Genome-wide association
studies

(GWASS). Studies that search
for a statistical association
between a phenotype and

a particular allele by screening
loci (most commonly by
genotyping SNPs) across

the entire genome.
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REVIEWS I

and applications

Crop genomics: advances

The completion of reference genome sequences for many
important crops and model plants has the potential to aid
in the realization of the long-standing promise of plant
genomics to dramatically accelerate crop improvement'.
Since the late 1960s, it has been possible to survey molec-
ular markers across a plant genome?, but for decades the
number of markers that could be readily assayed placed
limits on the genetic resolution that could be achieved
using either experimental or comparative genetic
approaches. Only a few years ago, the highest-density
genetic maps required the laborious assay of several thou-
sand markers (for example, REF. 3). Experimental popula-
tions were generally limited to simple crosses between
two parents; more elaborate study designs that might
provide an assessment of the genomic distribution of
agronomically important mutations and their frequency
in the relevant germplasm were proscribed by limits on
marker technologies and the analytical approaches that
could be used to distinguish the contribution of multiple
parents. Comparative approaches for the identification
of functionally important mutations based on analysis of
marker frequency among populations had also been pro-
posed?, but the high variance in expected allele frequency
between populations® made the discovery of function-
ally important variants among the high number of loci
surveyed highly improbable.

A reference genome is now available for a number of
crops (FIG. 1), and progress is being made towards refer-
ences for crops with large genomes® (for example, see
links in Further information). In addition, reference
genomes have been published for a number of other
model plant systems, including Arabidopsis thaliana

Peter L. Morrell’, Edward S. Buckler? and Jeffrey Ross-Ibarra’®

Abstract | The completion of reference genome sequences for many important crops and
the ability to perform high-throughput resequencing are providing opportunities for
improving our understanding of the history of plant domestication and to accelerate
crop improvement. Crop plant comparative genomics is being transformed by these data
and a new generation of experimental and computational approaches. The future of
crop improvement will be centred on comparisons of individual plant genomes, and
some of the best opportunities may lie in using combinations of new genetic mapping
strategies and evolutionary analyses to direct and optimize the discovery and use of
genetic variation. Here we review such strategies and insights that are emerging.

and Brachypodium distachyon”®. Comparative genom-
ics — which is traditionally thought of as the analysis
of synteny (gene order) and sequence comparisons
among related species — is now being redefined by
the rapid publication of increasing numbers of refer-
ence genomes, by estimation of sequence diversity from
high-throughput resequencing, by the examination of
the genomic distribution of large insertions and dele-
tions (indels) and copy number variants (CNVs) and
by the emergence of a new generation of experimental
and computational approaches. From genetic mapping
to evolutionary analysis, the future of crop improve-
ment will revolve around the comparisons of individual
plant genomes. Maximizing the use of this genomic data
for crop improvement is of fundamental importance if
we are to continue increasing crop production in the
face of growing human populations and changing cli-
mates while minimizing the environmental impact of
agricultural activity.

In this Review, we begin by addressing the chal-
lenges for comparative crop genomics that are posed by
the complex organization of plant genomes and the high
levels of nucleotide and structural diversity that are found
in many crop species. We then discuss the importance of
understanding domestication, as the origin and demog-
raphy of a crop affect the genetic basis of agronomic traits
and influence patterns of nucleotide diversity genome-
wide. We examine the ways in which our understanding
of the genetics of agronomic traits is being fundamentally
reshaped by genomic data. High-density genetic markers
are being used in genome-wide association studies (GWASs)
and can also be exploited for genomic selection.

NATURE REVIEWS ‘ GENETICS

VOLUME 13 | FEBRUARY 2012 | 85

© 2012 Macmillan Publishers Limited. All rights reserved


mailto:pmorrell@umn.edu
mailto:rossibarra@ucdavis.edu

REVIEWS

Paralogy

Unlike orthologous genes,
which trace their common
origin to a locus in an ancestral
species, paralogous loci consist
of gene copies that trace their
common origin to a duplication
event within a genome.

Linkage disequilibrium

(LD). Nonrandom association
of alleles at two or more loci.
The pattern and extent of LD
in a genomic region is affected
by mutation, recombination,
genetic drift, natural selection
and demographic history.
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Figure 1| Crop genome size. Genome size of all published crop genomes (shown in green) and the five most
important production crops with unpublished genome sequences (shown in blue). The average angiosperm genome

size of ~6 Gb is shown by the dotted line for comparison.

Understanding of agronomic traits is also being improved
by a new generation of multiparent genetic mapping pop-
ulations (or next-generation populations). As we discuss,
higher-throughput resequencing and marker genotyping
will also enable new approaches towards crop improve-
ment, such as the identification and selective elimination
of deleterious mutations.

Challenges of plant genomes

The genomic tools that are applied to plants are often
developed for and tested against data from humans or
other model systems, such as fruitflies or mice*', but
the size and dynamic nature of plant genomes adds to
or exacerbates challenges that are faced in other systems
(FIC. 1). Plants tend to have a larger number of multi-
gene families' and a higher frequency of polyploidy
than occurs in mammals. This makes paralogy a more
substantive issue because the short sequence reads
that are typical of high-throughput sequencing may
not map uniquely to a reference genome, and allelic
variation cannot then be distinguished from differences
among closely related gene family members (FIG. 2).
Paralogy remains a problem even in plant species that
have a high-quality reference genome owing to the
prevalence of extensive copy number variation'>'. For
instance, estimates suggest that the maize reference
genome accounts for only ~70% of the low-copy-number
sequences that are present in the parents of a diverse set
of maize inbreds and that this copy number variation
leads to a high percentage of false-positive variants'. It
seems likely that continued improvement in sequence
read length, along with methodological approaches that
assess allelic segregation among lines' and that make

use of local patterns of linkage disequilibrium (LD), will
be useful for identifying paralogous reads in complex
crop genomes. Although there may be no simple solu-
tion to the complexity of polyploid genomes, sequencing
diploid relatives'>'® or double haploid lines'” can provide
a baseline for future genome-level research in polyploid
crops.

The high levels of nucleotide diversity in some crop
genomes pose a challenge for comparative analyses, as
higher numbers of mismatches between a sample and
a reference will result in reduced sequence read map-
ping (FIG. 2) or reduced hybridization to oligonucleotide
arrays. For example, the maize and human genomes are
similar in size, but an average pair of maize individuals
differs at tenfold more sites than any two humans
do'®. Although many crops do not have high levels of
diversity, the difficulties of a diverse genome are not
unique to maize as an outcrossing species: diversity is
also high in the clonally propagated grape' and even in
self-fertilizing (‘selfing’) species, such as barley®.

Another challenge in plant comparative genomics is
genome size (FIG. 1). Plant genome size varies by more
than three orders of magnitude in currently character-
ized species?, largely owing to the prevalence of trans-
posable elements™. Size alone makes genomic analysis
more difficult: shotgun sequencing reads that are suf-
ficient to provide deep (25x) coverage of four Drosophila
melanogaster genomes — enabling the identification of
heterozygous sites and structural variation — would pro-
vide a meagre ~1x coverage of the wheat genome. The
density of transposable elements in plant genomes also
means that a large fraction of shotgun sequencing data
is of limited use for reference-based genomic analysis, as

86 | FEBRUARY 2012 [ VOLUME 13

www.nature.com/reviews/genetics

© 2012 Macmillan Publishers Limited. All rights reserved



O Q0 9w

C> Transposable elements

C) Genes G:) Gene with SNP

Figure 2 | Challenges of read mapping in plant genomes. The mapping of short
sequence reads to a reference plant genome is shown with the genome at the bottom
and with sequencing reads above. Coloured shapes represent transposable elements
or genes; the two orange ovals represent a pair of paralogous genes. Short sequence
reads are shown directly above where they would map to the reference. Different
scenarios are shown in lines a—e. a | Uniquely mapping reads, including junctions
between sequence repeats. b | A sequence from a diverse genome that would fail to
map to the reference owing to an excess of SNP differences. ¢ | A read from one
paralogue that maps incorrectly owing to a sequence error or a SNP. The correct
mapping is shown with a grey read. d | Reads that would map multiply and are usually
filtered from further analysis. e | A read from a third copy of the orange gene that is
incorrectly mapped to one of the reference copies, leading to a false SNP. This is likely
to be the result of a copy number variant that was not included in the reference
genome (as indicated by the question mark).

Bottleneck
A temporary marked reduction
in population size.

Site frequency spectrum
The distribution of allele
frequencies in a population:
essentially a count of the
number of allelesin a
population at a given
frequency.

Genetic drift

Fluctuations in allele
frequencies that are due to the
effects of random sampling.

Admixture

The mixing of two or more
genetically differentiated
populations.

Introgression

The incorporation of genetic
material from one population
or species into another by

hybridization and backcrossing.

Haplotype

The combination of alleles
or genetic markers found
on a single chromosome
of an individual.

reads map with equal probability to multiple positions
in the reference (FIC. 2). It is not surprising that the crop
genomes that have been sequenced to date have all been
relatively small — the largest crop genome sequenced,
maize, is less than half the size of the average angiosperm
genome (FIG. 1; TABLE 1).

Although plant genomes pose a number of challenges
for genomic analysis, they do offer some advantages.
Unlike most animals, crops can be propagated clonally
or maintained as inbred lines, and the seeds of many spe-
cies can be stored indefinitely, which effectively immor-
talizes genotypes of interest. This makes it possible to
sequence a line once but to phenotype the line many
times, and it allows replication across environments®.
Inbred lines or specially created double haploids also
avoid the difficulties of sequencing highly heterozygous
genomes. Sequencing of the grape genome has provided
a useful comparison of the advantages and difficulties
of sequencing a diploid outcrossing accession'® or an
inbred line*.

Origin and evolution of crops

Understanding the origins and domestication of crop
plants is of substantial evolutionary interest, as domesti-
cated plants provide a model system for studying adapta-
tion*?. An understanding of crop origins has long been
held as central to the identification of useful genetic
resources for crop improvement?. Domestication shapes
the genetic variation that is available to modern breed-
ers as it influences levels of nucleotide diversity and
patterns of LD genome-wide. The demographic his-
tory of domestication also informs our expectations of
the genetic architecture of traits and thus our ability to
identify causal genetic variants for crop improvement.

REVIEWS

Demographic history and geographic origins.
Genome-wide polymorphisms make it possible to
examine the demographic history and geographic
origins of crops. Domestication is an evolutionarily
recent phenomenon, and most of the genealogical
history at any locus will be shared between a domesti-
cate and its wild progenitor?. Comparisons of alleles
within and between domesticated and wild taxa will
reveal divergence times that greatly predate the origin
of the cultivated form®~, reflecting the time to most
recent common ancestor of the species rather than
the time of divergence of the domesticate. A detailed
understanding of domestication history requires a
large number of loci in conjunction with modelling
of population demography. Some of the earliest work
on demographic modelling in plants used mean pat-
terns of genetic diversity to fit a bottleneck model of
domestication®, an approach that was later extended
to include an explicit likelihood framework®>?**. More
recently, investigators have used methods that incor-
porate more detailed information, such as the site
frequency spectrum®**, to distinguish among different
evolutionary models.

One of the most fundamental issues that influ-
ences the genetic architecture of agronomic traits and
the levels of genetic diversity in crop genomes is the
number of times that a species has been domesticated.
There are compelling examples for both single domes-
tications (such as maize and soybeans)***” and multiple
domestications (such as avocados, common beans and
barley)***, but the number and location of domestica-
tion events for most crops remain unresolved. Simple
statistical methods that cluster individuals or popula-
tions based on genetic diversity within the domesticate
can be misleading, as the number of genetic groupings
is not necessarily reflective of domestication history*-*.
For example, although genetic evidence suggests two
domestications of the common bean®, genetic drift in
cultivated populations leads to the identification of
multiple genetic groups®.

The details of even the simplest of domestication sce-
narios are likely to be complex. For example, geograph-
ical spread of the domesticate followed by admixture
with wild relatives can obscure geographic origins***.
Extensive admixture may be one explanation for
the continued controversy regarding the origins of
the domesticated indica and japonica subspecies of rice.
Analyses from recent genome-wide resequencing have
failed to reach a consensus on the number of domesti-
cations of rice: modelling of genetic differentiation sup-
ports separate domestications followed by introgression
at agronomically important loci*®, whereas the site
frequency spectrum and phylogenetic analysis of mul-
tiple data sets argue for a single origin®*. As whole-
genome data become available for more crops and
their wild relatives, application of methods that make
better use of additional information from detailed
haplotype structure and patterns of admixture across
the genome (for example, REFS 47,48) will improve
insight into the complex demographic histories of
many crops.
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Table 1| Crop genome characteristics

Crop

Cucumber
Peach
Strawberry”
Orange
Papaya
Medicago”
Foxtail millet
Cacao

Rice

Grape
Cassava
Sorghum
Pigeonpea
Potato
Tomato
Soybean
Sugar beet
Maize
Sugarcane
Barley
Bread wheat

Average angiosperm

Genome Gene Transposable Refs
size (Mb) number element
content (%)

200 21,000 Phytozome
230 28,000 Phytozome
240 35,000 22 16
320 25,000 Phytozome
370 29,000 52 149
375 48,000 30 15
410 35,000 Phytozome
430 29,000 24 150
450 41,000 25 151
490 30,000 41 24
530 31,000 Phytozome
730 28,000 63 109
833 49,000 52 152
840 39,000 62 17
1,000 Kew
1,200 46,000 59 153
1,200 Kew
2,300 33,000 85 154
4,000 Kew
5,500 Kew
17,100 Kew
5,900 Kew

The table shows the genome size, gene and transposable element content for the world’s ten
top production crops and all other crops with sequenced genomes. In the ‘Refs’ column,
‘Phytozome’ refers to http://www.phytozome.net and ‘Kew’ refers to http://data.kew.org/

cvalues. *Sequence of a species related to the main crop.

Selective sweeps
Increases in frequency of

an allele and closely linked
chromosomal segments that
are due to positive selection.
Sweeps initially reduce
variation and subsequently
lead to a local excess of

rare alleles as new unique
mutations accumulate.

Standing variation
Variation for a locus or
trait that is polymorphic
in a population.

Heterosis
Otherwise known as ‘hybrid
vigour', heterosis is the

phenomenon whereby progeny

of a cross between genetically
distinct parents have greater
fitness than either of the
parental types.

The genomic basis of domestication

Plant and animal domestication motivated some of the
earliest thought and research on evolution and natural
selection®, and the past several decades have seen wide-
spread application of molecular markers to the study of
plant domestication and improvement. Until recently,
however, our understanding of the genetics of crop evo-
lution has been limited by a reliance on genetic mapping
methods that require a priori identification of a pheno-
type of interest. Studies have primarily focused on a suite
of traits that make up the ‘domestication syndrome™”,
including decreased dispersal, reduced branching, loss of
seed dormancy, reduced natural defences and increased
size of certain morphological features. Mapping strat-
egies cannot uncover loci that are responsible for
phenotypes that have not been measured, regardless
of the evolutionary importance of the phenotypes, and
the view that domestication involves few loci* is prob-
ably a result of this limitation. Population genetic
approaches, however, have the potential to identify loci
that are subject to selection even without a known phe-
notype®. These methods also permit the detection of
alleles at extreme frequencies that are difficult to detect
by genetic mapping.

One emerging result from population genetic investi-
gation is that crop evolution has probably involved many
loci. Some of the first population-genomics analyses of
domestication®**>* identified dozens of loci involved in
a variety of functions, presumably representing numer-
ous phenotypes that were not amenable to study using
mapping approaches. Wright et al.** used demographic
modelling to identify loci that had lost more diversity
than would be expected owing to population bottlenecks
alone. They estimated that 2-4% of loci in the maize
genome — as many as 1,300 genes — were involved
in either domestication or subsequent improvement.
Whole-genome resequencing studies in a number of
crops continue to add to the list of putatively selected
loci'**4, By contrast, in spite of the prevalence of
CNVs in cultivated and wild genomes (for example,
REFS 30,55), there is little evidence to date to support a
prominent role for CNVs in domestication®.

The involvement of a large number ofloci in domes-
tication is predicted both by the complex nature of many
domestication traits and by models that incorporate the
effects of unconscious selection®. Flowering time adap-
tation, for example, may be controlled by many genes”,
and adaptation to changes in soil nutrients®® or loss of
seed dormancy® are examples of traits that are unlikely
to have been consciously selected by early farmers.

Although molecular evidence of selection at a locus is
important for confirmation that the locus was involved
in adaptation, it is important to consider that many
agronomic traits reflect a complex evolutionary history.
Introgression, for example, can lead to unusual histo-
ries for individual loci. In barley, in which many traits
show evidence of multiple origins — a finding that is
consistent with the domestication history of this spe-
cies®*®! — allelic variation at a flowering time locus in
European cultivars appears to have arisen by introgres-
sion from barley that was independently domesticated in
Central Asia®>. Whereas early population genetic infer-
ence focused on identification of selective sweeps, there
is now considerable evidence that selection does not
always follow this simple model. Selection histories can
include incomplete sweeps, local adaptation, multiple
mutational origins and adaptation from standing variation
(for example, REFS 63-65). The interplay of these factors
is complex, and identifying loci of adaptive interest®® or
distinguishing evolutionarily important phenomena,
such as local adaptation from multiple mutational
origins®, will require careful analysis of genome-wide
data from a geographically diverse set of samples.

Finally, although comparative genetic mapping studies
between species suggested some similarity in the genetic
basis of domestication syndrome traits®, it is perhaps too
early to determine whether there are strong commonali-
ties among genes that have been selected during crop evo-
lution. Even so, selected loci in both maize and sunflowers
appear to be enriched for functions related to amino acid
biosynthesis****. Given that strong selection may increase
the frequency of linked deleterious mutations (BOX 1), it
is possible that selection on amino acid biosynthesis dur-
ing domestication contributes to observations that genes
involved in protein metabolism have a role in heterosis®.
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Box 1| Genetic load

a Rice .AACCACCTH. . .
Brachypodium .AACCA@ECTC. ..
Sorghum .AAmcATCTC. . .
Asn  His Leu
Maize .AACEATCTC. . .
Asn Leu
b Ancestral population
Gene 1 Gene 2
.AACGCETTC. .. .AGAGGACTC. ..
. AACGRCTTC. .. .@MGAGGECTC. . .
AACGCCTTC. .. .AGARGACTC. ..
.AARGCCTTC. .. .AcE@ccACTC. . .
.AACGCCTTH. . . .AGAGGACTC. ..
.AACGCCTTH. . . .AgElceacCTC. ..

Gene 1 Gene 2 Gene 1 Gene 2
.BAGE@EETTC. . . .AGAccAETd . . . .AACEEETTH. . . .AGARGACTC. . .
.BAGeAcTTC. .. .@GAGGAETE. . . .AAm@cETTC. . . .AGARGACTC. . .
.BAAGEEETTC. . . .AcEccACTC. . . AACEEETTH . . . .AGARCGACTA. . .
.BAGeAcTTC. .. .AcEccaETC. . . .AAGEEGETTC. . . .AGARGACTC. . .
.BAGeACcTTC. .. .AcEccaAETd. . . .BRGEEETTC. . . .AGARGACTC. . .
.BREEGRACTTC. . . .AGAceALETE. . . AACEEETTH. . . .AGAccAETC. . .

Derived population 1 Derived population 2

Genetic load refers to the reduction in fitness caused by suboptimal genotypes in a population'?!. Genetic load can
arise in a number of ways, including directional selection, recombination or mutation. Mutational load — the
presence of deleterious mutations segregating in a population — is of particular interest for crop genomics.
Deleterious mutations are most readily detected in protein-coding genes and can take several forms, including
premature stop codons, splice site variants or insertions and deletions (indels) that result in the loss or impairment
of protein function. These types of mutations are frequently associated with Mendelian disorders in humans,
providing direct evidence that loss-of-function changes tend to be deleterious, particularly when homozygous'?%.
Although most nonsynonymous mutations in plants are strongly deleterious, a sizable proportion are only slightly
so, and these mutations may segregate at appreciable frequencies'?.

Unambiguously deleterious mutations are fairly common in crop genomes'’**12% Statistical analysis of
homologous sequence from multiple genomes can identify amino acid changes that are likely to be disadvantageous
(for example, REF. 125), but these comparative analyses benefit from transcriptomic data, as transcript variation
among individuals may render some putatively deleterious mutations inconsequential'?. Part a of the figure shows
a hypothetical alignment of coding sequence from multiple grass species. The conserved nature of the histidine
amino acid across species suggests that the nonsynonymous change (indicated by the red ‘G’) observed in maize is
likely to be deleterious. Synonymous changes are shown in black.

Selection against deleterious mutations is hindered by Hill-Robertson effects — because of linkage, selection can
only act on the net effect of both beneficial and deleterious mutations. Deleterious mutations should thus be
enriched in regions of the genome in which recombination is suppressed and around the targets of strong positive
selection*?’. Although neither prediction has yet been explicitly demonstrated in crops, patterns of residual
heterozygosity in the maize genome support the first prediction, and evidence from humans'? bears out the
second. Whereas inbreeding can act to purge deleterious mutations'?!*, drift can increase the frequency of
deleterious mutations in small populations'3*132, Drift is a stochastic process, and unique sets of deleterious alleles
would be expected to increase in frequency in different breeding populations (for example, REF. 124). This is
illustrated in part b of the figure, in which two nonsynonymous mutations (indicated by the red ‘A’s) in the
ancestral population increase in frequency in two derived populations. Because drift operates independently
in isolated populations, different breeding programs are likely to have a number of distinct, high-frequency
deleterious mutations. Given that most deleterious mutations are at least partially recessive, crosses between lines
from different breeding populations should exhibit complementation at these loci, explaining, at least in part,
the widespread observation of heterosis.

NATURE REVIEWS ‘ GENETICS

VOLUME 13 | FEBRUARY 2012 | 89
© 2012 Macmillan Publishers Limited. All rights reserved



REVIEWS

Parent 1 Parent 2

i

(IIMECED ORI
AEITIIED @I
NN T NI
(HIEET P (NI
AW @D
CIINEEND CUIIEEErD

Generations Sample directly
of selfing from population
RIL1 RIL2 RIL3 RIL4 Linel Line2 Line3 Line4

(IETED Oy
INIIETETD U e

ﬂ:li]]l:!

Parent 1 Parent 2 Parent 3 Parent 4
followed by selfing

11
1

Random mating
RIL1 RIL2 RIL3 RIL4

-

Figure 3 | Mapping populations. Comparison of three mapping strategies. A single chromosome is shown per
individual. On the left, black and white bars indicate the genotype at each of 50 biallelic SNPs. The parental origin of
each chromosomal segment is shown on the right in colour. a | Quantitative trait locus (QTL) mapping, in which two
lines are crossed and the resulting F, generations are self-fertilized for several generations, resulting in homozygous
recombinant inbred lines (RILs). b | Four lines from an association mapping panel. Lines are directly sampled from

a population, such that no crosses are required but the parent-of-origin is unknown. ¢ | A next-generation mapping
population with four parents, which are randomly mated and then self-fertilized for several generations.

Genetic architecture and plant genomes
Although an understanding of domestication history
provides useful insight into species history and may help
to identify loci of agronomic interest, plant-breeding
efforts tend to be much more focused on the imme-
diate needs of farmers and end users of crops. Yield,
disease resistance, agronomic performance and product
quality (for example, fruit or grain quality) are the typi-
cal areas of focus. Effective use of genetic variation for
plant breeding requires an understanding of the genetic
architecture of traits that have immediate applications
to plant breeding.

Quantitative trait locus mapping. Current under-
standing of genetic architecture is largely derived from
quantitative trait locus (QTL) mapping”. QTL-mapping
approaches generally begin with two parental inbred
lines that are crossed for a number of generations to
form a population of recombinant homozygous lines
(FIG. 3a); typically, the F, generation is self-fertilized, but
backcrossing and other strategies are also used. QTL
approaches have proved to be enormously useful for
plant breeding and have been successful in identifying
loci of large effect and dissecting the genetic basis of
fairly simple traits. The primary disadvantages of QTL
mapping are the time involved in creating populations,
the limited inference that can be made from alleles in

two parental lines, the small number of recombination
events captured in most mapping populations and a nec-
essary focus on traits that can be readily and accurately
phenotyped.

Association mapping. The development of high-
throughput, dense genotyping has led to a shift from
traditional QTL mapping to association or LD map-
ping. Rather than focusing on two parental lines that
differ strongly in phenotype, LD-mapping approaches
assess the correlation between phenotype and geno-
type in populations of unrelated individuals (FIG. 3b).
Association-mapping’' panels sample more genetic
diversity, can take advantage of many more genera-
tions of recombination and avoid the generations of
time-consuming crosses that are necessary for QTL
mapping’. When combined with dense, genome-wide
marker coverage, association mapping can consider-
ably improve the genetic resolution at which causative
variants can be identified. Whereas QTLs identified
by biparental mapping strategies can span tens of
megabases, the long history of recombination events
that is captured in most association panels enables a
much greater genetic resolution”. With a large panel
and with sufficiently dense genome-wide marker cover-
age, association mapping can potentially map causative
loci to individual nucleotide changes.
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Purifying selection
Selection against a
deleterious allele.

Ascertainment bias
Sampling bias that arises
from how SNPs are chosen

for inclusion on SNP arrays;

SNPs that are known to be
polymorphic in a particular
population will have
frequencies that are higher
than would be expected by
random sampling alone.

Hill-Robertson effect
The reduction in efficacy of
selection at a locus owing
to selection at linked loci.

Association mapping is widely used in a variety
of crops, including those without extensive genomic
resources, such as sugar beets’ or pearl millet”. Only
recently have plant studies incorporated the extremely
high marker density needed for GWASs. Perhaps
the best example to date is that of Huang et al.”®. The
authors used low-coverage resequencing of the genomes
of a panel of more than 500 rice landraces and found
80 loci associated with 14 agronomic traits. Several of
these associations were to previously characterized loci,
which lent credence to the results. They identified a mix
of genetic architectures among the traits studied: vari-
ation in colour and grain traits showed associations to
few loci of large effect, but drought response, flower-
ing and other morphological traits were explained by
many loci of small effect. Although overall genetic reso-
lution was quite high (~25kb or 1-3 genes), the authors
found several occasions in which known causative loci
showed weaker signals than nearby markers. Similar
results have been observed in GWASs conducted in
A. thaliana™ and suggest limits to the precision avail-
able in association-mapping studies, particularly
in inbreeding organisms””%,

Next-generation populations. A new generation of
genetic-mapping populations has been designed with
the goal of overcoming many of the limitations of bipa-
rental QTL mapping and association mapping. These
populations combine the controlled crosses of QTL
mapping with multiple parents and multiple generations
of intermating. Next-generation populations are often
larger than traditional QTL populations, and many lines
are crossed in parallel; this increases the rate of effective
recombination per generation and maximizes ‘genetic
map expansion, thereby improving genetic resolution
compared to traditional biparental mapping”. As with
association panels, next-generation populations will
more effectively sample rare alleles than typical biparen-
tal populations. Because of the controlled nature of the
crosses involved, next-generation populations can also
overcome some of the difficulties of association map-
ping, including population structure and the unknown
frequency of causative mutations. Owing to the approxi-
mately even contribution of all parents, next-generation
designs also allow for better estimation of allelic effects
than is possible under standard association-mapping
approaches®.

There are many potential designs for next-generation
mapping populations”, but all of them involve the cross-
ing of multiple parents and advancement of populations
through several generations to improve resolution in
genetic mapping (FIG. 3¢). The nested association map-
ping (NAM) population in maize is based on crossing
diverse strains to a reference parent® and has already
been successfully applied to the study of numerous
traits®”®#. Other designs have involved intercrossing
multiple parents, forming a single large population®.
These populations have been referred to as multipar-
ent advanced generation intercross (MAGIC) popula-
tions** or recombinant inbred advanced intercross line
(RIAIL) populations”. Individual crops may require
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different strategies: for example, designs that involve
repeated outcrossing are difficult to implement for self-
ing species®. Multiparent crosses have a long history in
plant breeding®* and have been a source of considerable
insight into evolutionary processes in crops®>.

The problem of rare variants. Several challenges of
association mapping in plants have been discussed pre-
viously (for example, REF. 25), including marker density
and population structure, but other limitations are less
well-understood. One important limitation concerns
the frequency of causative mutations. Because individ-
ual SNPs that are at a very low frequency (approaching
1/n, where  is the sample size) probably explain a small
fraction of the total trait variation within a population,
most association-mapping studies have relied on the
assumption that causative variants are fairly common.
This idea, when it is applied to studies of the genetic
basis of human disease, is known as the ‘common
disease—-common variant” hypothesis’’. Many studies in
humans have been unable to explain much of the her-
itable genetic variation for traits, a result that may be
due to polymorphisms that contribute to trait variation
but that are kept at a low frequency in a population
owing to the action of purifying selection®’. Models for
mutation-selection balance postulate that many of
the mutations that contribute to quantitative genetic
variation are unconditionally deleterious and would
thus be found at low frequencies (reviewed in REF. 93).
Identifying low-frequency causative polymorphisms is
difficult, requiring much larger sample sizes (and thus
more phenotyping), and the trait variance explained
by rare SNPs is poorly estimated by the small num-
ber of phenotypes associated with rare genotypes. The
ascertainment bias that is frequently present in asso-
ciation mapping SNP data also results in fewer
low-frequency polymorphisms being genotyped®.
Determination of the extent to which rare variants
contribute to trait variation is a major goal of genome-
resequencing projects, including the 1000 Genomes
Project®” in humans, the 1001 Genomes Project in
A. thaliana®, the Drosophila Genetic Reference Panel
(which is resequencing 192 genomes of D. melanogaster)
and the Maize Hapmap Phase II project (which is
resequencing 103 maize genomes).

One recently reported consideration for associa-
tion mapping is the potential for synthetic associations.
Synthetic associations occur when a low-frequency caus-
ative mutation of large effect is not genotyped, leading
more common, linked markers to appear to be associ-
ated with the trait”. Ascertainment bias in genotyped
markers can lead to synthetic associations, but factors
such as the Hill-Robertson effect®® may also have a role.
Evidence for synthetic associations has been recently
documented in humans®, but observations regarding
genetic load (BOX 1) in crops suggest that it may be a
widespread phenomenon.

Applying evolution
Plant breeding is a form of applied evolution, and evo-
lutionary analyses can provide hypotheses and models
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that may substantially enrich and accelerate the search
for useful variation. Clegg'® pointed to three major areas
of focus in evolutionary genetics that each have impor-
tant implications for plant breeding — the genetic basis
of adaptation, the quantification of variation and the
processes of genetic transmission.

Adaptation. The identification of loci that are respon-
sible for adaptive evolution has long been a goal in
evolutionary genetics (for example, REF. 4), and many
of the approaches developed in the field (reviewed in
REFS 101,102) are directly transferable to the identification
of loci of agronomic interest'®.

Box 2 | Genomic selection

Standard breeding Genomic selection

Make crosses
arge-scale 5 years

\

elLorrelease

Make crosses

4 months

¥
* — 4 years

'/

-

mall-scale

a -
<

Data from
other efforts

Genomic selection is a form of indexed, marker-assisted selection in which a marker data set is used to make phenotypic
predictions'**!3*, Genomic selection and genome-wide association studies (GWASs) can use the same genotypic and
phenotypic data, but genomic selection models de-emphasize the identification of individual polymorphisms that
control complex traits in favour of weighted prediction of phenotypic values based on a training data set. Like GWASs,
genomic selection has traditionally been limited by the cost and availability of dense genome-wide marker data, but
recent developments in high-throughput genotyping allow for inexpensive genome-wide marker data to be rapidly
collected in large numbers for even non-model taxa®3>*3¢.

The key to genomic selection is the creation of training sets that have sufficient genetic and phenotypic diversity to
permit selection to be applied in a meaningful way. Although most genomic selection has focused on rather narrow
breeding efforts within one breeding programme’?’, the long-term goal should be to produce models that encompass the
worldwide diversity of a species, incorporating information on phenotype and performance in numerous environments.
The details of genomic selection models are likely to vary by species and by breeding programme, and factors such as the
genetic architecture of a trait will also be important in structuring the equations and priors of genomic selection models.
Although trait architecture will undoubtedly differ among species, there also appear to be generalities that are worth
predicting: for example, comparisons of flowering time between Arabidopsis thaliana and maize'*.

It is expected that genomic selection will revolutionize breeding in the next decade. The figure describes the breeding
cycle that is common to maize in the twentieth century compared to a hypothetical breeding cycle that implements
genomic selection. Whereas cultivar and hybrid trials and release in such a scenario would still take considerable time
(4 years), the time between cycles of crossing could be up to 15 times faster (4 months versus 5 years) using genomic
selection to choose lines for continued breeding. For example, although maize breeding and agronomy in the last
century were tremendously successful and increased yield nearly eightfold in 70 years (US Department of Agriculture
(USDA) National Agricultural Statistics Service)'*’, adaptive evolution still occurred fairly slowly. Crosses,
recombination and opportunities for allele frequency change only occurred every 5 or more years, and as much as half
of the yield gain came from improved management practices'*.

Today, genomic selection efficiency falls far short of the goal suggested in the figure — its accuracy is limited by
inefficiencies in the prediction of phenotype from genotype. In spite of these issues, current genomic selection methods
are likely to be 2-3 times faster than the traditional breeding cycle. A continuing goal of crop genetics and breeding
should be to improve methods of connecting phenotype to genotype — ideally, genomic selection will become
indistinguishable from GWASs — until the pace of improvement is only limited by the biology of the species.
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Box 3 | Targeted genome editing

A number of approaches from evolutionary and quantitative genetics can be used to
identify the genomic location and genetic effect of loci of agronomic importance.
However, validation of the genetic effects and use of individual alleles in
plant-breeding programmes is expensive and time consuming**’. It is hoped that
genomic selection (BOX 2) will accelerate the introgression of multiple favourable
alleles into breeding populations. Even the most precise marker-assisted
introgression programme will introgress large chromosomal segments and will
require multiple generations of backcrossing. Introgression of large regions limits the
use of backcrosses for testing the genetic effect of individual alleles and increases
the risk of introgression of unwanted linked variation.

The recent development of targeted genome-editing technologies, such as zinc
finger nucleases'*? and transcription activator-like effector (TALE) nucleases'*®
offers exciting potential to resolve these issues. These technologies make use of
sequence-specific designer nucleases that cleave targeted loci, enabling creation
of small insertions and deletions (indels), insertion of novel DNA or even replacement of
individual alleles. Both methods have primarily been developed in non-plant systems,
and facile and inexpensive application of these methods is not yet a reality in crop
plants. Nonetheless, both zinc finger nucleases'** and TALE nucleases'* have been
successfully applied to crops, and their potential impacts for plant breeding are
enormous. Testing candidate loci may become a straightforward task, as
locus-specific knockouts or allelic replacement allow both functional validation and a
direct means of estimating effect sizes of individual alleles. Alleles at loci of known
agronomic interest could be directly edited into individual lines, entirely bypassing
the process of backcrossing. It is even possible to imagine targeted replacement of
deleterious mutations (BOX 1) in elite breeding lines.

Although analysis of transgenic lines created using loci that have been functionally
characterized in other systems provides a high-throughput means of testing genes
that may contribute to agronomic phenotypes'*®, exogenous genes are more likely to
have undesired interactions with the native genomic background. Similar to the
situation for Dobzhansky—Muller effects that are associated with incipient
speciation’, such genic interactions will probably differ among individuals or
breeding populations. By contrast, improvement efforts based primarily on extant
diversity may be less likely to encounter such negative interactions'*®. Because
targeted transgenesis and the ability to use extant variation are likely to prove to be
more effective than random incorporation of transgenic events, genomic editing is
likely to offer an attractive alternative to current transgenic technologies.

Loci that have been identified as the targets of selec-
tion for adaption to the agronomic environment can be
incorporated into breeding in two ways. First, identifi-
cation of selected genes may provide direct targets for
future improvement. The rice ‘green revolution’ gene
semidwarfl provides a particularly compelling example:
, varia-
tion at this locus has played an important part in modern
rice breeding'®. In the case of waxy maize, improvement
occurred through selection on alocus in the same pathway
as a gene targeted by selection during domestication'®.

Second, selection during historical adaptation is
often accompanied by a considerable loss of diversity
at the target locus and at linked genes and non-coding
sequence'****%; this limits the variability that breeders have
to work with in modern breeding populations. Modern
breeding could thus benefit from the careful reintroduc-
tion of diversity in these regions. Genomic selection (BOX 2)
could be used to introgress variation in these regions
from traditional cultivars or wild taxa while selecting
for acceptable agronomic phenotypes. Alternatively,
targeted genome-editing technologies (BOX 3)
provide exciting opportunities for changing individual

although it was selected during domestication'*

Dobzhansky—Muller effects
Intrinsic reductions in viability
or fertility resulting from
epistatic interactions between
multiple substitutions, typically
observed in the offspring of a
cross between individuals from

genetically distinct populations.  nucleotides and small regions of native genes.
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Recombination and variation. There are two fun-
damental sources of genetic diversity: mutation and
recombination. Mutations, which are broadly defined
as novel heritable variants, are reassorted or rearranged
along a chromosome into new combinations by recom-
bination. Next-generation sequencing has made it
possible to readily identify all common mutations in
populations, particularly in single-copy genes and
in well-annotated portions of genomes. The remain-
ing challenge in understanding diversity then revolves
around the haplotypes that are formed by combinations
of mutations, and many questions become contingent
on rates and patterns of historical recombination'”’.
Recombination rates can vary dramatically across
regions of a chromosome; in many crop genomes,
extended pericentromeric and centromeric regions
show substantially reduced levels of recombina-
tion®'*1%, In maize, >20% of low-copy-number genes
are in these low-recombination regions', and Hill-
Robertson effects are likely to have prevented breed-
ing efforts from effectively exploiting variation at these
loci. There is substantial evidence that much of maize
heterosis results from persistence of deleterious muta-
tions that are difficult to eliminate owing to a lack of
recombination!*!1%1% Genomic selection (BOX 2)
models could be modified to select for crossovers in
low-recombination regions of the genome, exposing
new haplotypes and allelic combinations and allow-
ing for more efficient purging of genetic load (BOX 1).

Mating system. Finally, because genetic transmission
is mediated by the pattern of mating among individu-
als, almost all forms of genetic change are affected by
the mating system'®. Mating system is likely to have
played a fundamental part in crop evolution owing
to the advantage of lines that breed true for favour-
able traits''". The most readily evident consequence of
mating-system variation is its effect on levels of het-
erozygosity and effective recombination, which affect
patterns of LD genome-wide''. High levels of inbreed-
ing do not always translate to high levels of LD,
and the impact of a selfing mating system depends to
alarge degree on how recently selfing arose in a given
lineage'".

There is emerging empirical evidence for the
impact of mating system on trait architecture. For
example, genetic mapping in the NAM population
has found that flowering time in outcrossing maize
is controlled by a large number of loci of small effect,
and there is little evidence of genetic interactions
among loci or between loci and the environment®.
This differs dramatically from GWASs in the selfing
species A. thaliana, in which a number of well-char-
acterized loci explain a large portion of the variance
for the trait”"'¢. Selfing crops, including barley, rice
and sorghum, also have individual loci with large addi-
tive effects on flowering time''”"'*. Mating-system-
derived differences in the fundamental architecture
of traits thus have important implications for breed-
ing strategies that are required to select on these traits
effectively.
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Conclusions

As it continues to be redefined by applications of genome
resequencing, high-density genetic markers and a new
generation of experimental designs that more readily
relate mutational diversity to agronomic phenotypes,
comparative genomics will become increasingly rel-
evant to crop improvement. Recent studies of A. thaliana
suggest that sequencing and annotation of additional
genomes to reference quality'*® will provide a much bet-
ter assessment of the functional content of genomes.
Some of the best opportunities may lie in using evolu-
tionary analyses to direct and optimize the discovery
of variation and to provide enhanced recombination.
Limited effective recombination may have constrained
selection efficiency; efforts to eliminate putatively del-
eterious mutations and directed efforts at restoration

of diversity around loci that are subject to strong selec-
tion or historical trait introgression are potentially
novel applications of genome-wide diversity data.

A combination of GWASs and next-generation-
mapping populations will improve our ability to con-
nect phenotypes and genotypes, and genomic selection
can take advantage of this data for rapid selection and
breeding. Evolutionary analyses can identify signals of
historical selection at loci with unknown phenotypic
effects or with a lack of diversity and may direct breed-
ing towards particular loci or genomic regions that could
most benefit from improvement. The combination of
these approaches with the promise of improved genomic
modification technologies provides an opportunity for
comparative genomics to apply our understanding of the
past to the future of crop improvement.
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