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Abstract

This chapter addresses fundamental questions in population genomics and molecular
evolution of plants and their domesticated relatives. We review the evolutionary forces
that shape genetic diversity within and among species and highlight recent exceptional
examples from the literature to illustrate how whole genome sequencing of entire
populations of plant genomes has accelerated the pace of discovery of the mechanisms
of plant genome evolution. Throughout the chapter, we emphasize the role of mating
system and population size in plant genome evolution and discuss why plant genomes
frequently show limited evidence of adaptation and display features that are inconsis-
tent with simple models of linked selection. We close by highlighting recent studies that
illustrate a range of discoveries enabled by sequencing of populations of plant
genomes.

Advances in Botanical Research, Volume 69 © 2014 Elsevier Ltd 311
ISSN 0065-2296 All rights reserved.
http://dx.doi.org/10.1016/B978-0-12-417163-3.00012-3


http://dx.doi.org/10.1016/B978-0-12-417163-3.00012-3

312 Khaled M. Hazzouri et al.

1. INTRODUCTION

High-throughput sequencing of whole genomes has forever altered all
of biology, and plant biology is no exception. Plant molecular and cell biol-
ogy, plant genomics, plant ecology, crop genetics, plant development, bot-
any, and related fields have fundamentally changed as a result of the ability to
acquire whole genome sequences. The field of plant population genomics—
the sequencing and analysis of populations of individual genomes—has
emerged as an exciting extension of population genetics. The emergence
of this field offers the ability not only to obtain and analyze comprehensive
DNA sequence and functional information from large numbers of genotypes
but also to extend analyses formerly restricted to a few model and crop
organisms to a broad array of taxonomically diverse plant species.

Why are studies of populations of genomes essential to our understand-
ing of plant biology? The reasons are many. For the plant breeder,
populations of genomes provide a means for genomic selection and the abil-
ity to create detailed genomic maps of breeding populations, which provide
a means to identify the locations of key genes. For the plant molecular biol-
ogist, populations of genomes have facilitated entirely new fields of explo-
ration such as population epigenomics, which characterizes the molecular
mechanisms of epiallele formation and how natural selection may operate
on inherited epigenetic variation to shape patterns of phenotypic diversity.
For the plant pathologist, sequences from entire populations of cells offer the
prospect of advancing our understanding of senescence and the molecular
basis of plant disease.

In the field of plant population genomics, population-level analyses of
genomes have illuminated in detail the genetic differences among individuals
and facilitated a description of the patterns and mechanisms of evolution in
various plant species. From the sequences of many closely related genotypes
and their evolutionary relatives, we gain insight into many evolutionary phe-
nomena, including the frequency and intensity of natural selection, the rela-
tive importance of adaptive and neutral processes in plant evolution, the
genomic targets of selection, the historical movements of individuals and
dynamics of plant populations, and the elusive connections between genes
and the traits they control. Many of these subjects have been core areas of
research in plant evolutionary and population genetics for decades, but ques-
tions once beyond reach are tractable in ways that they never have been
before. In particular, comparative studies of populations of genomes between
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closely related individuals and species with known phylogeny are responsible
for some of the most significant advances in our understanding of the factors at
work in plant evolution (Flowers & Purugganan, 2008).

The field of plant population genomics benefits from integration of a
wide array of experimental approaches. For example, field studies of plant
fitness in their native environments are essential to bridging the divide
between molecular population genetics and evolution in the wild (reviewed
in Anderson, Willis, & Mitchell-Olds, 2011; Mitchell-Olds & Schmitt,
2006). Functional studies of plant populations including comparative trans-
criptomics, proteomics, and epigenomics (Schmitz et al., 2013) together
with genetic mapping of ecologically significant traits provide a means to
characterize the molecular mechanisms responsible for plant adaptation
(reviewed in Bergelson & Roux, 2010). Integrating these approaches is
essential to a comprehensive understanding of plant evolution.

In this chapter, we describe insights into the mechanisms of plant evo-
lution gained from the study of genetic diversity and the operation of selec-
tion in natural populations of plants, including domesticated species. We
begin by summarizing what is known about the factors that contribute to
differences in nucleotide variation observed across plant species, describe
how estimates of nucleotide diversity and the mutation rate provide an
essential framework to understanding the mechanisms of plant evolution,
and highlight questions of historical interest to plant population geneticists.
We then identify ways in which whole genome sequences from populations
of plant genomes are providing new insight into the molecular basis of adap-
tation and, in some cases, maladaptation in plant species. Throughout the
chapter, we highlight recent advances that have shed light on mechanisms
of evolution in plant genomes with emphasis on ways in which the mating
system and effective size of populations influence their evolution.

2. GENETIC DIVERSITY IN PLANT POPULATIONS

A primary focus of population genetic studies of plant species has been
to identify the neutral and selective mechanisms that determine the amount
of genetic variation within and among populations. Central to this problem
is the concept of the eftective population size (N.)—the size of an idealized
population that experiences the same rate of genetic drift as the study
population.

Why are population geneticists interested in N,? First, under the neutral
theory of molecular evolution, nucleotide diversity reflects a balance
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between the rate of spontaneous mutation and the loss of variation due to
genetic drift. In a population at equilibrium between these processes, nucle-
otide diversity is proportional to the product of the effective population size
and the per generation rate of mutation (0 =4Ne). Thus, the effective pop-
ulation size determines the amount of genetic diversity in a population
(reviewed in Charlesworth, 2009) and forms the basis for comparative stud-
ies that aim to characterize the effects of life history variation and other fac-
tors on the evolution of plant species.

Second, the efficacy of selection is a function of the effective population
size and the distribution of fitness effects of mutations. Mutations behave
neutrally and can escape selection if their effect on fitness is on the order
of 1/Ne or less, while those with stronger effects are subject to selection.
Thus, the eftective population size provides insight into the relative impor-
tance of genetic drift and natural selection and the efficiency of selection at
either removing harmful variants from a population or increasing the fre-
quency of beneficial ones.

What factors determine the level of genetic diversity in a population? As
can be anticipated from the equation in the preceding text, under neutral
theory, the amount of genetic variation is determined by the effective
population size and the mutation rate. Yet, there are many factors that
contribute to the effective population size that must be distinguished. More-
over, neutral mechanisms are unlikely to be the only factors contributing to
genomic patterns of variation despite the conspicuous absence of clear evi-
dence of adaptation in most plant protein-coding genes (see succeeding
text). Nevertheless, interest in this long-standing question has recently been
rekindled in a sweeping survey of plant and animal species (Leffler et al.,
2012), which reported a narrower than expected range of nucleotide
diversity across species given the range of census population sizes. This
observation may be explained by a variety of factors including a correlation
between the effective size and the mutation rate (Sung, Ackerman, Miller,
Doak, & Lynch, 2012), pervasive selection (see the following text), or other
factors, which we describe in some detail in the succeeding text.

3. MUTATION RATE VARIATION

In plants, the mutation rate has been inferred by calibrating the rate of
mutation using known dates of divergence from the fossil record (i.e. the
‘molecular clock’, Gaut, Morton, McCaig, & Clegg, 1996). A significant
recent advance, however, is the use of whole genome sequencing of
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mutation accumulation lines as a means to assess the per generation rate of
mutation in a land plant (Arabidopsis thaliana, 7.1 x 10~ mutations per base
pair per generation; Ossowski et al.,, 2010) and a chlorophyte
(Chlamydomonas reinhardtii, 2.08 x 10~ mutations per base pair per gener-
ation, Ness, Morgan, Colegrave, & Keightley, 2012; 6.76 X 10 Sung
et al., 2012). These are at present the only direct estimates of mutation rate
and the spectrum of spontaneous mutations in plants and their close relatives.
As a consequence, direct estimates of a key parameter necessary for estimat-
ing the effective population size (from the relationship 0 =4Nep) are
unavailable for the vast majority of plant species. While estimates based
on the molecular clock suggest that mutation rate variation may not be a
primary factor contributing to differences in genetic diversity among species
(Muse, 2000; Muse & Gaut, 1997), a rigorous test of this hypothesis awaits a
more comprehensive understanding of mutation rate variation among spe-
cies and the factors contributing to it. An intriguing observation is that across
the tree of life, the mutation rate and the effective population size are neg-
atively correlated, which could indicate that the mutation rate itself’is subject
to selection (Sung et al., 2012).

4. MATING-SYSTEM EFFECTS ON GENETIC DIVERSITY

A number of factors influence the rate of genetic drift and the long-
term effective population size of plant species. These include variance in
reproductive success, population expansion and contraction, distortion
in the sex ratio, and the mating system. The eftect of mating system has been
of special interest in plant population genomics owing to a rich theory that
predicts that components of life history, such as the outcrossing rate and seed
dispersal mechanism, should have pronounced eftects on the rate of genetic
drift and the efficiency of selection (Glémin, 2007). For example, self-
fertilization reduces the eftective population size by up to twofold relative
to an obligate outcrossing mode of reproduction owing to the effect of
inbreeding (Charlesworth, Lyons, & Litchfield, 1993; Nordborg, 2000;
Pollak, 1987). Selfing populations are also characterized by lower effective
rates of recombination, which should increase losses of diversity due to
linked selection (see succeeding text), and also frequently experience cycles
of local extinction and recolonization, recurrent population bottlenecks, and
reduced rates of migration—factors that further enhance the rate of genetic
drift within, and the degree of isolation between, populations.
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Early studies of mating systems using isozymes found that life history
characteristics have clear and predictable effects on the heterozygosity within
and among plant populations (reviewed in Hamrick & Godt, 1996), and
nucleotide-based surveys have broadly supported a strong effect of mating
system on genetic diversity in plants (Glémin, Bazin, & Charlesworth,
2006; Leftler et al., 2012). Furthermore, studies of DNA sequence variation
have found strong population structure in selfing species compared to
their outcrossing relatives (Leavenworthia, Liu, Charlesworth, & Kreitman,
1999; Liu, Zhang, & Charlesworth, 1998; Arabidopsis, Savolainen,
Langley, Lazzaro, & Fr, 2000; Wright, Lauga, & Charlesworth, 2002; Sola-
num, Baudry, Kerdelhué, Innan, & Stephan, 2001; Mimulus, Sweigart &
Willis, 2003; Amsinckia, Pérusse & Schoen, 2004; Capsella, Foxe et al.,
2009; Guo et al., 2009; Collinsia, Hazzouri et al., 2013). In most cases,
the associated effects of reduced census population size and the effect of
self-fertilization jointly contribute to accelerated rates of genetic drift. Dis-
tinguishing among these effects is difficult, but in at least one well-
documented example, low levels of diversity in populations of self-fertilizing
Eichornia paniculata may be caused by founder events rather than the transi-
tion from an outcrossing to a selfing mode of reproduction (Ness, Wright, &
Barrett, 2010). As we describe in the next section, the effect of mating system
and its correlated effect on population structure may significantly impact the
mechanisms of evolution in different plant groups.

5. ADAPTATION IN PLANT POPULATIONS

A major area of interest in evolutionary genomics is to identify
whether genomes are shaped primarily by the action of genetic drift or adap-
tation. Recent advances have been made in quantifying the incidence of
adaptive evolution by jointly estimating the distribution of fitness eftects
of mutations and the proportion of mutations fixed by positive selection
(Fay, Wyckoft, & Wu, 2002; Smith & Eyre-Walker, 2002). Although
estimates vary somewhat among studies, the emerging view is that a greater
proportion of fixed mutations, or substitutions, are adaptive in Drosophila,
mice, and enteric bacteria than in primates and plants (Eyre-Walker, 20006).
In A. thaliana, there is a large class of rare and potentially harmful mutations
(Bustamante et al., 2002; see the succeeding text) but limited evidence of
fixation of adaptive variants, with the exception of certain classes of genes
including disease resistance (Bergelson, Kreitman, Stahl, & Tian, 2001)
and abiotic stress genes (Slotte et al., 2011). An absence of a correlation
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between protein divergence (i.e. ratio of nonsynonymous to synonymous
substitutions between species, dN/dS) and nucleotide polymorphism fur-
ther suggests that A. thaliana experiences limited adaptation (i.e. no evidence
of recurrent hitchhiking) in protein-coding genes (Slotte et al., 2011).
Moreover, a survey of 10 plant species found that only sunflowers showed
evidence of adaptive evolution of protein-coding genes (Gossmann et al.,
2010). This suggests that the conspicuous absence of adaptive substitution
in Arabidopsis may be generally true for many plant species.

Why is there limited evidence of adaptation in plant genes? First, the pro-
portion of mutations fixed by positive selection is dependent on both the
proportion of adaptive and effectively neutral substitutions. The large frac-
tion of neutral fixations in species with small effective sizes makes detection
of relatively rare adaptive substitutions more difficult (Gossmann,
Keightley, & Eyre-Walker, 2012). Second, populations with large effective
sizes are expected to efficiently fix adaptive alleles, whereas genetic drift in
small populations can lead to loss of beneficial alleles with weak or moderate
effects on fitness (reviewed in Olson-Manning, Wagner, & Mitchell-Olds,
2012). This drift effect and the fact that smaller population size translates into
a longer waiting time for beneficial mutations (i.e. they are mutation-limited
to a greater degree than populations with large effective sizes) likely contrib-
ute to the limited signature of molecular adaptation in plant protein-coding
genes (Gossmann et al., 2010; Wright & Andolfatto, 2008).

The hypothesis that small population sizes limit the rate of adaptive sub-
stitution in plants is supported by studies of species with large effective pop-
ulation sizes. For example, Capsella grandiflora, an outcrossing species with little
population structure and a large effective population size (~500,000), shows a
high rate of adaptive fixation, with 40% of amino acid substitutions inferred to
have been fixed by positive selection (Slotte, Foxe, Hazzouri, & Wright,
2010). Sunflowers similarly have a large effective population size and a large
fraction of amino acids fixed by positive selection (Gossmann et al., 2010;
Strasburg, Scotti-Saintagne, Scotti, Lai, & Rieseberg, 2009), and comparison
of rates of protein evolution shows a positive correlation between the rate of
protein evolution (i.e. dN/dS) and the effective population size across species
(Strasburg et al., 2011). These observations suggest that effective population
size contributes significantly to molecular adaptation, or lack thereof, in many
plant species. A wrinkle in this explanation is that some species including
maize have large effective population sizes but show little evidence of adap-
tation in protein-coding genes (Gossmann et al., 2010). Thus, other factors
such as population structure among isolated populations or reduced eftective
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rates of recombination likely constrain the probability of fixation of beneficial
mutations (Wright & Andolfatto, 2008). This area of research will benefit
greatly from additional surveys of variation from related species with different
effective population sizes and mating systems and expansion of comparative
analyses to noncoding DNA.

Limited evidence for adaptive substitution using the approaches adopted
in the studies in the preceding text does not preclude the significance of
molecular adaptation in plants, including those species with small effective
sizes. In fact, it is in situations where molecular evidence of adaptive evolution
is rare that application of genome-wide approaches may be particularly eftec-
tive. For example, widespread plant species, that is, those with geographic dis-
tributions that span a wide range of climatic conditions, are excellent models
for exploring the effect of climate on local adaptation. In a genome-wide sur-
vey of SNPs genotyped in 948 accessions of A. thaliana, Hancock et al. (2011)
found that SNPs whose population frequencies showed the strongest corre-
lations with climatic variables were significantly enriched for nonsynonymous
SNPs relative to their overall proportions in the genome, while noncoding
SNPs were not. This suggests that amino acid-altering variants improve plant
fitness under local environmental conditions and provide strong support for
climatic adaptation. In another example, Lee and Mitchell-Olds (2012)
reported that after accounting for the effects of genomic factors, a relatively
large percentage of the variation in nonsynonymous polymorphism is
explained by the environment. Their analysis supports a model where spatially
varying selection maintains polymorphism at environmentally responsive
genes through the action of antagonistic pleiotropy. While examples such
as this are at present limited to a few model plant species, the prospect of large
samples of genotypes from different environments should provide a fruitful
means to detect genes responding to selection.

A question of great interest in molecular population genetics is the
importance of balancing selection in molecular evolution (Charlesworth,
2006; Wright & Andolfatto, 2008). This form of selection, which may
include, but is not limited to, heterozygote advantage (i.e. overdominance),
can lead to maintenance of variation for periods far longer than expected for
neutral alleles. Well-known examples in plants include maintenance of con-
ditionally adaptive alleles at self~incompatibility loci (Castric, Bechsgaard,
Schierup, & Vekemans, 2008; Castric & Vekemans, 2007; Roux et al.,
2013; Schierup, Mable, Awadalla, & Charlesworth, 2001; Wright, 1939)
and disease resistance alleles over periods spanning millions of years, which
in extreme cases can lead to maintenance of highly diverged alleles and shar-
ing of polymorphisms among species (Gos, Slotte, & Wright, 2012; Liu
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et al.,, 2010; Meyer, Nelson, Clement, & Ramakrishnan, 2010; Rose,
Michelmore, & Langley, 2007; Stahl, Dwyer, Mauricio, Kreitman, &
Bergelson, 1999; Tian, Traw, Chen, Kreitman, & Bergelson, 2003). The
population genetic signature of such ‘balanced’ polymorphisms—increases
in coalescence times at sites tightly linked to the selected locus—has been
detected in genomic scans of polymorphism in plants most prominently
in regions enriched for disease resistance genes (Clark et al., 2007). Such
whole genome resequencing studies facilitate a description of outlier regions
with high levels of polymorphism and provide a means for identifying genes
subject to long-term balancing selection.

While examples of long-term balancing selection are interesting cases,
details concerning the mechanism (e.g. overdominance, frequency-
dependent selection, or spatially varying selection) are frequently obscure.
Moreover, there are likely to be many cases where various forms of
diversity-maintaining selection do not operate for long enough to leave a
diagnostic signature of balancing selection. In order to elucidate both the
target(s) and mechanisms of selection in such cases, it is essential to use a
combination of experimental approaches including genomic scans for selec-
tion, association studies, functional analyses, and field experiments. For
example, using 39 years of aphid abundance data, Ziist et al. (2012) corre-
lated allele frequencies at GS-ELONG, a gene controlling the defence
response in A. thaliana, with the abundance of two specialist aphid species.
In addition to reporting a strong correlation between herbivore intensity and
allele frequency, they carried out a multigenerational selection experiment
and demonstrated a causal link between aphid abundance and variation at the
defence locus. In another example, Fournier-Level et al. (2011) conducted
common garden experiments at four field sites across Europe with
A. thaliana ecotypes with different geographic origins. Using genome-wide
association mapping (GWAS; see the succeeding text), they mapped com-
ponents of lifetime fitness in the field and found that high-fitness alleles iden-
tified in their study were distributed closer to the site where they increase
fitness compared with genomic controls. These and related studies ofter clear
insight into the mechanisms of plant evolution and help to close the gap
between inferences drawn purely from population genetic patterns and
the operation of selection in the wild.

6. DELETERIOUS VARIATION IN PLANT POPULATIONS

Small population sizes are relatively permissive of deleterious variation
owing to increased rates of genetic drift and the effective neutrality of weakly
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selected alleles (Charlesworth, 2009; Gossmann et al., 2012; Pollak, 1987;
Wright, Ness, Foxe, & Barrett, 2008). Therefore, species of plants with small
effective population sizes, including many domesticated crops, are subject to
the accumulation of deleterious variants whose selective effect is on the
order of the reciprocal of the eftective population size (i.e. the so-called
effectively neutral polymorphisms). In A. thaliana, there is a large class of
potentially deleterious amino acid polymorphisms segregating in natural
populations (Wright & Andolfatto, 2008; Bustamante et al., 2002).
A similar pattern is observed in the outcrossing relative Arabidopsis lyrata,
suggesting that the excess of replacement polymorphisms in A. thaliana is
not the result of reduced efficiency of selection in a selfing species (Foxe
et al., 2008), although patterns of selection on codon usage are consistent
with an effect of mating system (Qiu, Zeng, Slotte, Wright, &
Charlesworth, 2011). These studies point to a large class of potentially harm-
ful mutations segregating both in A. thaliana and A. lyrata, but the effect of
mating system is only apparent for very weakly selected sites. By contrast, in
a comparison between the primarily outcrossing C. grandiflora and its selfing
relative Capsella rubella, there is a strong signature of relaxed purifying selec-
tion in the self-fertilizing species (Hazzouri et al., 2013; Slotte et al., 2013).

In other cases, population size contractions may be responsible for the
release of formerly deleterious mutations into the effectively neutral class.
This has received some empirical support in crop plants, where tropical
and femperate japonica rice segregate proportionally more effectively neutral
nonsynonymous mutations than their wild relative Oryza rufipogon
(Gossmann et al., 2010), and there is evidence of genome-wide relaxation
of purifying selection in japonica (Yang et al., 2012). The ability of effectively
neutral mutations to escape the effect of purifying selection is expected to
increase the fixation probability of deleterious mutations and may account
for the higher rate of amino acid substitution in rice cultivars with smaller
effective size (Lu etal., 2006; Yang etal., 2012). As illustrated by these exam-
ples, reductions in population size associated with life history transitions to
self-fertilization or population bottlenecks may allow harmful alleles to accu-
mulate in plant populations. In some cases, this may contribute to declines in
mean population fitness (Kondrashov, 1984; Phillips, Otto, & Whitlock,
2000; Schultz & Lynch, 1997).

Differences in the efficiency of selection against harmful mutations may
also have profound consequences for many aspects of plant genome evolu-
tion. For example, it has been postulated that variation in genome size across
the web of life is the result of diftferences in the effective size among species
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(Lynch & Conery, 2003). This hypothesis proposes that mutations that
increase genome size (e.g. TE proliferation) have a weak fitness cost and nat-
ural selection will work more efficiently to constrain genome expansion in
species with larger effective size, whereas mutations of the same effect in spe-
cies with small effective size can drift to fixation. This hypothesis has
received mixed support both overall and within plants. For example,
genomes of self-fertilizing plant species are smaller than those of their out-
crossing relatives (Wright et al., 2008) and species with restricted geographic
ranges can have larger genome sizes compared with their more common rel-
atives (Vinogradov, 2003), although this may not be a universal effect
(Grotkopp, Rejmanek, Sanderson, & Rost, 2004). However, in a compar-
ison across populations of A. lyrata, there is evidence that TEs are subject to
purifying selection in large populations, whereas they evolve neutrally in
smaller populations (Lockton, Ross-Ibarra, & Gaut, 2008). A study of
10 species in the genus Oryza found no relationship between the effective
population size and genome size using lineage-specific mutation rates to esti-
mate the effective size and phylogenetic independent contrasts to control for
phylogenetic nonindependence (Ai, Wang, & Ge, 2012). Examination of
205 species of seed plants similarly found no support for the Lynch and
Conery (2003) model when phylogenetic relationships were factored into
the analysis (Whitney et al., 2010). Studies such as these, which consider
genome size in the context of phylogeny, control for phylogenetic non-
independence, and incorporate lineage-specific mutation rates to estimate
the effective population size, provide the best framework for addressing
these and related questions concerning the accumulation of deleterious var-
iation and the effect of population size on genome evolution
(Charlesworth & Barton, 2004; Flowers & Purugganan, 2008).

7. THE EFFECTS OF LINKED SELECTION

In previous sections, we highlighted work on the incidence of positive
and negative selection in plant genomes. A related approach is to study the
effects of natural selection on patterns of variation at neutral sites across the
genome. Analysis of linked neutral sites can greatly enrich our understanding
of selection and genes targeted by selection can be identified. Moreover,
studies of neutral variation can provide a possible answer to the riddle of
why genetic diversity varies so little among species that difter so dramatically
in census population size (Leffler et al., 2012).
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The “hitchhiking” model is perhaps the best-known model of linked
selection that describes the rise in frequency of a new beneficial mutation
due to positive selection and the concurrent loss of genetic diversity at
linked neutral sites (Maynard Smith and Haigh 1974). This model predicts
that the loss of variation in regions subject to positive selection is propor-
tional to the recombination rate. Under this model, fixation of beneficial
mutations in regions of suppressed recombination (e.g. heterochromatic
regions in many plants, Gaut, Wright, Rizzon, Dvorak, & Anderson,
2007) will lead to losses of diversity over greater physical distances than
fixation of an equivalent allele in regions with normal rates of crossing
over. Charlesworth et al. (1993) discovered that “background selec-
tion”—loss of genetic diversity at linked sites due to purifying
selection—will similarly operate to eliminate variation to a greater extent
in regions with reduced rates of crossing over. In principle, both genetic
hitchhiking and background selection should yield a positive correlation
between estimates of nucleotide diversity and the recombination rate pro-
vided that the rate of deleterious or beneficial mutations is roughly the
same in different genomic regions.

This expectation is met in many organisms including Drosophila and
Caenorhabditis, but studies of plant populations suggest that this pattern
is absent in Arabidopsis, O. rufipogon, and Oryza sativa (Flowers et al.,
2012; Nordborg et al., 2005) and is rare in plant species studied to date
(reviewed in Cutter & Payseur, 2013). Why does polymorphism in plant
species frequently not conform to expectations of simple models of linked
selection? In O. rufipogon, significant negative associations are observed
between polymorphism and gene density, but a correlation with recom-
bination rate is not apparent. The probable cause of this pattern is the joint
effect of an uneven distribution of deleterious mutations across the genome
(i.e. enrichment of deleterious mutations in gene dense regions) and a
reduced outcrossing rate (Flowers et al., 2012), although other factors
including dominance of deleterious mutations and the distribution of fit-
ness effects may contribute to the pattern in rice and other species
(Cutter & Payseur, 2013). It remains to be seen what factors underlie
the different patterns observed in different plant species, but it is clear that
the physical organization of genes on recombining chromosomes, mating
system, population structure, and mutation rate effects can generate pat-
terns that differ significantly from the classic Drosophila-like association
between polymorphism and the rate of crossing over (Begun &
Aquadro, 1992).
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Genome scans of nucleotide polymorphism also provide a means to
identify regions targeted by selection. In plants, genome scans have been
applied most frequently in crop species with the primary goals of identifying
the number and function of genes subject to selection (reviewed in Alonso-
Blanco etal., 2009; Olsen & Wendel, 2013) and quantifying the strength and
frequency of selection during the course of domestication (reviewed in
Olsen & Wendel, 2013). A recent study of maize domestication inferred that
7.6% of the genome showed evidence of linked selection during the
“domestication” phase with large regions showing evidence of selective
sweeps and relatively large estimates of the strength of selection
(s=0.015). Regions subject to selection during the “improvement phase”
were subject to less intense selection (s=0.003) and were smaller in size
and contained fewer genes. While up to 1-2% of the genes in the genome
may have been the direct targets of selection for domestication or improve-
ment traits, another 3000 genes not directly targeted are genetically
impoverished of variation due to linkage with genes subject to selection
(Hufford et al., 2012) above and beyond the losses of variation associated
with population bottlenecks. Similar whole genome resequencing studies
of domesticated indica and japonica rice reported more than 700 10 kb regions
containing on the order of a thousand genes that are severely depleted of
variation in both groups of cultivars (Xu et al., 2011) and a genotyping study
of sorghum landraces identified selective sweeps of up to several megabases
(Morris et al., 2013). These studies suggest a mating-system eftect on the
breadth of selective sweeps with self-pollinating species of rice and sorghum
(lower eftective rate of recombination) having larger sweep regions on aver-
age than outcrossing maize (higher recombination rate; Morris et al., 2013).

Genomic regions depauperate of variation are frequently caused by
“hard sweeps” that lead to losses of variation due to linkage with new advan-
tageous mutations (Clark, Linton, Messing, & Doebley, 2004; Olsen et al.,
2006; Wang et al., 2008). An interesting area of future research will be to
examine whether the numbers of genes subject to selection have been
underestimated because of current methodological limitations in detecting
“soft sweeps”—incomplete or partial loss of variation at linked sites owing
to selection on standing variation (Pritchard, Pickrell, & Coop, 2010). Nev-
ertheless, studies such as these not only provide insight into the operation of
selection under domestication but also suggest regions of the genome where
trait mapping approaches will provide novel and powerful insights into the
evolutionary history of crop plants (Chia et al., 2012; Huftord et al., 2012;
Jiao et al., 2012; Mandel et al., 2013).
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8. MAPPING OF QUANTITATIVE TRAIT LOCI

Traditionally, QTL mapping in plants was the method of choice to
identify loci responsible for the phenotypic changes associated with crop
evolution (Burke, Tang, Knapp, & Rieseberg, 2002; Doebley, Stec,
Wendel, & Edwards, 1990; Xiong, Liu, Dai, Xu, & Zhang, 1999) and
the evolution of mating systems (Fishman, Kelly, & Willis, 2002;
Goodwillie, Ritland, & Ritland, 2006; Grillo et al., 2009; Lin & Ritland,
1997; Slotte, Hazzouri, Stern, Andolfatto, & Wright, 2012). The traditional
method or single-family QTL approach is limited by small mapping popu-
lation sizes and issues in model construction (Beavis, 1998). Family-based
QTL mapping approaches use existing breeding families and improve both
precision and accuracy in QTL detection, compared with the single-family
approach (Rosyara, Gonzalez-Hernandez, Glover, Gedye, & Stein, 2009).
GWAS, on the other hand, uses correlations between molecular polymor-
phism and phenotypic variation in assemblages of individuals drawn from
natural populations (Yu & Buckler, 2006). In contrast to traditional mapping
approaches, GWAS uses linkage disequilibrium between markers and traits
of interests and therefore improves mapping resolution by capturing many
generations of historical recombination. Moreover, GWAS removes limita-
tions frequently encountered in breeding of species with delayed maturity
and long generation times and is therefore a valuable approach to mapping
in perennial species of plants. In recent years, genome-wide association
approaches have been shown to be an especially powerful tool for identify-
ing the genetic contributors to complex traits.

In plant genomics, numerous other tools have been developed to map
quantitative traits. For example, nested association mapping (NAM) utilizes
a combination of linkage and association analyses of a large multifamily
recombinant mapping population that takes advantage of both historical
and recent recombination events to improve resolution and statistical power
(Yu, Holland, McMullen, & Buckler, 2008). This strategy has been
deployed in maize, where efforts over the last decade have led to the devel-
opment of robust NAM approaches (Buckler et al., 2009; Tian et al., 2011).
Another area of development has been to use multiple generations of
intercrossing between several individuals, which can both increase the num-
ber of recombination events and broaden the base of genetic diversity for
mapping traits (Liu, Kowalski, Lan, Feldmann, & Paterson, 1996). These
have led to the development of multiple advanced generation intercrossed
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lines in A. thaliana (Kover et al., 2009) and wheat (Huang, George, et al.,
2012; Huang, Kurata, etal., 2012). These and other approaches (such as bulk
segregant analysis mapping/extreme QTL mapping) (Ehrenreich et al.,
2009) promise to increase the ease and resolution of QTL mapping.

9. ADVANCES THROUGH WHOLE GENOME
RESEQUENCING

The previous sections have described areas of research that were
already well developed from both theoretical and empirical perspectives
prior to the emergence of population genomics as a field. However, the abil-
ity to analyze entire populations of genomes not only has facilitated refined
analysis of the evolutionary dynamics at work in plant genome evolution but
also has ushered in an era of discovery in areas of investigation that were vir-
tually impossible prior to the new era of whole genome sequencing
(Table 12.1). For example, population genomic analyses facilitated the res-
olution of a long-standing riddle in the study of sex determination in date
palm (Phoenix dactylifera). Al-Dous et al. (2011) used whole genome
sequencing of male and female date palm cultivars to identify a small region
of the genome (~600 kb) with SNP genotypes consistent with males being
the heterogametic sex. Additional research has found this to be a non-
recombining XY-like region (Cherif et al., 2013). Now, breeders who for-
merly had to wait up to 6 years to determine the sex of seedlings now have
the ability to do so with a simple PCR assay.

In other examples, whole genome resequencing efforts have illuminated
important details about the domestication process through comparative
analysis of domesticated and progenitor populations. A striking example is
the study of Guo et al. (2013), which resequenced domesticated water-
melons and their wild progenitor and discovered that disease resistance genes
had been lost during domestication. They reported that members of the
NBS-LRR class of resistance genes showing presence/absence variation
among genomes in the progenitor population were completely absent in
domesticated cultivars. This could indicate that resistance alleles have a cost
in domesticated species, potentially through their effects on fruit quality
or yield.

Finally, whole genome sequencing of entire populations of genomes has
been extended beyond conventional analysis of DNA sequence variation.
For example, Schmitz et al. (2013) resequenced the epigenomes (i.e.
genome-wide characterization of methylated cytosines) of 152 A. thaliana



Table 12.1 Whole genome sequencing of populations of plant genomes
(excluding studies using genotyping arrays)

Number of
Species genomes Interesting finding
Arabidopsis 80 Accumulation of deleterious mutations at higher rates

thaliana
(thale cress)

in marginal populations (Cao et al., 2011)

Citrullus lanatus 20

Loss of disease resistance genes during domestication

(watermelon) (Guo et al., 2013)
Phoenix 9 Determination of males as the heterogametic sex
dactylifera (Al-Dous et al., 2011)

(date palm)

Oryza sativa 1083

Single origin of domestication in southern China
(Huang, Kurata, et al., 2012)

Oryza rufipogon 446

Limited number of individuals used during
domestication (loss of genetic diversity) and mapping
of two traits leaf sheath colour and tiller angle (Huang,
Kurata, et al., 2012)

Oryza sativa 40

Identification of candidate regions selected during
domestication (Xu et al., 2011)

Oryza rufipogon 5

A complex evolutionary history between O. indica and
O. nivara (Xu et al., 2011)

Oryza nivara 5

Independent domestication of O. japonica from the
Chinese O. nifipogon population (Xu et al., 2011)

Zea mays 58
(domesticated
maize)

Recovery of diversity after domestication and
important number of genes under strong selection for
important phenotypes (Hufford et al., 2012)

Zea parviglumis 14
(teosinte)

Introgression into the domesticated maize (Hufford
et al., 2012)

Prunus persica 11
(peach)

Evidence for selection for different maturation times
among varieties (International Peach Genome
Initiative, 2013)

Glycine max 31
(soybean)

Mapping soybean agronomic traits as well as cloning
devastating resistance gene in Asian soybean rust
(Schmutz et al., 2010)

Cicer arietinum 90
(chickpea)

Candidate genes for disease resistance genes and
agronomic traits highlighted (Varshney et al., 2013)

Capsella rubella 2

Genomewide relaxation of purifying selection in
C. rubella and a shift in expression of flowering genes
in the transition to selfing (Slotte et al., 2013)
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accessions and generated a genomic map of SMPs (single methylation poly-
morphisms). From this map of SMPs, the authors characterized the extent of
natural epigenomic variation in a population, quantified the rate of decay of
linkage disequilibrium among SMPs, and mapped methylation quantitative
loci (i.e. genes controlling variation in differentially methylated regions).
These and many other examples of whole genome resequencing
(Table 12.1) illustrate the diversity of applications and questions to which
population genomic approaches are now being applied.

10. CONCLUSION

The ability to explore the diversity of genomes in species and their
evolutionary relatives has led to a greater understanding of the evolutionary
forces that drive genome variation and genome structure. Population geno-
mics provides a synthesis of genomics, molecular evolution, population
genetics, and even molecular biology and ecology. As genomics technology
continues to improve, we can look forward to providing in-depth analysis in
unprecedented detail.

As the field of population genomics advances, there continues to be a
need to explore several areas. First, we need to apply population genomic
analyses to a wider array of taxonomically diverse species. Currently,
genome-wide information is available primarily for members of the
Brassicaceae and cereal crop species. By increasing the diversity of taxa,
comparative analysis that consider phylogenetic context will become tracta-
ble that will greatly improve our understanding of the mechanisms of evo-
lution in plant species. Second, integrating functional (e.g. transcriptomic,
proteomic, and epigenomic) and structural (i.e. sequence) information in
population genomic studies will provide opportunities to study functional
polymorphism at a genome-wide scale and facilitate characterization of
the mechanisms of evolution in entire networks of genes. These are exciting
possibilities that we expect will attract much attention in the coming years.
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