et al. 2009; Eck et al. 2009;

Gore et al. 2009; Huang et al. 2009; Ramos et al.

2009; Trick et al. 2009). Given their relatively short

length and higher error rates when compared with

Sanger sequencing, the presence of multiple overlap-

ping reads for a confident base assignment and to

confirm a given mutation or polymorphism is para-

mount to the success of that approach. This review

focuses on the use of next-generation sequencing

reads for sequencing variant discovery in plants.

454 GS FLX

The first next-generation sequencing instrument to

become commercially available was the 454 GS20

sequencing system from Roche (Basel, Switzerland)

Table 1 Comparison of next-generation sequencing technologies

Sequencing platform Sequencing chemistry Run timea Read length (bp) Reads per run

(million)

Throughput per

run (Gbp)

Roche 454 FLX Sequencing by synthesis 10 h 400–500 *1 0.4–0.5

Illumina GAIIx Sequencing by synthesis 5.5 days 100 160 16

ABI SOLiD Sequencing by ligation 6–7 days 50 500 25

Helicos HeliScope Sequencing by synthesis 8 days 25–55 600–800 21–28

Polonator Sequencing by ligation 80 hb 28 (2 9 14)b 300–400 9b

a Not including fragment library construction
b Paired-end read sequencing
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(Margulies et al. 2005). The GS20 generates over

*200,000 100 bps sequences (*20 million bps), in

just over 4 h, while the latest 454 sequencing system,

the GS FLX Titanium series, now is capable of

generating over *1,000,000 450 bp sequences in a

10 h run. The ability to generate *450 bps reads

represents the key advantage of the 454 sequencing

system over other second-generation sequencing

systems that may offer much larger throughputs but

contained within smaller reads. Because of the

importance of read length in de novo assembly

projects, the 454 sequencing system often is the

second-generation sequencing system of choice for

sequencing large genomes (Velasco et al. 2007;

Wheeler et al. 2008). However, the lower sequencing

throughput of the 454 sequencing system means that

the overall cost per base is higher than for other

second-generation sequencers. While de novo assem-

blies of complex regions generated with 454

sequences can provide large amounts of biologically

relevant information, the length of 454 reads often

precludes from generating assemblies that can be as

informative as assemblies generated with the Sanger

biochemistry. When compared to the Sanger-based

assembly of a similar genomic region, 454 assemblies

often lead to copies of repeats being pooled into false

‘‘consensus’’ contigs and the creation of shorter

contigs in low-copy regions (Wicker et al. 2006).

As a result, sequencing information from different

sources (including Sanger-based sequences and 454

sequences) often are mixed together to create high-

quality de novo genomic or transcriptomic assemblies

(Cheung et al. 2008; Diguistini et al. 2009).

The 454 sequencing systems use a sequencing-by-

synthesis approach, in which a multitude of adapter-

flanked DNA fragments are captured at the surface of

specifically designed beads and amplified via emul-

sion PCR (Dressman et al. 2003). After breaking the

emulsion, the clonally enriched beads are loaded onto

an array of picoliter-scale wells for sequencing.

Sequencing is performed via pyrosequencing (Rona-

ghi 2001) and involves the sequential release of

single nucleotide types in a fixed order. The addition

of one nucleotide to the extending strand results in

the release of pyrophosphate and the immediate

generation of a chemiluminescent signal, via ATP

sulfurylase and luciferase, that is captured by a

charge-coupled device (CCD) camera, and whose

intensity is used to determine the number of

nucleotides added after each incorporation event. A

major drawback of this system relates to homopol-

ymer tracts, which is a contiguous stretch of sequence

of the same nucleotide, where more than one

nucleotide can be incorporated per cycle. For these

homopolymer tracts, the length in bases of the

homopolymer must be inferred from the signal

intensity which becomes less sensitive as the length

of the homopolymer tract increases. As a result,

insertion-deletion in homopolymer tracts represents

the dominant error type for the 454 system. Longer

homopolymers lead to higher error rates, as the

number of insertion-deletion errors significantly

increases after the 7th base in A/T homopolymer

stretches is sequenced (Wicker et al. 2006).

Illumina GAIIx

The latest version of the Illumina sequencing system

(referred to as the ‘‘Genome Analyzer IIx’’ or

‘‘GAIIx’’) from Illumina (San Diego, CA) yields

more than 160 million sequences whose size typi-

cally varies between 36 and 76 bps. Clustered

amplicons are generated by immobilizing adapter-

flanked DNA fragments on a flow cell surface, coated

by a dense lawn of covalently attached primers,

whose sequences are complementary to the sequences

of the adapters flanking the DNA fragments. A solid

phase amplification protocol, also called ‘‘bridge

amplification’’ (Fedurco et al. 2006), generates up to

1,000 copies of each DNA fragment, grouped

together into ‘‘clusters’’, with densities of up to

10 million clusters per square centimeter. After

cluster formation, sequencing is performed using a

sequencing-by-synthesis approach with reversible

fluorescent terminator deoxyribonucleotides, in

which each cycle consists of single-base extension

followed by image acquisition after the release of a

fluorescent signal whose nature is used to determine

the identity of the incorporated base. These nucleo-

tides also contain cleavable ‘‘blocking agents’’ at the

30 hydroxyl position: chemical moieties allowing the

incorporation of one base only during each cycle.

Fluorescent labels and blocking agents are cleaved

after single-base extension and image acquisition,

allowing for the next cycle to occur (Turcatti et al.

2008).

Read lengths can be limited by several noise

factors, including phasing, in which imperfections in
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single-base extension and cleavage chemistries accu-

mulate at each cycle, leading to: (1) strands of

various lengths within a DNA cluster, thus attenuat-

ing the signal delivered, (2) signal decay, as fluores-

cent signal intensities decrease as a function of cycle

number and (3) fluorophore cross-talk, which

becomes more preponderant in later cycles and can

introduce substantial bias towards specific bases

(Erlich et al. 2008). All three of these factors increase

the probability of base calling errors in long reads. In

2008, Illumina introduced new reagents that improve

cleavage chemistry, thereby allowing longer read

sequencing (up to 76 bps) and reducing the risk of

errors. Currently, average error rates on the Illumina

GAIIx platform are on the order of 0.5% (Bentley

et al. 2008).

Applied Biosystems SOLiD

This platform developed by Applied Biosystems

(Foster City, CA) differs from the two previous

platforms in that it uses a sequencing-by-ligation

approach (Shendure et al. 2005) to sequence tens to

hundreds of millions of adapter-flanked DNA frag-

ments which are immobilized on the surface of 1 lM

paramagnetic beads and amplified via emulsion PCR

(Dressman et al. 2003). After breaking the emulsion,

the clonally amplified beads are selectively recovered

and deposited onto a glass slide array for sequencing.

A universal primer whose last base is complementary

to the nth position of the adapter sequence then is

hybridized to the array. At each cycle, a set of

degenerate fluorescently labeled octamers, whose

identity is correlated with the identity of the first 2

bases within the octamer, compete for ligation to the

DNA fragment. After ligation and image acquisition,

the octamer is chemically cleaved between position 5

and 6 to remove the fluorescent label, and subsequent

cycles of octamer ligation, image acquisition and

cleavage are performed, enabling sequencing of

every 5th base, with the number of cycles determin-

ing the overall read length. A second round, in which

the elongated primer is removed and a new universal

primer whose last base is complementary to the (n-

1)th position of the adapter sequence is added, is

followed by 3 more rounds of primer reset to

complete the sequence of the DNA fragment. The

SOLiD system features a two-base encoding mech-

anism, in which two adjacent bases, rather than a

single base, are correlated with a fluorescent signal.

Because each signal is used to label four possible

dinucleotides, the identity of a base is determined by

analyzing the 16 dinucleotide combinations of two

signals (‘‘color spaces’’) which result from two

successive ligations. As a consequence, each base is

interrogated twice, once as the first base and once as

the second base, in two independent rounds of primer

hybridization. This two-base encoding system allows

sequencing errors to be more promptly identified,

since a sequencing error would be detected in one

ligation reaction only, rather than two successive

ones (McKernan et al. 2009).

Dover system polonator

Dover System’s Polonator is a second-generation

sequencing platform now available to early-access

users that was developed from collaboration between

George Church’s laboratory and the Danaher Corpo-

ration (Washington, DC). The most interesting aspect

of that platform is its ‘‘open source’’ development

model, where all aspects of the system are freely

available and modifiable by its users to improve and

extend the instrument, potentially enabling faster

innovations and lower development costs than other

platforms. The Polonator in its present version

generates paired-end reads whose cumulative length

is 28 bps using bead-based emulsion PCR and

sequencing by ligation approach.

Third-generation sequencing platforms

The field of next-generation sequencing is evolving at

a breathtaking pace, with current systems rapidly

improving to longer reads and higher throughputs.

New systems, already tagged with the ‘‘third-gener-

ation sequencing’’ moniker, are being developed,

promising even longer reads and higher throughput

per sample when compared to existing second-

generation platforms (Rusk 2009). A major feature

of third-generation sequencing systems is the use of

single DNA molecules, rather than clustered ampli-

cons, as templates for sequencing, thereby eliminat-

ing the risk of phasing errors encountered by second-

generation sequencing systems.

One such third-generation system, the HeliScope,

commercialized by Helicos BioSciences (Cambridge,

MA) relies on an array-based sequencing-by-
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synthesis approach (Harris et al. 2008), in which

adapter-flanked DNA fragments prepared by poly(A)

tailing (not PCR amplification, as required by all

previous systems) are hybridized to poly(T) oligo-

mers immobilized on the surface of a flow cell, and

sequenced by releasing in a sequential order single

types of fluorescently labeled nucleotides. Multiple

cycles of single-base extension generate reads whose

average length is 25 bps or greater (Harris et al.

2008). By using single DNA molecules as the

template for the sequencing reaction, rather than

clusters of molecules, a total higher density of

sequenced DNA strands on the flow cell surface

translates into a higher sequencing output per run

when compared to current second-generation

sequencing systems. Helicos BioSciences also

recently reported the development of a new direct

single molecule RNA sequencing technique without

prior conversion of messenger RNA to cDNA

(Ozsolak et al. 2009). The average read length was

around 20 nucleotides while the error rate was

approximately 4%. Even though the prototype flow

cell used in the experiment generated thousands of

reads rather than the 600–800 millions reads gener-

ated on the HeliScope, the technique remains highly

scalable partly because of a similar average number

of reads per unit of surface area on the flow cell.

In addition to single-molecule sequencing, the

other major feature of third-generation sequencing

systems is the possibility to sequence longer reads

than current second-generation sequencing platforms.

While relatively short DNA sequences remain a staple

of the HeliScope platform, two-third-generation sin-

gle-molecule sequencing systems, developed by

Pacific Biosciences (Menlo Park, CA) and Oxford

Nanopore Technologies (Oxford, UK), promise to

generate sequences thousands of nucleotides in

length. The single-molecule real time (SMRTTM)

technology developed by Pacific Biosciences (Eid

et al. 2009) uses single DNA polymerase molecules

attached to the bottom surface of nanometer-scale

holes to incorporate, in a real-time fashion, fluores-

cently labeled nucleotides to the elongated strand of

DNA. The very small diameter of the holes, favoring

the natural diffusion of nucleotides and of fluorescent

dyes following their cleavage, allows DNA polymer-

ases to incorporate bases in a real-time fashion at a

speed of tens per second, and the continuous excita-

tion and detection of fluorescent signal following each

incorporation event. In addition, the fluorescent dye is

attached to the phosphate backbone rather than the

base, allowing its natural real-time release following

the incorporation of the nucleotide to the elongating

strand. The company’s proposed commercial release

date for their sequencing instrument is the second half

of 2010. The system developed by Oxford Nanopore

Technologies relies on protein nanopores (Maglia

et al. 2008) for the real-time detection of DNA bases

(Clarke et al. 2009). An exonuclease attached to the

surface of the nanopore is responsible for capturing

DNA strands and cleaving individual bases from the

end of DNA strands. As single bases fall into the pore,

an engineered protein sensor covalently attached to

the inner surface of the nanopore transiently binds the

bases as they pass through, blocking an electrical

current that runs through the pore and generating a

change in conductivity characteristic to each type of

bases (A, C, G, T and methylcytosine). While the

company has not yet disclosed when the technology

will become commercially available, the fact that this

system does not require any fluorescent labeling of the

DNA or expensive detection system makes it likely

that it will be cheaper than other third-generation

sequencing systems, and its ability to read methylcyt-

osine offers great promises for epigenomic studies

that otherwise could require chemical modification of

DNA prior to sequencing.

In 2010, Complete Genomics (Mountain View,

CA) plans to deliver genome-wide sequencing ser-

vices solely for the human genome. This company

claims that their technology now enables the

sequencing of complete human genomes for $4,400

in consumable costs (Drmanac et al. 2009). Their

technology is based on the use of its combinatorial

sequencing-by-ligation chemistry on individual DNA

‘‘nanoballs’’. Each nanoball contains two 13 bps and

two 26 bps genomic DNA inserts separated by short

known sequences used to anneal specific sequencing

primers. Their sequencing-by-ligation strategy gen-

erates short 10 bp insert sequences in both directions

from the known sequences, therefore creating non-

contiguous 66 bps sequences (accounting for overlap

between inserts) per nanoball in ultra-high density

DNA nanoarrays, totaling hundreds of Gbps per run.

The single molecule technology developed by Visi-

Gen Biotechnologies (Houston, TX) uses fluores-

cence resonance energy transfer (FRET) to measure

in real-time fashion interactions between a labeled
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polymerase and gamma-phosphate labeled nucleo-

tides during DNA strand synthesis. The company had

planned to launch a service based around its

technology by the end of 2009, and to start selling

reagents and instruments in 2011.

Other companies, such as Intelligent Bio-Systems,

ZS Genetics, Reveo, LightSpeed Genomics and

NABsys, are developing technologies that will

become available in the more distant future.

Current applications of next-generation

sequencing for single nucleotide polymorphism

discovery in plants

Reducing the complexity of a plant genome

The overall size and structure of plant genomes

constitute a major obstacle to conventional sequencing

methods. The size of plant genomes varies widely

relative to mammalian genomes (Arumuganathan and

Earle 1991), with estimated total genome size ranging

from 98 Mbps for Fragaria viridis to *125 Gbps for

Fritillaria asyriaca, which covers approximately three

orders of magnitude (Grover et al. 2008; http://data.

kew.org/cvalues/introduction.html). While plant

genes are significantly smaller on average relative to

mammalian genes (Sakharkar et al. 2004; Ren et al.

2006), the wide variation of genome size among plant

species is due to the occurrence of both polyploidy and

the elevated content of highly repetitive DNA sequences

primarily due to the expansion of transposable ele-

ments (SanMiguel et al. 1996; Rostoks et al. 2002;

Bennetzen et al. 2005). The abundance of repetitive

elements in plants and their high homology, based

upon this rapid transposable element expansion, both

represent a significant challenge for whole genome de

novo assembly of sequencing data and for the align-

ment of whole genome sequencing data to a reference

DNA sequence (Chaisson et al. 2004; Whiteford et al.

2005; Pop and Salzberg 2007; Sundquist et al. 2007).

This problem is further compounded by the typical

short lengths of the sequences generated with second-

generation sequencing. As a result, researchers have

come up with various strategies to reduce the

complexity of large plant genomes prior to second-

generation sequencing. cDNA libraries (Barbazuk

et al. 2007; Trick et al. 2009) are an effective way to

target exonic regions of a genome and avoid

sequencing repetitive regions (transcribed sequences

derived from transposable elements are infrequently

observed in cDNA libraries). However, the overall

gene representation in cDNA libraries is dependent

upon the temporal and spatial patterns of expression

that occur during development and in response to

environmental stimuli, genes having very low expres-

sion require extremely deep rates of sequencing

(Moskal et al. 2007). Thus, normalization strategies

have been employed for cDNA libraries to reduce the

occurrence of highly transcribed sequences and, in

the process, enrich the library with sequences having

lower transcription rates (Shcheglov et al. 2007).

Other gene-enrichment techniques are based on the

distinct methylation pattern of plant genomes (Rabi-

nowicz et al. 2003; Rabinowicz et al. 2005). Meth-

ylation is a common DNA modification that appears

to be ubiquitous in plants and has been shown to be

critically important in silencing transposable ele-

ments and the regulation of gene development

(Martienssen 1998). In plant genomes, a methyl

group is covalently attached to the ring structure of a

cytosine residue (5-methylcytosine (mC)) (Raleigh

and Wilson 1986; Dila et al. 1990), and this

modification is observed primarily within mCpG

dinucleotides and mCpNpG trinucleotides. Inactive

transposons display dense methylation while genic

sequences generally have comparatively low rates of

DNA methylation (Rabinowicz et al. 2005). This

preferential methylation of repeats has been used to

generate gene-enriched DNA libraries where repeti-

tive elements were largely absent. This enrichment of

hypomethylated genic DNA focuses the alignment of

short reads to low-copy or genic regions of a given

reference genome and minimizes the content of

hypermethylated repetitive sequence. In one methyl-

filtration technique, genomic shotgun libraries are

generated using E. coli mcrBC? host strains (Rabi-

nowicz et al. 1999; Palmer et al. 2003). McrBC

restricts DNA at (G/A)mC, thus methylated (‘‘repet-

itive’’) DNA can be largely excluded from the

libraries. A simpler methyl-filtration technique uses

the in vitro digestion of genomic DNA with a 5-

methylcytosine-sensitive restriction endonuclease

followed by the fractionation of the repetitive DNA

from the genic sequences by gel electrophoresis

(Fellers 2008; Gore et al. 2009). Large undigested

fragments will contain large blocks of hypermethy-

lated DNA (primarily transposable element-related
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sequences), while smaller fragments will correspond

to gene-enriched low copy DNA fractions that are

hypomethylated. Another available gene-enrichment

approach that has been used primarily with human

and other mammalian DNA samples focuses on the

use of microarray-based selection of specific loci

prior to sequencing with second-generation sequenc-

ing platforms (Albert et al. 2007; Hodges et al. 2007;

Okou et al. 2007). Reduction in complexity is

achieved by direct hybridization capture of segments

of the genome onto arrays followed by elution and

sequencing of the captured fraction. While this

approach can reduce the time and resources required

for polymorphism detection (Ng et al. 2009), it relies

exclusively on using existing sequencing information

for designing custom array oligonucleotides and

sequences that are duplicated in a genome cannot

be individually targeted. Its effectiveness in using

hybridization to capture short DNA fragments from

repeat-rich plant genomic DNA also has not yet been

established. Finally, other approaches, based on the

multiplex amplification of thousands of target

sequences in a single tube, have been described in

human (Li et al. 2009; Tewhey et al. 2009) but may

represent a challenging alternative in plants due to the

presence of highly homologous sequences in the

genome.

Bioinformatic analysis for variant discovery

Variant discovery with second-generation sequencing

technologies requires either the alignment of short

reads to a reference sequence (Barbazuk et al. 2007;

Hillier et al. 2008; Ossowski et al. 2008; Van Tassel

et al. 2008; Wang et al. 2008; Ahn et al. 2009;

Amaral et al. 2009; Eck et al. 2009; Gore et al. 2009;

Huang et al. 2009; Ramos et al. 2009), or the de novo

assembly of short reads and comparison of contigs

(Novaes et al. 2008; Bundock et al. 2009; Maughan

et al. 2009). The scale of the data generated and the

short size of the reads often mean that traditional

tools used for Sanger sequencing data are not well

suited for second-generation sequencing data, and, as

a result, a variety of computational tools have been

developed for their analysis.

The alignment of short reads to a reference

sequence allows the discovery of different types of

sequence variations, including single nucleotide

polymorphisms (SNPs), short insertion/deletions

(indels) and copy number variants (CNVs). The

accuracy of read alignment (and the calling of a

variant) can vary significantly with the efficiency of

basecalling and the presence of indels or erroneous

base calls generated during sequencing. Also, the

unique architecture of plant genomes often means

that a large proportion of short reads will align to

several possible genomic locations. As a result,

analyses can be greatly facilitated when a reduced

(i.e. gene-enriched) version of the genome is

sequenced and when read pairs are utilized, as

pairing information and the distance between pair

mates usually provide additional layers of informa-

tion to increase the confidence of the alignment.

Alignments also can be greatly enhanced when using

a combination of factors that include base quality

scores and the number of short reads covering a

region of interest.

Traditional tools for de novo assembly of Sanger

sequencing data, such as Phrap (http://www.phrap.

org), typically work by capturing all possible over-

laps between reads and sorting reads based on dif-

ferent metrics that include length of the overlap and

presence of high-quality base discrepancies. Such

approaches rapidly become computationally intensive

with large next-generation sequencing datasets. Short

read lengths may lead to small numbers of short

overlaps, making it difficult to separate clusters of

repetitive sequences from true overlaps. As a result,

most de novo assemblers for short reads utilize a

different algorithm, based on the de Bruijn graph

approach (Pevzner et al. 2001), in which reads are

sorted into words of k-nucleotides, or k-mers, and

mapped through a graph, going from one word to the

next in a determined order. The use of k-mers, and

not reads, as the fundamental data structure allows a

better handling of naturally redundant next-genera-

tion sequencing datasets and a better identification of

repetitive sequences.

A variety of tools that are beyond the scope of this

paper have been developed for alignment and de novo

assembly of short reads (for examples, see Warren

et al. 2007; Dohm et al. 2007; Jeck et al. 2007; De

Bona et al. 2008; Chaisson and Pevzner 2008; Li

et al. 2008a; Smith et al. 2008; Zerbino and Birney

2008; Rumble et al. 2009). Also, it must be noted that

new software tools are released at a rapid pace and

the tools described in this chapter at best represent a

snapshot of what is available at this particular
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moment. Some tools whose output is suitable for

variant discovery applications are described below.

Second-generation sequencing technology provid-

ers have developed computational tools adapted to

their own sequencing platform. The GS De Novo

Assembler, from Roche, is able to align and assemble

de novo reads generated on the 454 FLX. Roche also

developed others tools which can be used for the

discovery of variants. The GS Reference Mapper

maps reads to a reference sequence and generate a

consensus sequence that can be used to view SNPs

and short indels (up to 50 bps) when compared to the

reference sequence. The GS Amplicon Variant Ana-

lyzer aligns reads from amplicons to a reference

sequence and identify variants and their respective

frequencies in large pools of samples, allowing for

the detection of low-frequency (\1%) variants.

ELAND, developed by Illumina for its next-genera-

tion sequencing platform, aligns short reads to

reference sequences provided by the end user. Its

output can be linked to the CASAVA software

package, a post-processing analysis pipeline devel-

oped by Illumina to analyze data from reads aligned

to the reference sequence and to identify homozygous

or heterozygous SNPs from the alignment.

MAQ (Li et al. 2008b) is a public alignment tool

that works with either the Illumina or SOLiD

platforms. It performs ungapped alignments to align

single short reads and then produces a consensus

sequence (referred to as a mapped assembly) by

calling each base mapped to the reference sequence.

MAQ takes into account the quality scores associated

with short reads when producing a consensus

sequence and chooses the place in the reference

sequence with the minimum sum of the scores of the

mismatched bases to align reads and call variants.

MAQ also assigns Phred-like scores at each position

along the consensus, therefore minimizing the chance

of false positives when calling variants, and has the

ability to call heterozygotes. In addition to aligning

single short reads, MAQ also has the ability to detect

short indels with ‘‘paired-end’’ reads by carrying out

local Smith-Waterman alignments on unmapped

reads when the mate is already mapped.

Bowtie (Langmead et al. 2009) is the first of a new

generation of ultra-fast alignment tools that use a

unique indexing strategy with a very low memory

footprint, known as the Burrows-Wheeler transform

(Li and Durbin 2009), to align short reads to large

genomes. Bowtie becomes less effective when the

best match to the reference genome is an inexact one,

and therefore may be mostly geared towards mam-

malian genome re-sequencing projects. Nevertheless,

Bowtie’s output format can be converted to the

format used by MAQ, allowing faster alignments that

can be used for variant detection with MAQ.

PyroBayes (Quinlan et al. 2008) is a modified

version of the PolyBayes software and is specifically

aimed at basecalling pyrosequencing data generated

with the 454 technology. PyroBayes is based on the

principle that the native 454 base caller assigns

quality scores that are not high enough for SNP

calling in low-coverage situations. PyroBayes pro-

duces higher (more accurate) quality scores, making

more high-quality base calls and therefore allowing

more accurate SNP detection in re-sequencing

applications.

The ssahaSNP (http://www.sanger.ac.uk/Software/

analysis/ssahaSNP) alignment tool detects homozy-

gous SNPS and indels after aligning short reads to a

reference genome. Alignments are performed first by

aligning matching k-mer words to the reference

genome, locating the position of the reads in the

genome and filtering in the process repetitive ele-

ments by ignoring words with high occurrence. Full

sequence alignments then are performed and putative

SNPs are detected, taking into account quality scores

(allocated during sequence alignment) at the SNP

position and at the neighboring base positions.

Variant discovery in plants with second-

generation sequencing technologies

As noted previously, plant genomic architecture tends

to be complicated by the presence of highly repetitive

transposable elements and the presence of paralogous

sequences, particularly in polyploid species. For

those more complex genomes, detection of genetic

variants via second-generation sequencing platforms

has been focused on either sampling transcript

libraries or the hypomethylated fraction of the

genome.

By sequencing cDNA libraries generated from a

range of individuals and comparing overlapping reads

in a pair-wise fashion, SNPs present in exonic

sequences can be easily identified. The rate of SNP

discovery from cDNA libraries is a product of (1)

sequencing depth, (2) frequency of variation within
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exonic regions, and (3) temporal and spatial variation

of transcription between individuals. Sequencing

depth is a primary concern for non-normalized cDNA

libraries where the rate of uncovering lower

expressed novel transcripts relates to resequencing

more highly expressed transcripts. The normalization

of cDNA libraries which is intended to remove the

wide variations in expression offers a much better

rate of novel SNP discovery per kilobase sequenced.

Likewise, enriching for hypomethylated DNA

using methylation sensitivity and size selection will

reduce the total content of repetitive sequences and

focus the sequencing effort on the gene-rich content.

The sampling of the hypomethylated sequences will

generally comprise a greater total amount of DNA

relative to transcript-based sequencing approaches as

the intronic and flanking promoter and terminator

sequences will be included. These non-coding

regions that are associated with genes can provide

additional novel variants when compared with

exonic, and particularly the coding regions contained

within, that can be under negative selection for

mutation. Additionally, unlike non-normalized tran-

script-based sequencing strategies, the hypomethy-

lated fraction of DNA (minus any methylation

differences among tissues sampled or across individ-

uals) will be represented in roughly equal proportions

in the sequencing library. Sequencing for variant

discovery in hypomethylated libraries requires addi-

tional sequencing capacity to provide suitable cover-

age for variant discovery relative to transcript-based

approaches given the larger sampling of the genome;

however by sequencing the regions flanking exons,

the total number of variants discovered and their

distribution are expected to be proportionally higher

and result in greater genome coverage of identified

variations.

The predominant class of genetic variation in

plants is the single nucleotide polymorphism (SNP).

SNPs offer the highest resolution to create haplotypes

and study the association of heritable traits with

underlying genetic variation and are also stable over

generations making them ideal markers for whole

genome analysis or complex trait mapping. Addi-

tionally, provided a suitable rate of polymorphism

exists within a species, ultra-high density genome

wide SNP maps can be created and utilized for whole

genome association studies. The recent combination

of reduced representation strategies with next

generation sequencing platforms has been successful

in the rapid and robust identification of SNPs and

small indels in a range of plant species with complex

genomes.

SNP discovery using 454 sequencing

Zea mays (maize) possesses a rather complex genome

due to its recent reduction from an autotetraploid to a

functional diploid which, in turn, has produced a

large number of highly similar paralogous sequences

(Swigonova et al. 2004; Emrich et al. 2007a).

Additionally, the majority of the genome is com-

prised of repetitive sequences, primarily due to the

rapid explosion of retrotransposons which are present

as extended nested insertions between genic regions

(Meyers et al. 2001; SanMiguel and Vitte 2008). Two

separate 454 sequencing efforts that reduced the

complexity of the maize genome prior to sequencing

have been recently described for the purpose of SNP

discovery.

Barbazuk et al. (2007) developed a protocol where

SNP discovery was performed by 454 sequencing

cDNA libraries derived from the laser capture micro-

dissection (LCM) of maize shoot apical meristems

(SAMs). Two maize genotypes, B73 and Mo17, were

chosen because these genotypes are parents for the

publicly available recombinant inbred line (RIL)

genetic map and a comprehensive set of gene-

enriched genomic assemblies from B73 were avail-

able. LCM-derived cDNA libraries from maize were

previously shown to have a good diversity of

transcripts which would provide a basis for a

genome-wide distribution of SNPs (Emrich et al.

2007b). A single 454 GS20 run was performed to

sequence the LCM SAM libraries for each genotype.

These two separate runs generated a total of 260,887

high quality reads for B73 and 287,917 for Mo17. The

strategy for SNP detection was to align the GS20

reads against existing maize B73 genome assemblies

to generate multiple sequence alignments (MSAs).

Iterative pairwise comparisons among the aligned

reads would reveal SNPs in the transcribed sequences.

Coverage is a factor in robust SNP discovery from

transcripts using the 454 GS20 platform because the

error rate was estimated at the time to be *1.5%

(Emrich et al. 2007b). Thus true SNP discovery is

augmented by imposing minimum copy number

requirements for GS20 reads ([2 reads for B73 and
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[3 reads for Mo17) when aligned to the B73

reference (essentially the third B73 read). If SNP

discovery were employed using lower coverage,

sequencing errors present in single copy reads would

be identified as SNPs and thereby reduce the rate of

true SNP discovery. A second requirement imposed

was that all reads in the MSA were identical within

the genotype (monoallelism) but polymorphism was

observed between the genotypes. This filtering step

removes variation observed within a genotype; these

variants are presumably due to the presence of highly

similar paralogous sequences within the genome

(Emrich et al. 2007a). Using a coverage parameter

of three increases the chances of observing the

paralog-based variation relative to a coverage

requirement of two.

Using these filtering parameters, a total of 2,017

SNPs were found from pairwise comparisons

between B73 and Mo17 EST sequences aligned to

the B73 reference genome assembly. Sanger-based

validation was performed by resequencing 96 SNP-

containing locus in B73 and Mo17 and screening for

the presence of the variation; a total of 85 SNPs were

confirmed (a rate of 88.5%) indicating that the

strategy for identifying SNPs from a transcript library

is robust.

A second protocol developed by Gore et al. (2009)

described the enrichment of the gene space of maize

using B73 and Mo17. This strategy relied upon

isolating the hypomethylated fraction of the genome

by (1) digesting the genome to completion with a

restriction enzyme sensitive to the methylation status

of the cytosine residue in a CG dinucleotide (HpaII—

50-CCGG-30) and (2) recovery of size selected

fragments (between 100 and 600 bp) from an agarose

gel. The hypomethylated DNA obtained by size

selection was concatenated for subsequent amplifica-

tion, size selected, and nebulized to generate small

insert libraries for sequencing on the 454 GS FLX

platform. Several libraries were generated from

different tissues and compared against a single

unfiltered whole genome shotgun control library to

assess the effectiveness of the reduction protocol. The

unfiltered library contained 63.1% repetitive content

and the three filtered libraries had 3.9, 4.5, and 31.4%

repetitive content demonstrating that methylation

filtration reduces the repetitive content significantly.

This result mirrors previously reported protocols

developed for the Sanger biochemistry (Rabinowicz

et al. 2003). Using a computational approach to filter

out variants derived from highly similar paralogous

sequences from these methylation filtered libraries

(and hence not true allelic SNPs), a total of 126,683

SNPs were identified between the B73 and Mo17

genotypes. The rate of false SNP discovery rate was

found to be *15% which is consistent with the

previously transcript-based discovery effort (Barb-

azuk et al. 2007; Gore et al. 2009).

The two SNP discovery projects reviewed above

were done in the relatively well-characterized species

of maize that has extensive genomic resources.

However, the vast majority of plant species lack

any significant genomic resources. As an example,

Eucalyptus grandis has practically no genomic

resources in either transcripts or genomic sequence.

However, this species is agronomically important for

wood, pulp and biofuels (FAO 2000). For this SNP

discovery effort, equivalent amounts of tissue from

21 different Eucalyptus genotypes were pooled

together prior to mRNA extraction. The pooled

mRNA samples were then used to generate normal-

ized cDNA libraries for sequencing. Unlike maize,

where existing reference transcript assemblies or

genomic assemblies were used to generate the

multiple sequence alignments, for Eucalyptus, the

individual sequences from the normalized libraries

were assembled directly into transcript assemblies

and SNP detection done from pairwise comparisons

between the assembled reads in silico. As with the

maize analysis, a minimum coverage requirement of

at least two reads aligning to the consensus sequence

assembly must contain the varying allele (i.e. the

SNP) and at least two reads must contain the

consensus allele. Overall, two 454 G20 runs and a

single 454 FLX run were performed to generate a

total of 148.4 Mbps of EST sequence which were the

basis for transcript assemblies. When analyzing the

assemblies, 28,652 SNPs (note: no indels were

included in this total) were detected and, with an

added threshold of the rare allele required to be

present[10%, the number of true SNPs was reduced

to 23,742. Sanger confirmation of 337 SNP-contain-

ing loci found that 279 (82.8%) were validated.

Another SNP discovery project in species lacking

robust genomic resources was performed in the

highly heterozygous and polyploid genome of sugar-

cane (Bundock et al. 2009). Sugarcane is a hybrid of

Saccharum officinarum and Saccharum spontaneum,
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followed by backcrossing of this hybrid to S.

officinarum (Bundock et al. 2009). According to the

authors, the use of public EST sequences for SNP

discovery had been mostly inefficient largely because

of the difficulty in generating large numbers of DNA

templates with the necessary level of purity for a

traditional Sanger resequencing approach. For this

particular study, 307 PCR amplifications were per-

formed on the two parents of a sugarcane mapping

population (IJ76-514 9 Q165), using tentative con-

sensus sequences from sugarcane candidate genes as

templates for primer design. Equimolar amounts of

all PCR products were pooled together and sequenced

at both ends with a 454 FLX sequencing system. On

average, more than 90,000 454 reads were obtained

for both parents and clustered with the CAP3

program (Huang and Madan 1999). The resulting

CAP3 contigs were analyzed for candidate SNPs with

the software package PolyBayes (Marth et al. 1999).

Under a minimum coverage requirement of 25 reads

at a frequency of 4% or more, or 21 reads at a

frequency of 5% or more, 1,632 and 1,013 candidates

SNPs were discovered in the Q165 and IJ76-514

parents, respectively. 209 candidate SNP sites tested

out of 225 (93%) were validated as polymorphic by

Sequenom assays.

A recent study demonstrated the use of 454

pyrosequencing in amaranth (Amaranthus caudatus),

another species lacking significant genomic or tran-

scriptomic resources, to sequence indexed digested

DNA fragments from four pooled mapping parents,

followed by the de novo assembly of each indexed

sequencing data sets and the detection of SNPs by

way of comparing the resulting contig sequences

(Maughan et al. 2009). The complexity of the

genome first was reduced by double-digesting geno-

mic DNA with the EcoRI and BfaI restriction

endonucleases, ligating restriction site-specific adapt-

ors to the DNA fragments then removing via biotin-

streptavidin paramagnetic bead separation DNA

fragments containing the BfaI restriction sites at both

ends. Indexed barcodes then were added to the

remaining fragments via PCR and the resulting

amplicons were size-selected via gel electrophoresis

and sequenced on the 454 FLX platform. For each

mapping parent, the resulting sequences were assem-

bled with the GS De Novo Assembler. SNPs were

detected in large ([200 bps) contigs if (1) the

coverage depth at the SNP position was 109 or

higher; (2) the minor allele represented at least 30%

of all alleles observed; and (3) 90% of the alleles

were associated to a unique barcode sequence. Under

those conditions, the number of SNPs detected by

pairwise comparison of each mapping parents varied

from 140 to 11,047. Sanger confirmation of 35 of

those SNPs indicated that 34 (97%) were validated.

These results demonstrate that robust and rapid

SNP discovery strategies can be employed in a

species without any existing genomics resources and

the longer reads of the 454 FLX will augment the

ability to directly assemble reads into genomic or

transcript assemblies for intra-species or inter-species

sequence comparison.

SNP discovery using Illumina sequencing

The read lengths produced by the Illumina platform

are significantly shorter than those of the 454 GS20 or

FLX system. However, this platform generates a far

greater total of sequence per run. The discovery of

new SNPs can be facilitated when extensive genomic

or EST sequence data are available. Short next-

generation sequencing reads can be aligned to a

reference sequence and variants are detected by

comparing the reads to the reference genotype. The

Illumina sequencing system is particularly well-

suited for such large-scale variant discovery projects

mostly because of its high sequencing throughput that

potentially can result in multiple overlapping reads

and a confident assignment for a given variant. As a

result, the Illumina platform has been used for a

variety of genome-wide variant discovery projects

(Hillier et al. 2008; Ossowski et al. 2008; Van Tassel

et al. 2008; Wang et al. 2008; Ahn et al. 2009;

Amaral et al. 2009; Eck et al. 2009; Huang et al.

2009; Ramos et al. 2009), where a high quality

reference genome sequence was available.

In the absence of extensive genomic or EST

resources, genome-wide SNP detection can be envi-

sioned, in which a set of reference sequences is

created by assembling de novo Illumina sequencing

reads and aligning individual Illumina reads to the

resulting contigs (Kerstens et al. 2009). De novo

assembly of genomes of a smaller total size (e.g.

some bacterial species) or large insert clones (e.g.

bacterial artificial chromosomes) is possible with

sufficient coverage (Pop and Salzberg 2007). Addi-

tionally, if a species has a compact genome with
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relatively low rates of repetitive content, then the

whole genome can be shotgun sequenced with

acceptable rates of sequencing loss to tags that map

to multiple locations. However, for larger genomes

that have a higher content of repetitive sequences and

the presence of paralogous sequences, whole genome

assembly with short reads is not tractable, and

alternative resequencing approaches for uncovering

variation must be explored.

The Arabidopsis thaliana (Arabidopsis) genome is

quite compact among plant species with an estimated

size of 125 Mb and the total repetitive content of the

genome is\10% (The Arabidopsis Genome Initiative

2000). Three genotypes (i.e. Col-0, Bur-0, Tsu-1) of

Arabidopsis were deeply resequenced using a whole

genome shotgun strategy to ascertain relative rates of

variation to the reference whole genome assembly for

Arabidopsis (constructed from the Col-0 genotype).

The estimated coverage after filtering out low quality

reads and contamination by organellar DNA ranged

from 15-fold to 25-fold. Similar to an initial shotgun

strategy for Caernohabditis elegans, alignment of

short reads from each of the genotypes to the

reference assembly could be performed to easily

identify genetic variation (Hillier et al. 2008). Inter-

estingly, the short reads generated from the Col-0

accession did find a limited amount of variation

(1,172 SNPs and 1,287 indels) relative to the

reference Col-0 assembly derived from a BAC-by-

BAC resequencing strategy. By varying filtering

strategies, these differences were attributed to either

subtle variation between the individuals within this

accession or actual mistakes in the whole genome

assembly. This ability to use high rates of coverage to

uncover very low rates of polymorphism was also

reported by the authors to uncover causal SNPs in

EMS-mutagenized lines of Arabidopsis as well as

opportunities to resolve areas of localized polymor-

phism relative to a reference assembly. The ability to

reveal very low rates of variation potentially has

interesting implications for uncovering induced or

existing variation in TILLING projects. For the other

two Arabidopsis accessions when compared with the

Col-0 accession, the deep coverage of reads allowed

for robust SNP discovery with 823,325 non-redun-

dant SNPs and 79,961 non-redundant 1–3 bp indels.

These variants can be combined with studies on the

phenotypic variation in these accessions for func-

tional gene discovery.

Rice, like Arabidopsis, has a reference genome

assembly created by a BAC-by-BAC approach for the

cultivar Nipponbare. Additionally, a whole genome

shotgun assembly exists for the 93-11 Chinese super-

hybrid cultivar. A set of 150 F11 Single Seed Descent

Recombinant Inbred Lines (SSDRILs) derived from a

cross between Nipponbare and 93-11 was whole

genome shotgun sequenced on an Illumina Genome

Analyzer using indexed libraries (Huang et al. 2009).

A 50 3 bp index code was used to assign any given

read to its cognate RIL and the next 33 bp of the short

reads were then mapped to both of the parental

genome sequences for SNP detection. Given that the

SSD RILs are expected to be well over 99%

homozygous for any given locus, the sequence in

tag can be assigned unambiguously to either parent

(or both if the tag is monomorphic between the

genotypes). Using this strategy of mapping SNPs

from the short reads onto the physical assemblies, the

recombination break-points in the RILs can be

observed in much greater detail when compared with

using genotypic markers (i.e. SNP markers, SSRs,

RFLPs, etc.). As expected with SSD RILs, for any

given chromosomal region, SNPs were predomi-

nantly from one of the parents while a few SNPs

scattered within from the other parent. These scat-

tered SNPs were hypothesized to be primarily the

products of sequencing errors – which is consistent

with the elevated rates of sequencing errors in next-

generation sequencing systems relative to the con-

ventional Sanger platform. This direct genotyping

method using short reads and SNP assignment

allowed the authors to characterize the recombination

breakpoints to within 40 kb (on average) and the

authors reported that the actual sequence run time for

this analysis took approximately 2 weeks. When

compared with a previous analysis of the same RIL

population, these data provided a 35-fold increase in

resolution of the recombination breakpoints.

In contrast to these two whole genome approaches

which make use of a rather complete reference

assembly, the Illumina sequencing platform has also

been successfully used to identify SNPs in Brassica

napus (oilseed rape), which is an allotetraploid

species within the Brassicaceae family and has

limited genomic resources (Trick et al. 2009a).

Oilseed rape is the product of a spontaneous hybrid-

ization of the ‘‘A’’ genome from B. rapa and the ‘‘C’’

genome from B. oleracea (Palmer et al. 1983; Parkin
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et al. 1995). Thus, within B. napa, polymorphism can

exist between cultivars on homologs (inter-cultivar

polymorphism) or variation can be observed within

the individual on the homeologs (inter-homeolog

polymorphism, or ‘‘hemi-SNP’’). Short read ESTs

from two B. napus cultivars were generated from

non-normalized leaf cDNA libraries and were aligned

via MAQ to a set of *94,000 transcript assemblies

derived from a set of *810,000 ESTs from a range of

diverse Brassica species (Trick et al. 2009b). These

two B. napus cultivars chosen for sequencing and

SNP identification were known from RFLP analysis

to be relatively divergent and were both available as

doubled haploid lines, i.e. they are completely

homozygous. Under the most stringent filtering

parameter, the aligned short reads were then required

to have a minimum of 8-fold coverage for each

cultivar at any given base prior to intra- and inter-

cultivar SNP discovery. If a polymorphism is

observed when comparing the reads from within a

cultivar, this was indicative of the SNP being

observed between two homeologous sequences, one

on the ‘‘A’’ genome and the other on the ‘‘C’’

genome, and termed a hemi-SNP. Conversely, a

simple SNP would have all reads monomorphic for

one cultivar and all reads from the other cultivar as

monomorphic but those reads would be polymorphic

with respect to each other. For this analysis, a total of

23,330 putative SNPs were associated with 9,265

unigenes with the vast majority, 21,259 (91.2%)

being hemi-SNPs and 2,071 inter-cultivar SNPs.

Conclusions

The advent of the second-generation sequencing

platforms has now allowed for the ability to read

billions of base pairs of sequence within a single or

limited number of runs. These sequences are gener-

ated in a massively parallel fashion from tens or

hundreds of millions of short reads (25–500 bp). For

genomes where there are rather good genomic

resources including a reference assembly or tens of

thousands of transcript assemblies derived from very

deep EST sequencing, tag alignment to these refer-

ences is a straight-forward process and pairwise

comparisons among tags can allow for easy variant

discovery. For those species lacking significant

genomic resources or are more complex (i.e.

polyploidy), second-generation sequencing can be

used to generate EST reads and subsequent transcript

assemblies and identify genetic variations allowing

for the rapid development of genomic resources from

genic sequences. While this massive increase in the

capture of data has come with a drastic reduction in

the costs of acquiring the sequence, the quality of the

sequence in any given read is more variable than the

‘‘gold standard’’ of Sanger based sequence. This

variability in quality is primarily addressed by

ensuring deep coverage – in each of the applications

for SNP discovery, a threshold for minimum cover-

age was imposed to minimize the discovery of ‘‘false

SNPs’’, or error generated during the creation of the

sequence. These coverage requirements directly

relate to the component of the genome that is being

sequenced. For simpler genomes in the Plant King-

dom, shotgun sequencing is entirely appropriate due

to the relatively low rate of repetitive content.

Conversely, for genomes with a high repetitive

content, in order to generate a sufficient coverage

for SNP discovery, reduction strategies such as

normalized cDNAs or screening for hypomethylation

can focus sequencing resources on gene-rich regions.

The possibility of developing ultra-dense sets of

SNPs for whole genome association studies or rapid

marker development for complex QTL mapping now

seems feasible with the advent of the next-generation

sequencing platforms and associated bioinformatics

tools.
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