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The advent of the genomics age has greatly facilitated the study

of crop evolution. While full-scale genome sequencing projects

are underway for just a handful of crop plants, recent years

have witnessed a tremendous increase in the availability of

DNA sequence data for virtually all major crops. Such

resources have bolstered ‘traditional’ genetic approaches such

as QTL mapping and candidate gene-based association

studies. They have also allowed us to undertake genome-

wide analyses in which we simultaneously consider the

importance of a large and essentially random collection of

genes. These sorts of analyses promise a more or less

unbiased view of the genetic basis of crop evolution and will

probably result in the identification of agronomically important

genes that would have otherwise been overlooked.
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Introduction
Over the years, the evolution of crop plants has been a

topic of great interest to crop scientists and evolutionary

biologists alike. The reasons for this are simple. From an

agricultural perspective, elucidation of the genetic basis

of traits that make for a desirable crop plant has the

potential to facilitate ongoing plant breeding efforts

[1,2]. From an evolutionary perspective, crop evolution

has the potential to shed light on basic processes such as

the phenotypic and genetic responses of populations to

long-term directional selection, the genetic consequences

of recent selective sweeps, and/or the limitations imposed

by genetic architecture on the response to selection (e.g.

references [3–5]). Crop evolution thus serves as a useful

model for investigating the molecular basis of adaptive

trait evolution [6,7].

Following their initial domestication, which involved

wholesale phenotypic changes in a suite of traits collec-

tively known as the ‘domestication syndrome’ (Figure 1)
www.sciencedirect.com
[8,9], virtually all major crop lineages have experienced

more recent, intensive selection on a variety of agronomic

traits. These include increased yield, improved nutri-

tional value, and resistance to various abiotic and biotic

stresses. Thus, crop evolution can be viewed as having

occurred in two major phases: the initial period of dom-

estication and a subsequent (and ongoing) period of

improvement.

While the transformation of wild plant species into useful

crops has been the subject of genetic studies dating back

decades (e.g. references [10–12]), it was not until modern

molecular tools became available that our understanding

of the genetic basis of crop evolution really took off. In

recent years, the pace of such research has accelerated

in parallel with the development of genomic resources in

an increasing number of crop lineages. In this review, we

summarize our current knowledge of the genetics of crop

evolution and discuss advances that have been made

possible by the advent of the genomics age.

Crop genome resources: where are we
now?
The genomics age in plants was ushered in by the

publication of the Arabidopsis genome sequence in

2000 [13]; however, the genome sequences of only two

economically important plants (rice and poplar) [14–16]

have been published since then. Full-scale genome

sequencing projects are currently underway for only a

small number of crop species [17�], partly because of the

unwieldy size and highly repetitive nature of many crop

genomes (e.g. references [18–20]). While great strides

have been made in developing strategies for targeting the

non-repetitive, gene-rich fractions (i.e. the so-called

‘gene space’) of genomes for sequencing [21–24], large-

scale genome sequencing projects in crop plants are still

relatively few and far between. Thus, while genome

sequences have the potential to facilitate a wide range

of research endeavors, ranging from gene identification to

comparative analysis of genome structure and evolution,

such resources simply do not exist yet for the vast majority

of crops.

To the extent that gene content, order, and function are

conserved across taxa, genome sequences derived from one

taxon can be brought to bear on research problems in other

taxa. For example, the rice genome sequence has been

used to facilitate map-based cloning in wheat and barley

[25]. Unfortunately, while comparative analyses have

revealed extensive co-linearity between closely related

taxa [26–28], the length of conserved regions decreases

dramatically with increasing evolutionary distance [29–31].
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mailto:jmburke@uga.edu
http://dx.doi.org/10.1016/j.gde.2007.09.003


526 Genomes and evolution

Figure 1

Schematic representation of the ‘domestication syndrome’ in sunflower. In general terms, domestication has resulted in the production of a

wide variety of crops that share a number of traits, including increased seed or fruit size, more determinate growth and/or flowering, increased

apical dominance (i.e. reduced branching), suppression of natural seed dispersal, the loss of seed dormancy, and (if applicable) a loss of self-

incompatibility.
Thus, the utility of any particular genome sequence is

relatively limited when it comes to dissecting the genetic

changes that occurred during the evolution of a more or less

unrelated crop.

In contrast to full-scale genome projects, virtually all major

crops have been the subject of gene discovery efforts via

expressed sequence tag (EST) sequencing. Such efforts

have resulted in the production of increasingly compre-

hensive ‘gene catalogs’ for the targeted species.

These EST collections represent a rich source of both

molecular markers and candidate genes for downstream

analyses. Moreover, depending on the sampling strategy

employed, such sequence collections can themselves be

directly subjected to evolutionary analyses aimed at

identifying genes that experienced selection during crop

evolution [32].

Genetic maps, linkage disequilibrium, and
gene identification
Our first detailed insights into the genetics of crop evol-

ution came from quantitative trait locus (QTL) mapping

studies of domestication-related traits in mapping popu-

lations derived from crop � progenitor crosses [33–38].

While the increased availability of molecular markers

stemming from EST and other sequencing projects has

greatly facilitated QTL mapping efforts, linkage-based

approaches of this sort are still relatively limited in terms

of resolution, typically resulting in the localization of

genes of interest to intervals that often span 5–10 (or

more) centimorgans, and which may include hundreds of
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genes. Nonetheless, such studies have provided a great

deal of insight into the genetic architecture of crop

evolution. What we have learned is that, with rare excep-

tions, plant domestication has involved a relatively small

number of genetic changes, each of which had relatively

major phenotypic effects (e.g. reviewed in reference [39];

but see references [33,40�]). Such analyses have also

served as a jumping off point for the positional cloning

and characterization of a handful of genes underlying

domestication-related traits [41–45].

A complementary approach for dissecting genetically com-

plex traits is association mapping. Also known as linkage

disequilibrium (LD) mapping, this general approach was

initially developed for use in human genetics [46,47],

where the production of experimental populations via

controlled matings is not an option. Rather, association

mapping involves correlating molecular variation with

phenotypic variation in a population consisting of a diverse

assemblage of individuals. Because such populations typi-

cally reflect many generations of historical recombination,

LD (i.e. the non-random association of alleles between

loci) is much lower than in the family-based mapping

populations upon which traditional QTL approaches are

based. This much lower level of LD means that associ-

ation-based approaches can provide much higher levels of

resolution, in some cases allowing for the mapping of

functional variation to the level of one or a few genes

(e.g. references [48�,49,50]). Unfortunately, this high level

of resolution is somewhat of a double-edged sword, in

that low LD makes it much more difficult to detect

genotype–phenotype correlations in the first place. Most
www.sciencedirect.com
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association-based approaches in plants have thus relied on

the a priori identification of candidate genes that are then

tested for an association with a trait of interest, though

genome-wide association analyses are possible in study

systems with sufficient genomic resources [51�].

More recently, maize researchers have developed an

approach known as nested association mapping (NAM),

which combines the strengths of linkage analyses and

association mapping [52��]. In short, NAM involves the

production of multiple recombinant inbred line (RIL)

mapping populations derived from a set of crosses between

a common parent and a diverse set of individuals

(Figure 2a). The founding lineages are then subjected

to high-density single-nucleotide polymorphism (SNP)

genotyping or, in the extreme, full genome sequencing.

The individual RILs are then genotyped for a set of

‘framework’ markers that are evenly distributed across

the genome, and for which the common parent harbors a

rare allele. The balance of the genotypic or sequence

information can then be ‘projected’ onto these lines based

on the framework marker data (i.e. an individual carrying

the alleles of one parent at an adjacent pair of framework

markers is inferred to be carrying the SNP variants of that

parent at the intervening loci; Figure 2b). Thus, the

framework markers allow for the tracking of chromosomal

segments and efficient ‘genotyping’ of the intervening loci

while the limited LD and high levels of variation within

common intervals across the diverse founding lineages

allow for greatly improved mapping resolution based on

the inferred genotypes. Perhaps the biggest advantage of

this approach is that the extrapolation of genotypic (or

sequence) data from the diverse founding lineages to the

multitude of RILs allows for the execution of a high-

resolution, genome-wide scan for associations between

molecular polymorphisms and phenotypic traits while

minimizing the amount of actual genotyping that needs

to be performed. The genome-wide nature of this approach

also obviates the need for a priori candidate gene identi-

fication. Another clear advantage is that potential genetic

background effects are controlled for by (1) the shuffling of

the parental genomes during RIL production and (2) the

joint analysis of all RILs across all crosses. Unfortunately,

while NAM promises unprecedented power for the genetic

dissection of complex traits, this approach clearly requires a

tremendous upfront investment, and is thus not currently

feasible for the majority of crop species. Moreover, it

remains to be seen whether or not NAM will prove to

be the best way forward in other taxa as next-generation

technologies reduce the cost of genome sequencing to the

point at which whole-genome association studies can be

carried out with robust sample sizes.

Evolutionary analyses and the signature of
selection
An alternative method for identifying genes involved in

the evolution of crop plants is to perform a large-scale
www.sciencedirect.com
screen for loci that bear the so-called ‘signature of selec-

tion.’ While crops generally experience a major popu-

lation bottleneck during their domestication, resulting in

a potentially major loss of genetic diversity, these demo-

graphic effects (along with the effects of such processes as

migration and inbreeding) are manifested throughout the

genome (Figure 3). By contrast, selection acts in a locus-

specific manner. Selective sweeps (i.e. periods of intense

selection during which a favorable allele is ‘swept’ to

fixation) should therefore dramatically reduce genetic

variation in the vicinity of the target locus while having

little or no effect on diversity elsewhere in the genome

([53]; but see reference [54]). In principle, this distinction

between locus-specific and genome-wide effects should

allow for the identification of genes that were targeted by

selection during crop evolution. Of course, the ability to

identify individual genes that were targeted by selection

depends on the structure of LD across the genome of the

focal taxon. Nonetheless, the identification of genes that

experienced recent selective sweeps provides a means for

identifying agronomically important genes without know-

ing anything about their functions and/or phenotypic

effects. While this sort of work is potentially labor-inten-

sive and needs to be coupled with downstream analyses

aimed at linking genotypic changes with a particular

phenotype (e.g. bioinformatic analyses, genetic mapping,

and/or reverse genetic approaches), it benefits from not

being influenced by pre-conceived notions about the

types of genes and/or traits that are likely to be most

important.

Although the potential utility of these sorts of evolution-

ary analyses for gene identification has long been recog-

nized, the application of this approach has been limited

by the lack of sufficient numbers of suitable molecular

markers in many study systems. With the increased avail-

ability of large bodies of genomic data, however, this

approach can now be directed toward analyzing patterns

of allelic variation across large numbers of loci in a

growing number of taxa. In the first application of this

approach to crop evolution, Vigouroux et al. [55] identified

15 genes that were putatively selected during maize

evolution, several of which co-localized with previously

mapped QTLs underlying crop-related traits. In a sub-

sequent study, Wright et al. [56�] analyzed SNP diversity

for a large collection of genes and likewise found that

candidates for selectively important genes tend to cluster

near QTLs that contribute to the phenotypic differences

between teosinte and maize.

One particularly intriguing possibility is that, with the

proper sampling, evolutionary analyses of this sort have

the potential to distinguish between genes that experi-

enced selection during domestication and those that

experienced selection during the subsequent period of

improvement (Figure 4). In the case of domestication-

related genes, one would expect to see an extreme loss of
Current Opinion in Genetics & Development 2007, 17:525–532
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Figure 2

Schematic diagram of the nested association mapping (NAM) design. (a) A set of N recombinant inbred line (RIL) populations, each consisting

of n individuals, is produced by crossing a diverse set of parents (indicated by colored chromosomes) against a common parental line (black

chromosomes). The N founding lineages and the common parent are then subjected to high-density genotyping or, in the extreme, full genome

sequencing. The RILs are then genotyped for a set of ‘framework’ markers at which the common parent harbors a rare allele, thereby allowing

Current Opinion in Genetics & Development 2007, 17:525–532 www.sciencedirect.com
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Figure 3

The identification of loci under selection during crop evolution using a genomic screen approach. The colored bars along the ‘chromosome’ at the

bottom represent loci, whereas the colored circles indicate the level of genetic diversity at each locus across wild (above) and crop (below)

populations. The genome-wide effect of the population bottleneck associated with domestication is evident for all loci, whereas the loss of diversity

due to selection is evident only for the blue locus.

Figure 4

Illustration of the expected loss of genetic diversity at neutral and selected loci during crop evolution. The blue line represents the neutral

expectation, which exhibits decreases corresponding to the domestication bottleneck as well as possible bottlenecks during the subsequent

period of breeding and improvement. By contrast, the red line depicts the relative change in genetic diversity at loci subjected to strong and

consistent directional selection during domestication (a) or improvement (b).
diversity (as compared to neutral loci) in even the most

primitive cultivars (Figure 4a). In the case of improve-

ment-related genes, the situation may be somewhat more

complex. In general, improvement-related genes would

be expected to show a similar, selectively induced loss
(Figure 2 Legend Continued ) for the tracking of chromosomal segments.

framework markers (indicated with asterisks). Once the framework marker g

they flank can be ‘projected’ from the parental lines onto each individual RI

genotyping. Polymorphic sites, such as those indicated by the red arrow fo

phenotypic traits of interest. See text for further details. (After reference [52

www.sciencedirect.com
of diversity across the primitive-improved transition

(Figure 4b). In the case of genes involved in crop diver-

sification and/or adaptation to local growing environ-

ments, however, diversifying selection could result in

the fixation of different alleles in different lineages,
Panel (b) depicts a single genomic segment flanked by a pair of

enotypes are known, full genotypic information for the segment that

L. Thus, the full genotypes of each RIL can be inferred with minimal

r these three crosses, can then be tested for associations with
��].)
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thereby preventing their loss. As such, these genes might

retain diversity across lines, resulting in their being

missed by approaches aimed at identifying selectively

important genes based on an overall loss of diversity.

To date, two studies have successfully used population

genetic data to make inferences about the timing of

selection on specific genomic regions during crop evol-

ution. In one case, SSR data were used to identify a region

of the sunflower genome that was the target of one or

more selective sweeps during the post-domestication era,

presumably as a result of selection on seed oil-related

characters [57�]. In the other case, Yamasaki et al. [58�]
used a large sequence dataset to identify 8 genes that

showed evidence of selection during the domestication of

maize and another 10 genes that showed evidence of

selection during improvement, with 4 of each type

showing significant evidence of selection in two different

analyses. This distinction between domestication-related

and improvement-related genes is far more than an aca-

demic curiosity, as knowledge of when a particular gene

experienced selection can guide practical efforts aimed at

the discovery of novel alleles for use in modern breeding

programs. More specifically, improvement-related genes

will still be segregating for functional variation in land-

races, whereas for domestication-related genes one would

probably have to look to the wild progenitor (or other

relatives) for new alleles.

Conclusions
Recent years have witnessed a dramatic increase in the

availability of genomic sequence data for a growing list of

crop plants. Such resources have allowed us to move from

targeted analyses of major-effect genes with an obvious

role in the wild-crop transformation to genome-wide

analyses that allow us to simultaneously consider a large

and arbitrarily chosen collection of genes. Whether such

analyses take the form of genome-wide association map-

ping, nested association mapping, or genomic screens for

the signature of selection, they have the potential to

revolutionize our understanding of the genetic basis of

crop evolution. Indeed, rather than limiting ourselves to

the analysis of genes that should be important (as is the

case with a priori identification of candidate genes), the

analysis of an essentially random set of genes results in a

more or less unbiased view of the genetic basis of crop

domestication and improvement. This sort of work thus

has the potential to result in the identification of agro-

nomically important genes that otherwise might have

been overlooked. As new and more efficient sequencing

and genotyping technologies come on line, the potential

of such approaches will only increase.
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