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New sequencing technologies are dramatically accelerat-
ing progress in forward genetics, and the use of such
methods for the rapid identification of mutant alleles will
be soon routine in many laboratories. A straightforward
extension will be the cloning of major-effect genetic var-
iants in crop species. In the near future, it can be expected
that mapping by sequencing will become a centerpiece in
efforts to discover the genes responsible for quantitative
trait loci. The largest impact, however, might come from
the use of these strategies to extract genes from non-
model, non-crop plants that exhibit heritable variation in
important traits. Deployment of such genes to improve
crops or engineer microbes that produce valuable com-
pounds heralds a potentialparadigm shift for plant biology.

A brief history of genotype analysis since 1869
It was above the city of Tübingen, Germany, inHohentübin-
gen Castle, that DNAwas isolated for the first time in 1869,
by theyoungSwissbiochemistFriedrichMiescher [1]. Itwas
another 75 years before DNA was demonstrated to be the
material from which genes are made [2]. Genes contain the
information for the development and performance of organ-
isms, and they interact with the environment to produce an
individual’s phenotype. In some cases, the influence of the
environment can be ignored, whereas in others, it largely
obscures the contribution of the genotype. Bridging the
phenotype–genotype divide thus requires us to simulta-
neously record environment, genotype and phenotype. On
the genotype side, whether one is performing genome-wide
association studies (GWAS) in distantly related individuals
or linkage mapping in experimentally created populations;
one first needs to determine genetic polymorphisms that
segregate among phenotypically differentiated individuals.
The identificationof genetic variantshasbecomeeasierwith
the advent of next generation sequencing (NGS) methods
[3], which support the rapid and inexpensive whole genome
resequencing of hundreds or even thousands of individuals.
Here, we will briefly discuss how technological advances
during the past few years have improved the detection of
sequence polymorphisms. We will then outline how deep
sequencing can be exploited in the near to medium term to
support new forward genetic approaches. Several practical
suggestions and considerations are included in this section.
Weare aware thatNGSmethods alsohavea large impact on
GWAS applications; for a discussion of this, the reader is
referred to other sources [4–6].

A brief history of resequencing
The first sequence of a fragment of Arabidopsis thaliana
genomic DNA, 3176 bp surrounding the ADH locus, was
published in 1986 [7]; only 14 years later, almost the
entire genome had been decoded. The release of the
115,409,949 bp genome assembly comprising ten contigs,
one for each of the chromosome arms, was a milestone for
biology [8] (Figure 1). It not only accelerated the position-
al cloning of genes identified from mutant phenotypes,
but also provided often surprising insights into the evo-
lution of plant genomes [9].

Although this landmark achievement was introduced as
an ‘‘analysis of the completed Arabidopsis genome’’ [8], the
authors recognized that the reference sequence, produced
from the commonly used laboratory strain Columbia (Col-
0), would serve as a platform for the ‘‘parallel analysis of
genome-wide polymorphisms and quantitative traits’’.
This was reinforced by comparing the Col-0 genome, which
had been assembled primarily from individually analyzed
bacterial artificial chromosomes, with a low-coverage,
whole-genome shotgun sequence of another strain popular
with geneticists, Landsberg erecta (Ler). Alignments
against 82 Mb of the finished reference sequence were
scanned for single nucleotide polymorphisms (SNPs), as
well as insertions and deletions (indels). In total, 25,274
SNPs, or one SNP every 3.3 kb, and 14,570 indels, ranging
in size from 2 bp to 38 kb, were identified. The resulting
resource eliminated the tedious step of polymorphism
discovery, and it has been estimated that, together with
the reference genome sequence and improved genotyping
methods, this reduced the total effort required for position-
al cloning of a gene from up to five person-years to less than
one person-year [10]. It was realized early on that a
polymorphism distinguishing Col-0 andLer had an approx-
imately 50% chance of being informative in a cross of Col-0
with another strain [11]; thus, the Ler polymorphismswere
useful in other mapping crosses. The reference sequence
was also exploited for targeted discovery and evaluation of
polymorphisms across many Arabidopsis strains, using
PCR amplification of discrete loci. These studies greatly
increased the estimates of polymorphism density, to about
1 SNP per 200 bp, when comparing a randomly chosen
strain with the reference [12–14].

The first attempt to describe sequence diversity in the
entire Arabidopsis genome made use of large-scale micro-
arrays. Hybridizing genomic DNA from 20 divergent
strains to tiling arrays with almost one billion different
oligonucleotides increased the number of known SNPs in
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Arabidopsis by two orders of magnitude, and provided the
foundation for the first haplotype map outside of mammals
[15,16]. Despite its success, this study, along with a similar
one in rice (Oryza sativa) [17], marked the twilight of the
era of microarray-based resequencing as NGS technologies
became available. The first NGS analyses were performed
with reads that were not longer than approximately 40 bp,
but more than ten times as many SNPs could be identified
in a single Arabidopsis genome, at a fraction of the cost of
the microarray approach [18]. NGS methods also greatly
reduced the false discovery rate, which could be as high as
6% in array data, to below 1% [18]. In addition, methods for
robust detection of copy number and structural variants
from short read data were introduced. Perhaps the most
significant advance was that local assemblies, pioneered in
Arabidopsis, enabled the discovery of over 10,000 diverged
regions that harbored indels as long as 600 bp [18]. Aber-
rant signals on tiling arrays [15,19,20] supported the
assignment of such regions. Arabidopsis also provided
the first example of exploiting previously discovered poly-
morphism to improve the short read analysis of additional
individuals [21]. We believe that a consequent further step
will be the use of both a reference sequence and known
polymorphisms to generate, in an iterative manner, a
homology-guided assembly of diverged genomes.

For species other than Arabidopsis and rice, large-scale
polymorphism discovery began only with NGS methods;
published examples include soybean (Glycine max) [22]
and maize (Zea mays) [23,24]. In the latter species, the
extremely high rates of presence–absence polymorphisms
that had already been inferred from array hybridization
[25] were confirmed in an impressive manner. Similarly, a
much improved haplotype map has been generated for rice
[26], and many more such efforts are under way. Currently
the most ambitious effort might be the 1001 Genomes

Project for Arabidopsis (http://1001genomes.org), but it
is likely that we will soon see much larger efforts for crop
and tree species. Amajor unsolved issue is how to deal with
the original reference sequences, which are not always
optimal for annotating variants in divergent genomes.
Despite this challenge, we believe that, for the community
to take full advantage of these resources, the reference
genome sequences must remain stable, because the refer-
ence positions are the basis for interpreting and comparing
resequencing data.

A concern with NGS methods has often been the accu-
racy of sequence determination, given that reads are rela-
tively short and that the per bp accuracy of individual
reads is generally much lower than in reads generated by
Sanger dideoxy sequencing. However, this limitation can
easily be overcome with the increased coverage that is
possible with NGS technologies. In one of the first applica-
tions, using reads of only approximately 40 bp, it was
possible to comprehensively detect spontaneous single
base pair mutations that were present at a frequency of
1 in 5 million bp in the genomes of different Arabidopsis
strains [27]. The false positive rate with a simple consensus
approach was around 1%, and could be lowered further by
using a more sophisticated maximum likelihood approach
[28]. Importantly, the false negative rate was estimated to
be only 10%. In this specific case, it helped that the
spontaneous mutations had accumulated in a strain that
was closely related to the one used to produce the reference
genome sequence for Arabidopsis, and that Arabidopsis
can be easily selfed. Recent successes with human genomes
demonstrate that the challenges posed by larger and het-
erozygous genomes can also be met [29,30]. It must be
cautioned that the identification of more complex muta-
tions, such as insertions, deletions and inversions, is more
demanding, but given the improvements that have been
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Figure 1. Timeline of Arabidopsis sequencing and resequencing efforts. SNPs are used as a proxy for all types of polymorphisms. The numbers of publicly available SNPs
before 2003 and after 2010 are estimated.
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made with current NGS methods over the past few years,
and in anticipation of the new methods already on the
horizon, it is clear that many of these challenges will
disappear [3].

Current status of NGS-enabled genetics
NGS methods support the comprehensive, high confidence
discovery of very rare, spontaneously arising mutations
[27,31,32]; it should thus be possible to identify induced
variants responsible for a mutant phenotype directly. Un-
fortunately, a chemical mutagen such as ethyl methane-
sulfonate (EMS) generates several mutations per Mb [33],
and direct sequencing of one mutant genome will not
suffice. The most straightforward approach – for which
there are, however, no published reports – is to identify
lesions in two or more allelic mutants (Figure 2). The
alternative is to first narrow down the region containing
the causal mutation by mapping. Initial attempts with
Caenorhabditis elegans, which has a genome similar in
size to that of Arabidopsis, used prior mapping information
so only a small fraction of the genome had to be analyzed;
nevertheless, the authors were left with several candidates
for the causal variant [34]. Using the principle of bulked
segregant analysis, which was invented by plant geneti-
cists [35], it has been shown that one can map a mutation
and pinpoint the causal change in a single sequencing
reaction (Figure 3). The SHOREmap pipeline developed
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Figure 2. Three main strategies for mutation identification. If the purple path is
taken, a second sequencing reaction might be required to discover candidate
mutations in the final mapping interval. BC1S1, backcross followed by selfing.
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Figure 3. Diagram of SHOREmap [36] bulked segregant sequencing. Red indicates a mutation that is causal for the mutant phenotype. Note that a metric that reflects
deviation from the expected 1:1 SNP ratio is needed to robustly identify the final mapping interval, rather than merely plotting raw SNP ratios.
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for this purpose incorporates several modules, from map-
ping to de novo marker identification during the sequenc-
ing process, and finally annotation of candidate mutations
[36].

How can the SHOREmap method perform so well,
although only a small fraction of the genome of each
individual recombinant plant is sequenced? The secret
is that one can combine information from adjacent mar-
kers. This approach was pioneered in rice for the charac-
terization of recombinant inbred lines, which were
sequenced as multiplexed, bar-coded samples at merely
0.02! coverage per line. Despite this very low coverage, a
resolution of recombination breakpoints of 40 kb was
achieved [37]. Thus, one can effectively interrogate many
more recombinant chromosomes than are analyzed at
individual marker positions. For example, with a density
of 1 marker/kb, and 20-fold coverage, the equivalent of
2000 chromosomes is analyzed within a 100 kb window,
because the short reads constitute random sampling of
independent chromosomes. When using large bulked seg-
regant populations, containing hundreds of plants, all
individuals contribute to the definition of the mapping
interval. In conventional mapping of Arabidopsis muta-
tions with individual F2 recombinants, the final mapping
interval from 1000 chromosomes would be 0.1 cM, or an
average of 20 kb, which is much less than the predicted
density of EMS mutations. An important question is how
many individuals are required for this approach, because
somemutant phenotypes are difficult to score in hundreds
of plants. As with conventional methods, the higher the
number of recombinants analyzed, the smaller the final
mapping interval. Nevertheless, because the density of
induced mutations is normally only of the order of one per
100–200 kb, which translates to not much less than a
centiMorgan in Arabidopsis, dozens of individuals should
in principle suffice for SHOREmap analysis. Moreover,
most point mutations affect either the open reading frame
or splice sites, enabling prioritization of candidate muta-
tions for subsequent validation.

The steps requiring investigator input in this scheme
are: DNA isolation (1 day), library preparation and valida-
tion (4 days), sequencing (2 days) and data analysis (1 day).
Once the mapping population has been established, this
method allows a single investigator to identify a causative
mutation within only eight working days – approximately
an order of magnitude faster than previous methods.

NGS-based mutation identification has been applied to
other genetic model systems, including Drosophila mela-
nogaster, C. elegans and Saccharomyces cerevisiae [38–40].
Experience with these organisms has shown that mutation
identification can be confounded by spontaneous muta-
tions or background polymorphisms, which is a particular
issue in species that are not easily inbred [34]. It is
therefore advisable also to sequence individuals from the
generation that was used for mutagenesis. Importantly, it
has been demonstrated that the mutant individual does
not have to come from the reference strain. For example,
even rare de novomutations causal for a genetic defect can
be identified in a non-reference Arabidopsis background
[41], as can recently mobilized transposons [42]. Similar
analyses in humans indicate that these methods are appli-

cable to outbred species with much larger genomes [29,30],
although this becomes more challenging when there are
many paralogs, especially in plants with extremely high
rates of presence–absence polymorphisms such as maize
[23–25]. Methods for de novo assembly of short read data,
which are becoming increasingly powerful [43], will be
helpful in this regard. Such methods will also aid the
identification of more complex mutations than SNPs or
small indels.

Near-term prospects for NGS-enabled genetics
The SHOREmap approach discussed above (Figure 3)
requires the generation of mapping populations by out-
crossing to a polymorphic wild-type strain. However, some
phenotypes are very sensitive to the genetic background
and unambiguous identification of mutant plants is diffi-
cult. The simplest solution to this problem would be direct
sequencing of two ormore independently generated alleles,
and a subsequent search of the genome for genes that carry
unique newmutations in the same gene. If only one allele is
at hand, an alternative is to use the non-causal mutations
induced by EMS as novel markers. Although in principle
this could be exploited by sequencing pooled progeny of the
original mutant, we note that in such an individual, one-
third of EMS-induced changes will be homozygous (which
follows from the 1:2:1 segregation of new mutations and
the ancestral alleles). If possible, at least one backcross to
the original wild-type strain should be performed, to en-
sure that all EMS-induced changes segregate in the next
generation (Figure 2). Such a strategy, which removes
mutagen-induced nucleotide changes that are not linked
to the causal mutation, has already been applied to C.
elegans [44]. The mutants were sequenced after four to six
rounds of backcrossing (although this many backcrosses
might not be necessary). Performing independent back-
crosses and then sequencing pooled, selfed progeny of
backcrossed plants should reduce the number of novel
variants that are homozygous but unlinked to the causal
mutation.

It might also be desirable to improve the mapping
resolution. In the original SHOREmap approach, similar
to other methods in which individual chromosomes are
only lightly sequenced [37], the entire genome is analyzed.
The advantage is that no separate sequencing reaction is
required for mutation identification. The disadvantage is
that most reads are not informative, because they are from
regions that are not polymorphic. Mapping resolution
could be improved by analyzing only polymorphic markers.
In one of the simplest implementations, one would enrich
for sequences at known polymorphic sites using sequence
capture technology [45–47]. In addition, information could
probably be gained by multiplex sequencing of bar-coded
individuals, instead of sequencing pooled genomic DNA
[37,48,49]. This would also be helpful when phenotyping is
difficult, because it would flag rare individuals that carry
wild-type alleles in the most probable mapping interval.

Because polymorphism density is usually much higher
than the frequency of recombination breakpoints, it is not
necessary to analyze all polymorphic sites, which is of
particular interest when dealing with large genomes. If
no polymorphisms are known, sequence complexity can be
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reduced by the analysis of size-selected restriction frag-
ments [50] or restriction site associated DNA fragments
[51], capture of the exome (the transcribed portion of the
genome) [45–47] or sequencing of the transcriptome.
Exome capture and transcriptome sequencing both have
the advantage that manymutations reside in open reading
frames, and the causal mutation could thus potentially be
discovered without an additional whole-genome sequenc-
ing step. Transcriptome sequencing has the further advan-
tage that it does not require species-specific enrichment
strategies, the disadvantage being that the total amount of
sequencing data that has to be generated could be large,
because of the greatly varying representation of individual
transcripts in the sequencing library. We note that beside
the causal mutation, the genome is homozygous, and that
no matter what strategy is being used, information from
non-affected individuals or the wild-type parent is needed
to recognize novel variants.

Extending NGS-enabled genetics to quantitative traits
Two important yet challenging opportunities for NGS-
enabled genetics are mapping genes for quantitative phe-
notypes and the identification of genes conferring specific
attributes in plants with unsequenced genomes. Many
agriculturally important traits do not have simple genet-
ics, but are determined by collections of alleles that act in a
quantitative manner. The conventional way of identifying
such alleles has been through quantitative trait locus
(QTL) mapping, which statistically associates genetic mar-
kers with specific phenotypes. Even more so than for the
mapping of Mendelian traits, it is the case that the larger
the population, the more precisely QTL will be mapped.
This is because only large populations contain a sufficient
number of individuals in which different QTL alleles are
assorted in an informative manner. Similarly, if indepen-
dently acting QTL are linked on the same chromosome,
many individuals are required to recover a sufficient num-
ber of individuals in which linkage between these QTL is
broken. Nevertheless, contrary to conventional wisdom
[52], it has been shown that the increased resolution of
recombination breakpoints afforded by high-density geno-
typing with NGS methods greatly improves QTL mapping
in accurately phenotyped populations [37,53]. With bar-
coding methods, it is now possible to simultaneously ana-
lyze at least 96 samples in a single NGS reaction [54], and
one can expect that this will be further improved. Thus, for
small populations of up to a few hundred individuals, the
analysis of individual, bar-coded DNA samples is probably
preferable to that of pooled DNAs. Even when focusing on
phenotypic extremes, DNA pools provide only limited
mapping resolution [55–57].

This situation changes with an increase in the number
of phenotyped individuals. The size of the population
available for phenotypic selection then becomes the main
limitation. In an impressive example from S. cerevisiae, it
was possible to identify 14 loci that explained 70% of the
genetic variance for the trait of interest. Several of these
loci were mapped to single-gene resolution, which was
achieved by starting with a population of several million
individuals and selecting 0.5% of all individuals at either
end of the phenotypic distribution [58]. Although this is

beyond what is ordinarily feasible for plants, simulations
suggest that, depending on the number and effect size of
the QTL, the heritability of the trait and the number of
chromosomes in the genome, as few as 10,000 individuals
are sufficient for highly accurate QTLmapping using pools
of phenotypically extreme individuals [58].

The resolution of QTL analysis can also be increased by
combining the mapping in populations derived from con-
trolled crosses with GWAS. GWAS provides very high
resolution because it can take advantage of the many
recombination events that have occurred since the differ-
ent individuals in natural populations diverged from a
common ancestor.. However, in contrast to mapping in
populations derived from controlled crosses, the individu-
als might not be equally related (or unrelated), and this
can greatly confound GWAS results. Mapping in experi-
mental populations can help to distinguish spurious asso-
ciations from causal ones, making the combination of the
two strategies – known as joint linkage–linkage disequi-
librium (LD) or joint linkage-association mapping – par-
ticularly powerful, even in highly polymorphic species
with large genomes and complex histories such as maize
[6,59–62].

Extending NGS-enabled genetics to unsequenced
genomes
Although genome sequencing projects are under way for all
major crops, not all alleles and genes of interest to breeders
can be found in the gene pool of domesticated species.
Notable examples are genes that encode pathways for
valuable metabolites [63] or for disease resistance [64–
66]. Ploidy barriers often prevent introgression of such
alleles from near relatives through conventional means,
and even where wide crosses are possible, this is a tedious
strategy. In other cases, the goal is not to transfer these
genes to other plants, but to microbes [63]. Before the
advent of NGS methods, developing the necessary
resources required for finemapping and gene identification
would have generally been prohibitive. Because of the
much lower costs of NGS approaches, the only prerequi-
sites now required are that there is heritable variation for
the trait of interest and that one can make experimental
crosses.

Evenwithout a genome sequence, it might be possible to
identify genes underlying traits with simple genetics by
bulked segregant analysis only, especially when they are
likely to belong to a specific family, as is the case for many
disease resistance genes [67]. There are many variations
regarding how one can proceed, but a good strategy will
often be to first define the transcriptome, which can now be
assembled from NGS reads [68,69], followed by exome
sequencing [45–47]. Apart from ploidy changes, the num-
ber of genes encoded in a genome, and thus the total length
of the transcriptome, does not vary greatly.

With a more complex genetic architecture, it will gen-
erally be necessary to first produce a genome sequence. The
increase in read lengths expected from the third generation
of single-molecule sequencing technologies [3] will greatly
facilitate accurate and complete genome assembly. Ulti-
mately, we envision that genome sequencing will entail
reading an entire chromosome from one telomere to the
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other. Until then, we believe that high-resolution genetic
maps will play an increasingly important role in support-
ing genome assemblies. In most species, each chromosome
experiences on average one crossover in meiosis. Thus, in a
diploid species with a 1 Gb genome and 10 chromosomes,
1000 F2 individuals afford an average distance between
crossovers of about 50 kb. A tenfold excess of SNPs would
require only 200,000 informativemarkers, which is achiev-
able with currentNGSmethods. A distance of 50 kb is close
to the contig size that should soon be within reach of NGS
short read technologies such as the one from Illumina
(Figure 4).

Conclusion and outlook
New sequencing methods have already had a measurable
impact on forward genetics. In Arabidopsis, conventional
mapping of mutations with major phenotypic effects is
rapidly becoming obsolete. Application of NGS-enabled
methods such as SHOREmap [36] to the cloning of mutant
genes from species with larger genomes is straightforward,
and can be easily extended to natural variants, the main

constraint being the mapping resolution, which now is
limited only by the number of phenotyped individuals.
Similarly, we foresee that NGS-enabled methods will dra-
matically accelerate QTL cloning. Although the joint link-
age-LD or linkage association mapping approach [6]
eliminates the need to generate very large pedigrees from
crosses, it is applicable only when the alleles of interest are
suitably common in natural populations. For rare alleles,
there is no simple alternative to linkage mapping.

We are most excited about the use of NGS-enabled
genetics in non-model, non-crop plant species. Plant phe-
notypes and traits are diverse, and plants harbor many
genes that are valuable for breeding or biotechnological
applications. NGS-enabled genetics is providing a univer-
sal and generic platform for the isolation of these genes,
evenmore so when we consider the next generation of NGS
methods, with higher sequence output and longer read
lengths [3]. We foresee that the much larger gene pool
that is now becoming accessible will be the foundation for a
paradigm shift not only in plant breeding, but for other
practical uses of plant genes.
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