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Summary

High-resolution genome analysis technologies provide an unprecedented level of insight into
structural diversity across crop genomes. Low-cost discovery of sequence variation has become
accessible for all crops since the development of next-generation DNA sequencing technologies,
using diverse methods ranging from genome-scale resequencing or skim sequencing, reduced-
representation genotyping-by-sequencing, transcriptome sequencing or sequence capture
approaches. High-density, high-throughput genotyping arrays generated using the resulting
sequence data are today available for the assessment of genomewide single nucleotide
polymorphisms in all major crop species. Besides their application in genetic mapping or
genomewide association studies for dissection of complex agronomic traits, high-density
genotyping arrays are highly suitable for genomic selection strategies. They also enable
description of crop diversity at an unprecedented chromosome-scale resolution. Application of
population genetics parameters to genomewide diversity data sets enables dissection of linkage
disequilibrium to characterize loci underlying selective sweeps. High-throughput genotyping
platforms simultaneously open the way for targeted diversity enrichment, allowing rejuvenation
of low-diversity chromosome regions in strongly selected breeding pools to potentially reverse
the influence of linkage drag. Numerous recent examples are presented which demonstrate the

power of next-generation genomics for high-resolution analysis of crop diversity on a
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subgenomic and chromosomal scale. Such studies give deep insight into the history of crop
evolution and selection, while simultaneously identifying novel diversity to improve yield and

Genotyping-by-sequencing in crop plants for
discovery of DNA sequence diversity

Novel genomic technologies have achieved exceeding importance
for modern crop improvement and are undergoing continual
further development in terms of efficiency and costs (Poland and
Rife, 2012). Fifteen years after the complete genome sequence of
the model plant Arabidopsis thaliana was decoded (genome size:
125 mega base pairs) (The Arabidopsis Genome Initiative, 2000),
followed shortly afterwards by rice (430 Mbp) (Goff et al., 2002),
the rapid advancement of next-generation sequencing (NGS)
platforms has today provided reference sequences for the large,
complex genomes of many important crop species, such as maize
(2500 Mbp) (Schnable et al., 2009), sorghum (730 Mbp) (Pater-
son et al., 2009), soya bean (1115 Mbp) (Schmutz et al., 2010),
potato (850 Mbp) (Xu et al., 2011), barley (5100 Mbp) (Mayer
et al., 2012) and rapeseed (1200 Mbp) (Chalhoub et al., 2014).
Even in the huge hexaploid genome of bread wheat
(17 000 Mbp), a combination of flow cytometry and syntenic
mapping with next-generation sequencing technologies has
enabled generation of a chromosome-based draft genome
sequence (International Wheat Genome Sequencing Consortium,
2014). Pan-genome diversity analysis based on assemblies of crop
relatives provides unprecedented insight into the gene diversity
available in secondary crop gene pools. Recent pan-genome
sequencing studies in maize (Lu et al,, 2015) and soya bean (Li

et al., 2014) describe the valuable contribution to pan-genomic
variation to phenotypic variation for important adaptive traits.
Identification and implementation of such adaptive potential
using high-resolution genotyping may be a key to targeted
rejuvenation of depleted phenotypic diversity in response to
climate change, for example.

High-resolution genome information is being increasingly used
by plant breeders to characterize germplasm, to identify genes
that underlie important agronomic traits or to estimate the
breeding values of individuals in breeding programmes in order to
accelerate the selection of improved varieties (Varshney et al.,
2014). Either with or without a completed reference sequence,
the development of reduced-representation genotyping-by-
sequencing (GBS) methods has opened the way to use NGS
technologies for high-throughput genomic resequencing, even in
large plant populations, at a constantly shrinking price
(Deschamps et al., 2012). In maize, for example, Romay et al.
(2013) used the GBS approach described by Elshire et al. (2011)
to generate almost 700 000 genomewide SNPs in a panel of
2815 diverse inbred lines from globally distributed breeding
programmes. Comprehensive sequencing data sets of this kind
enable extremely high-resolution evaluation of genetic diversity
and population structure, providing insight into the history of
recombination and allelic diversity throughout different breeding
pools (Qian et al., 2014; Voss-Fels et al., 2015). The broad
applicability of GBS techniques for genetic analysis has been
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successfully demonstrated in numerous important crops, for
example rice (Spindel et al., 2013), barley (Elshire et al., 2011),
potato (Uitdewilligen et al.,, 2013), wheat (Poland et al., 2015)
and soya bean (Jarquin et al, 2014). In combination with
guantitative phenotype analysis in segregating populations,
NGS methods also provide a powerful basis for rapid mapping
and identification of genes underlying quantitative traits
(e.g. Abe et al., 2012; Gao et al., 2013; Schneeberger et al.,
2009).

Targeting of genic variants associated with
agronomic traits

Reduced-representation sequencing approaches involving exome
capture or transcriptome sequencing enable targeted identifica-
tion of molecular variants in protein-coding genome regions (Ku
et al.,, 2012). Reference-based assembly of target-captured or
transcriptome sequence data in a test panel can allow rapid
discovery of hundreds of thousands of molecular variants in
gene-coding regions. High-density genic polymorphism data
generated via such techniques can be applied to quantitative
trait dissection, marker-assisted breeding, genomic selection or
for high-resolution exploration of genetic resources (Bolger et al.,
2014). Custom design of capture probes or tailed sequencing
primers provides a flexibility to target specific chromosome
regions harbouring quantitative trait loci, known pathways from
related model plants, or candidate genes for traits of interest
across a given species of interest. For example, Gholami et al.
(2012) and Rife et al. (2015) describe how tailed PCR can be
used to target specific genes for next-generation resequencing in
large numbers of individuals, while Schiessl et al. (2014)
demonstrate the use of bead-based capture technology to
resequence a panel of over 30 genes involved in regulating the
flowering time pathway. Clarke et al. (2013) present an example
for resequencing of genetic diversity spanning important meta-
QTL in a major crop using a microarray-based capture platform.
Harper et al. (2012) introduced the concept of associative
transcriptomics, in which polymorphic SNP data from transcrip-
tome sequencing in a diversity panel are associated with
phenotype variation for QTL identification, and Mascher et al.
(2013) describe how exome capture sequencing can help in the
cost-effective identification of coding sequence variants even in
very large genomes like that of barley. Collectively, these
methods proved powerful options for mapping and discovery
of genes underlying quantitative traits, and development of
tightly linked, sequence-based markers for breeding. They also
demonstrate the broad diversity of available technological
platforms for sequence capture, which enable extremely flexible
scaling of resequencing experiments to deal with few to many
genes at low cost in large test populations.

Accessing crop diversity with high-density
genotyping arrays

Beyond their direct applications for genetic mapping, QTL
dissection and characterization of diversity, NGS technologies
have also created the basis for the development of high-density
SNP genotyping platforms as a high-throughput tool for genetic
analysis of large experimental and breeding populations (Ganal
et al., 2012). Today, high-capacity SNP arrays are available for a
broad range of plant species and are becoming widely used in
breeding of major crops like maize (50-600 k SNPs) (Ganal et al.,
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2011; Unterseer et al., 2014), rice (51.5 k SNPs) (Chen et al.,
2014; Zhao et al., 2011), wheat (9 k, 35 k, 90 k and 800 k SNPs)
(Cavanagh et al., 2013; Wang et al., 2014; M. Winfield, A. Allen,
A. Burridge, G. Barker, H. Benbow, P. Wilkinson, J. Coghill, C.
Waterfall, A. Devassi, G. Scopes, T. Webster, F. Brew, C. Bloor, J.
King, S. Griffiths, 1. King, A. Bentley and K. Edwards et al.,
unpublished), potato (8.3 k SNPs) (Hamilton et al., 2011), barley
(9 k SNPs) (Comadran et al., 2012), soya bean (50 k SNPs) (Song
et al.,, 2013), rapeseed (60 k SNPs), (Edwards et al, 2013) or
sorghum (3 k and 90 k SNPs) (Bekele et al., 2013; Wieckhorst
etal., 2015). At present, the Infinium® platform from Illumina Inc.
(San Diego, CA) and the Axiom® technology from Affymetrix Inc.
(Santa Clara, CA) are the most widely used platforms for large-
scale SNP genotyping in crop plants (Thomson, 2014). Fixed
genotyping chips are often preferred to GBS technologies for
scenarios aiming to generate structured data sets of common
sequence variants at low cost, with minimal bioinformatic input,
for example within an ongoing breeding programme (Varshney
et al.,, 2014). On the other hand, to be effective a fixed SNP
genotyping platform must be applicable to a wide range of
different genotypes; hence, the alleles of the chosen SNPs must
be representative even for diverse germplasm. GBS-based geno-
typing methods can be more suitable for identifying true, causal
genetic variants for phenotypes with a complex genetic architec-
ture, as these are typically influenced in crop species by rare
alleles that may not be adequately represented on a SNP array
(Huang and Han, 2014). Nevertheless, given the relatively high
extent of linkage disequilibrium (LD) throughout the genomes of
most crops, SNP markers on a fixed, high-density array are still
likely to exhibit genetic associations with phenotypic variation
through LD to the causal genes (Wray et al., 2013).

Genome-scale characterization of crop diversity

High-throughput genotyping techniques are an important
enabling technology for complex trait dissection by genomewide
association studies (GWAS). Detailed molecular characterization
of breeding germplasm, providing comprehensive knowledge of
population genetic parameters and their relationships to natural
and artificial selection for important traits, is a crucial prerequisite
for the production of new, improved cultivars. Due to intensive
human-mediated selection during plant breeding, modern crop
varieties typically exhibit lower levels of genetic variation and
biased allele frequency spectra compared to their wild types,
especially in chromosome regions that harbour agronomically
important loci (Mace et al., 2013). This causes higher levels of
overall, chromosome-wise and/or region-specific LD in the
respective genomic regions. Agricultural selection furthermore
has led to enlarged haplotypes with extended homozygosity,
sometimes covering large chromosome segments (Mace et al.,
2013; Qian et al., 2014; Voss-Fels et al., 2015).

The enrichment of particular allele variants in gene pools due to
directional selection, and the consequential depletion of genetic
variation, caused genetic bottlenecks during crop domestication
that have resulted in prominent selective sweeps in all major crops
(Shi and Lai, 2015). This is particularly troublesome because of
linkage drag, the unintentional co-selection of undesirable gene
variants that are closely linked to selected loci of interest
(Langridge and Fleury, 2011). Because genetic diversity represents
the fundamental key to breeding success and a broad variation
provides the basis for breeders to select varieties with constantly
improving yield performance, these footprints of directional
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selection seriously challenge crop improvement, as they lead to
deterioration of genetically determined phenotypic variation.
High-throughput population genomic analyses can address this
dilemma by providing a detailed molecular basis for identification
and genomic introgression of novel variation into chromosome
segments surrounding directionally selected loci. Using high-
resolution tools, we are now able to identify and characterize
genome regions in most need of rejuvenation with novel diversity,
and utilize genomic selection approaches (Jannink et al., 2010)
for the enrichment of depleted gene pools.

Identifying and overcoming signatures of
selection

Jiao et al. (2012) used genome sequences of 278 maize inbred
lines from China and the United States to describe the structural
development of the maize genome during domestication and
utilization by humans, identifying highly dynamic genetic changes
caused by modern breeding. Based on around 4.8 million SNPs
present in at least 50% of the population, they identified around
400 different loci that have experienced a selective sweep in
different germplasm groups, representing domestication and
modern breeding progress. They showed that modern breeding
caused an accumulation of rare alleles in elite cultivars, suggest-
ing that the proportion of rare alleles could be used as a selection
index in future maize-breeding approaches.

A high-resolution investigation of genome-scale diversity and
directional selection in sorghum by Mace et al. (2013) used the
genome sequences of 44 highly diverse accessions, representative
of the diversity spanning the primary gene pool. Strong signatures
of selection were identified in different gene pools around major
genes related to domestication, eco-geographical adaptation or
agricultural traits such as plant height, seed colour and maturity.
Investigation of genomewide diversity patterns revealed
decreased diversity in landraces and improved germplasm, but
discovered untapped genetic variation in related allopatric gene
pools (Figure 1; Mace et al., 2013). Similarly, in rice, Huang et al.
(2012) resequenced 446 diverse accessions of the rice wild
relative Oryza rufipogon, along with 1083 cultivated O. indica
and O. japonica varieties. This study revealed 55 selective sweeps
originating from domestication. Around 8 million SNP markers
disclosed extremely high allelic variation in wild rice populations
compared to domesticated rice, highlighting genomic target
regions for the restoration of genetic diversity in future rice-
breeding efforts.

In many crops, the co-selection of undesired loci due to linkage
drag has hampered the efficiency of introgression approaches
using exotic plant resources, and the resolution with which
introgressed DNA segments could be tracked on a molecular level
was extremely poor when concepts for marker-assisted back-
crossing were first introduced to breeding. Massively parallel
genotyping techniques overcome this dilemma and facilitate
marker-assisted selection in very early stages of plant develop-
ment and the breeding cycle. In a simulation study using maize
data, Herzog et al. (2014) demonstrated the inherent suitability
of high-throughput genotyping arrays for targeted introgression
of donor chromosome segments into recipient genotypes.
Detection of introgressed DNA fragments using detailed molec-
ular marker information facilitates the utilization of exotic
germplasm for the targeted restoration of genetic diversity in
crop breeding populations, improving our capacity to introduce
novel loci into elite cultivars with minimal linkage drag.

Even in complex polyploid genomes, the use of large-scale
molecular information from genomewide SNP markers can be
used to reveal the comparative influence of artificial selection and
breeding for important agronomic traits on LD and haplotype
structure. Divergent bread wheat gene pools show extreme
differences in local LD surrounding loci involved in important
adaptation and grain quality traits, for example (Figure 2; Voss-
Fels et al., 2015). In the highly duplicated A and C subgenomes of
rapeseed, Qian et al. (2014) demonstrated strong subgenomic
bias for selection signatures during breeding for important
seed quality traits. Serious erosion of genetic variability in
C-subgenome QTL was found to reflect a considerably lower
diversity and a reduced recombination rate, which in turn hamper
breeding progress and heterotic potential. Such information
provides breeders with important information to develop strate-
gies to precisely reinstate diversity in such regions, for example by
inducing elevated recombination via de novo polyploidization
(Snowdon et al., 2015).

Enriching subgenomic diversity for
improvement of heterotic potential

Translating high-resolution genome data to structured breeding
populations derived from sequenced founder lines provides a basis
for knowledge-based enrichment of low-diversity chromosome
segments, to overcome linkage drag associated with large
selection signatures (Voss-Fels et al., 2015). This can also enhance
heterosis by expanding diversity between hybrid breeding pools
into chromosome segments containing strong adaptation signa-
tures. Snowdon et al. (2015) present the concept of heterotic
haplotype capture (HHC), which uses whole-genome profiling to
identify and enrich diversity-poor genome regions and introduce
these into hybrid breeding programmes for targeted improvement
of heterosis. In HHC, fully sequenced, diverse founder lines are
used to generate large structured prebreeding populations, like
nested association mapping panels (Gore et al., 2009; Yu et al.,
2008). By genotyping an entire population with a high-density SNP
array, it is possible to detect crossover breakpoints in every
individual at a previously unavailable resolution and combine these
with parental sequence data to impute sequenced haplotypes
across the whole genome in huge populations. Sequencing of
male-sterile maternal lines, used to create and phenotype test
hybrids from such a population, can subsequently provide a basis
to identify haplotype structures associated with heterotic trait
performance (Snowdon et al.,, 2015). The HHC concept thus
enables introduction and characterization of novel diversity on a
high-resolution, subchromosomal level, while simultaneously
facilitating the replenishment of eroded diversity in strongly
selected genome regions (Figure 3).

Unravelling the genetic basis of heterosis

Besides the high-definition molecular characterization and uti-
lization of crop breeding germplasm, novel genotyping technolo-
gies can also shed new light on the genetic background of
heterosis. Hybrid crops, exploiting heterosis for yield gain and
stability, have become one of the major drivers of increased
agricultural production during the past few decades. Despite the
global importance of heterosis for food security, and the growing
tendency towards utilization of hybrid vigour even in inbreeding
crops like bread wheat, the molecular and genetic mechanisms
underlying this phenomenon are still not completely understood.
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Figure 1 Genomewide patterns of sequence
diversity in Sorghum bicolor. The 10 chromosomes
are portrayed along the perimeter of each circle.
Concentric circles display (a) gene content density
distribution; (b) genomic diversity of wild and
weedy genotypes (red), landraces (green) and
improved inbreds (blue); (c) selection patterns
(Tajima’s D statistic) in wild and weedy genotypes
(red), landraces (green) and improved inbreds
(blue); (d) number of SNPs in wild and weedy
genotypes (red), landraces (green) and improved
inbreds (blue); (e) fixation indices (Fst values) of
improved inbreds versus landraces; (f) Fsy values of
improved inbreds versus wild and weedy
genotypes; and (g) Fsr values of landraces versus
wild and weedy genotypes. (h) A graphical view of
duplicated annotated genes is indicated by
connections between segments. Figure from
Mace et al. (2013), reprinted with permission
from Macmillan Publishers Ltd, Nature
Communications © 2013.

Genome profiling in large hybrid populations today offers an
unprecedented resolution for dissection of loci and genes
involved in heterotic expression. Recently, Huang et al. (2015)
described a study in which an extensive population of 1495 elite
hybrid rice varieties, along with their inbred parental lines, was
subject to detailed genomewide sequence analysis in order to
investigate genomic effects on hybrid vigour for 38 agronomic
traits. The resequenced genomes of all parental lines harboured
around 1.3 million polymorphic SNP markers, which were
subsequently used to study population genetic parameters and
perform GWAS at an unprecedented resolution. In particular,
heterozygous chromosome regions were revealed that contribute
to trait expression in the F; hybrids. Elucidation of the corre-
sponding genomic effects on phenotypic traits demonstrated that
pyramiding of multiple loci facilitates the accumulation of
numerous rare superior alleles with positive effects. In other
words, dominance complementation contributes most to the
heterosis effect in hybrid rice production. A combination of
forward and background selection using high-throughput gen-
ome screening tools (Herzog and Frisch, 2011; Herzog et al.,
2014) can thus be expected to significantly improve potential for
increasing breeding gain through efficient exploitation of hybrid
vigour.

The idea of genomic hybrid breeding, in which a genome-
based prediction strategy based on genome sequence data is
applied to estimate the performance of the F; progeny in hybrid
breeding, was introduced in rice by Xu et al. (2014). Using over
250 000 SNP markers, generated by resequencing 210 parental
inbred lines from a training set of 278 randomly selected hybrids,
this study demonstrated the power of marker-directed estimation
of F4 hybrid yields in rice. The top 100 predicted hybrids, from a
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total of 21 945 possible combinations between the parental
accessions, were estimated to exceed the overall yield average by
16%. This represents a significant improvement on average
selection gains from conventional breeding and accelerated
hybrid rice production.

Further applications for breeding and crop
improvement

High-throughput, high-density genome-profiling tools enable the
rapid and low-cost portrayal of crop genome characteristics in a
precise, high-resolution manner. Identification of molecular
variants on the DNA sequence level opens versatile options for
practical application. As described above, breeders can use this
detailed information for more targeted germplasm interchange
between gene pools for improvement of diversity and heterosis.
Generally, crop wild relatives represent an excellent genetic
resource to reinstate variation caused by genetic bottlenecks
during crop domestication and breeding (Huang and Han, 2014;
Lopes et al., 2015). On the other hand, breeders are often
reluctant to implement completely novel diversity from distant
gene pools due to their lack of adaptation and the consequent
performance penalty. High-density genome data may help to
improve this problem by enabling more efficient genomic
selection strategies that efficiently predict performance based
on genomewide marker combinations (Heffner et al., 2009).
One key to improving crop performance and breeding
processes is the enhancement of recombination in diversity-poor
chromosome regions. Two recent studies have demonstrated
how this might be achieved with support from high-resolution
genotype data. By high-coverage sequencing of 41 rice offspring
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form a biparental cross, Si et al. (2015) generated a detailed map
of recombination hot spots and cold spots based on 900 000
high-quality polymorphic loci. Interestingly, the recombination
hot spot regions were enriched with genes involved in response
to environmental stimuli, and environmental stress was found to
increase the recombination rate in around one-third of the
genotypes. If this can be confirmed, then breeders may be able to
increase recombination by making crosses on plants grown under
stressed conditions. In another approach, Suay et al. (2014)
demonstrated that interspecific Brassica hybrids carrying a specific
chromosome have a significantly elevated recombination rate and
reduced crossover interference. As described by Mason et al.
(2014), high-throughput genomewide SNP genotyping provides
an ideal basis for molecular cytogenetic analysis of such materials
to infer chromosome behaviour at meiosis and identify individuals
with elevated recombination in diversity-poor chromosome
regions for use in breeding.
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Figure 2 Detailed comparison of local linkage
disequilibrium (LD) decay on a 13-cM segment of
Triticum aestivum chromosome 1B in a population
of 460 international wheat accessions, comparing
the local genetic diversity within five
subpopulations representing distinct breeding
pools. This example demonstrates how strong
directional selection in distinct breeding pools can
lead to highly distinct patterns of LD. Densely
spaced SNP markers can assist backcrossing
programmes to enrich diversity-poor regions.
Figure adapted from Voss-Fels et al. (2015),
reprinted with permission from the Crop Science
Society of America, The Plant Genome © 2015.
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Genomic selection models predict the breeding value of an
individual based on molecular marker information, using statis-
tical calibrations from representative test populations with robust
phenotype data and genomewide SNP profiles. Genomic selec-
tion is becoming a widespread technique in breeding of many
important crops, for example maize, wheat, rice and barley (Lin
et al., 2014; Poland et al., 2012; Riedelsheimer et al., 2012).

Despite the exceptional recent advances in molecular tools for
genotyping, efficient, high-throughput phenotyping platforms
are still a major bottleneck in the dissection and understanding of
high-value, quantitatively inherited traits. Particularly for traits
that are unable to be effectively assessed under controlled
conditions, there is still a need for further improvements in
automated phenotyping in field trials. Recent advances in remote
sensing, field-based robotics and geo-referenced aerial image
capture with multisensoric imaging systems (Fahlgren et al.,
2015), in combination with high-performance computing, are
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improving the phenotyping bottleneck (Araus and Cairns, 2014;
White et al., 2012). Standardization of high-throughput pheno-
type ontologies for automated analysis in association with
genotype data remains a challenge, and effective data manage-
ment and interpretation pipelines are still required to increase the
applicability of high-throughput phenotyping platforms in crop
improvement.

Conclusions and outlook

The global demand for major crops is expected to strongly
increase as a consequence of the steadily growing world
population. On the other hand, the decreasing agricultural area,
and increasingly stressed environments for plant production in the
face of climate change, challenges plant breeders worldwide to
produce constantly improving varieties that produce high and
stable yields. The fundamental key to breeding success is genetic
diversity, which provides breeders the basis for the selection of
cultivars with a superior arable performance. The availability of
powerful genomics tools provides an unprecedented basis to
accelerate crop improvement and increase genetic gain in
breeding programmes, especially for traits which are difficult,
time-consuming or expensive to accurately evaluate phenotypi-
cally. The genome sequences of the world’s most important crop
plants open the way to identify and characterize all available
diversity not only within crop primary gene pools, but also
throughout related species. Ultra-high-throughput genotyping
techniques like GBS or array-based SNP genotyping enable the
prompt genome profiling of even large plant populations at
constantly shrinking costs, providing breeders detailed, high-
resolution molecular information. On the one hand, this can
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greatly improve the genetic resolution for mapping and cloning of
useful genes and QTL, particularly as large structured populations
like NAM or HHC panels become available for important crop
species. High-resolution analysis of breeding germplasm allows
breeders to gain deep and highly precise insights into genetic
diversity on a subgenomic and chromosomal level. This is
particularly helpful for targeted enrichment of depleted gene
pools, in which strong, human-mediated selection during domes-
tication and breeding has caused a dramatic loss of genetic
diversity in many genome regions of modern varieties. Chromo-
some segments harbouring loci involved in essential traits such as
vernalization requirement, winter hardiness, flowering time, seed
quality or resistances against biotic stress are often associated
with large blocks of very strong LD which can negatively impact
yield via linkage drag. The ability to precisely identify these
signatures of directional selection provides a basis to precisely
reinstate diversity in affected genomic regions. Detailed genome
profiles can also be very helpful to identify germplasm that is most
suitable for crossing in order to reverse the erosion of genetic
variation in elite material. Genomics-directed strategies to simul-
taneously increase recombination rates can facilitate this process.
The targeted introgression of loci from exotic germplasm into
high-performance varieties is likely to play a key role in continual
improvement of heterotic performance in major crops. Ultimately,
genomic selection and hybrid prediction strategies based on
cheap, high-throughput, high-density genetic marker data will be
a key factor in the acceleration of breeding progress to provide
food, feed, fibre and fuel for future generations. Translating the
huge progress in low-cost, high-resolution genotyping to signif-
icant increases in crop improvement requires similar advances in
the development, cost and field applicability of high-throughput
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phenotyping tools, including improved automated analysis and
interpretation of geo-referenced, multisensor, field-based crop
imaging data.
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