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Crop domestication and further breeding improvement have

long been important areas of genetics and genomics studies.

With the rapid advancing of next-generation sequencing (NGS)

technologies, the amount of population genomics data has

surged rapidly. Analyses of the mega genomics data have

started to uncover a previously unknown pattern of genome-

wide changes with crop domestication and breeding. Selection

during domestication and breeding drastically reshaped crop

genomes, which have ended up with regions of greatly reduced

genetic diversity and apparent enrichment of potentially

beneficial alleles located in both genic and non-genic regions.

Increasing evidences suggest that epigenetic modifications

also played an important role during domestication and

breeding.
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Introduction
Modern crop varieties contain a number of superior

agronomic traits to meet human needs and to adapt to

local agronomic environments. These varieties are the

products of extensive scientific breeding from landraces,

which are domesticated for more than ten thousand years.

Both breeding and domestication processes have been

the subject of extensive genetic and genomic research.

Recently, a number of insightful reviews have summa-

rized the studies on molecular genetics changes during

crop domestication and breeding [1–4].

Rapid advancements in next-generation sequencing

(NGS) technology have provided a unique opportunity
www.sciencedirect.com 
for population genomics of crop domestication and breed-

ing, because genome-wide sequencing information of

large numbers of wild relatives and modern cultivars of

many crops are relatively easily available. Here, we sum-

marize the latest advances in the availability of genomic

information for crop domestication and breeding im-

provement, the emerging methods to analyze the popu-

lation genomics data and the patterns in genomics and

epigenomics changes that occur with crop domestication

and breeding.

Rapidly increasing population genomics data
provide unprecedented opportunity for study
of crop domestication and breeding
Traditionally, studies on crop domestication and breeding

have been addressed using relatively small numbers of

specific traits or by analyzing sequencing data of targeted

regions [5]. However, the advent of NGS technologies has

dramatically reduced the cost of sequencing, and so the

number of crops with their entire genomes nearly

completely sequenced and re-sequencing data of large

numbers of individuals has increased very rapidly over the

last several years. As a summary, the list of crops that have

a completely sequenced genome and at the same time

with reasonable data of population re-sequencing of ei-

ther domesticated lines or wild relatives are shown in

Supplementary Table 1. Except for the major staple crops

such as rice, maize and sorghum that had their reference

genomes sequenced using traditional Sanger sequencing,

the others were primarily sequenced using NGS. Addi-

tionally, there are larger number of crops that had their

first genome reported only very recently. It is highly likely

that many of these crops will have population re-sequenc-

ing efforts underway.

Coupled with the availability of large amounts of geno-

mics data for many crops, the methods of analyzing these

data have also been rapidly developed. One of the most

general trends during crop domestication is a dramatically

reduced genetic diversity, known as a genetic bottleneck

[6,7]. Because the reduction is uneven along chromo-

somes, with putative selected genes experiencing more

severe bottlenecks than unselected ones, such distinct

genetic characteristics can be used to identify so-called

selective sweeps. For a given breeding population with-

out ancestor information, the extremely low genetic di-

versity (p) or Tajima’s D can be used to scan the selective

regions [8,9]. The composite likelihood ratio (CLR) ap-

proach has been shown to be very useful in identifying

selective sweeps, which accurately predict the location
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and selection coefficient of each selective sweep by

taking into account complex demographics and varying

mutation and recombination rates [10]. The extended

haplotype homozygosity (EHH) method, which detects

long-range haplotypes with unusually high EHH, can be

used to find recent positive selection [11].

When the population data of both wild ancestors and

modern domesticated lines are available, the selective

sweeps can be identified by comparing distinct genetic

characteristics between two populations. A straightforward

method is to scan the genome for regions with significant

reduction (pwild/pcultivar) of genetic diversity [7,12��,13,14].

This method surpasses the older method that simply

scanned low genetic diversity regions in a single breeding

population by excluding the false positive regions where

there is a relatively low genetic diversity in ancestors.

Population differentiation statistics, such as Fst which

measures variation of Single Nucleotide Polymorphism

(SNP) allele frequency between two populations, can also

be used to identify differentiation selection [7,15]. Addi-

tionally, a cross-population composite likelihood ratio (XP-

CLR) approach was developed, which jointly calculates
Figure 1
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multiple locus allele frequency differentiation to identify

selective sweeps between two groups [16].

The methods above are all bottom-up approaches that

start with identifying genes with signatures of selection or

adaptation by population genomic scanning [17]. Howev-

er, these hypothetical-based strategies can unavoidably

introduce many false-positives. Since most of the traits

related to domestication and breeding are believed to be

quantitative complex traits, the large number of selective

sweeps identified from genomic scanning need to be

validated using the results from traditional Quantitative

Trait Locus (QTL) mapping.

Genomic changes with crop domestication
and breeding
A general observation in genomics during crop domesti-

cation is the genetic bottleneck. After domestication, only

favorable haplotypes are retained around selected genes

(Figure 1), which creates a valley with extremely low

genetic diversity. When estimated from the entire ge-

nome, p was reduced in rice from 0.003 of Oryza rufipogon
to 0.0024 of Oryza sativa [12��], 0.0059–0.0048 in maize
Breeding
Modern maize
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[18��], 0.0048–0.0015 in cucumber [13] and 0.0032–0.0012

in tomato [14]. The levels of genetic diversity reduction

from domestication typically range from less than onefold

in rice and maize, to around threefold in cucumber and

tomato. However, there are regions, such as 23.8–24.9 Mb

in chromosome 8 in rice, which can have more severe

bottlenecks of a �15-fold genetic diversity reduction

[12��]. The extent of reduction in genetic diversity during

domestication is affected by the propagation system of

crops. In general, much more severe genetic bottlenecks

can be seen in reproductively propagated crops as com-

paring to that in vegetatively propagated crops [19]. For

example, grape is vegetatively propagated, and was

reported to have maintained a high level of genetic

diversity and a rapid rate of Linkage Disequilibrium

(LD) decay among domesticated individuals [20]. Geno-

mic regions associated with reproductive barriers can have

unusual levels of genetic diversity reduction. As such, a

2.2-Mb region (3.4–5.6 Mb) on chromosome 3 in water-

melon was identified with a very high level of genetic

diversity in wild relatives but with nearly no genetic

diversity among modern cultivars [21]. A similar case

was also reported in rice, suggesting that crop domestica-

tion could be responsible for the rapid evolution of

reproductive barriers [22].

Despite the reduction of genetic diversity, there are also a

number of cases demonstrating that population expan-

sion, which introduced additional alleles into a defined

population, can happen during the domestication and

breeding processes (Figure 1). An analysis in soybean

showed that low-frequency alleles were less abundant in

wild accessions compared to modern cultivars [23�]. It was

also shown that the fractions of rare alleles increased

following the generations of pedigree breeding in maize,

suggesting that the more advanced maize lines had accu-

mulated higher percentages of agronomically beneficial

rare alleles through recombination and selection during

the breeding process [24��]. There are also examples

showing that functionally beneficial alleles used to be

rare alleles in the ancestral population and have become

common in advanced breeding varieties, such as sh4 [25],

tga1 [26] and fw2.2 [27]. Introduction of new alleles during

the crop domestication and breeding processes can be

achieved not only through the pyramiding of pre-existing

alleles in the wild ancestors, but also through the keeping

of newly generated alleles during the domestication and

breeding processes. It has been demonstrated that genet-

ic changes (SNPs and indels) happened rapidly with

breeding [24��]. There is also a report showing that a

newly generated functional allele for a genotype of de-

terminate growth habit in soybean (GmTfl1) was artificial-

ly selected in the early stage of landrace radiation after

domestication [28].

The underlying molecular mechanisms that shape crop

domestication and breeding can be through either the
www.sciencedirect.com 
change of expressional levels of genes or the change of

protein sequences. Although it was hypothesized that the

change in gene expression might have a bigger role, the

exact proportions that gene expressional changes have

represented in domestication or breeding have not been

extensively tested in many crops. Map-based cloning of a

flowering-time QTL vgt1 in maize showed that it is likely

a putative cis-regulatory element, as it was delimited to a

non-coding region upstream of the Ap2-like transcription

factor [29]. A transposable element insertion upstream of

tb1 was reported to have interrupted an enhancer func-

tion, which at least partially explained the increased

apical dominance in maize [30,31]. Results of genome-

wide studies are also consistent with the notion that non-

coding regulatory regions may have played important

roles in crop domestication and breeding [18��,24��].
Comparing the re-sequencing data between teosinte

and modern maize, about �6 and �11% of the selection

regions do not have coding potential, suggested that they

played regulatory roles in maize domestication and breed-

ing [18��]. Similarly, a study on elite maize inbred lines

suggested that many of the putative selection regions

indicated by CLR analysis were located in non-genic

regions [24��]. A systematic tabulation of the genome

wide association studies (GWAS)-associated SNPs in

maize nested association mapping (NAM) population

concluded that about half of the trait-associated SNPs

were located in the upstream promoter regions of genes,

indicating again the importance of regulatory regions in

crop domestication and breeding [32�]. The contribution

of non-genic regions in crop domestication and breeding

may have been underestimated due to the low resolution

of the methods used and the tight linkage between the

regulatory elements and genes. Results of a number of

GWAS analyses in humans seem to indicate that the

majority (�93%) of trait-associated SNPs are located in

non-coding regions [33].

Analysis of genomic data for wild ancestors and their

modern cultivars can also reconstruct domestication or

improvement events of a given crop. The domestication

process is complex, and the majority of crops experienced a

single domestication event, such as rice (O. sativa [12��]
and Oryza glaberrima [34�]) and maize [35]. However, some

crops like common bean [36] and sorghum [37] experi-

enced two independent domestication events. Interesting-

ly, although both O. sativa and O. glaberrima each

experienced only one geographically isolated domestica-

tion event, it was observed that for 19 domestication genes

in O. sativa, 16 were also identified as orthologous among

domestication genes in O. glaberrima, clearly demonstrat-

ing a convergent yet independent selection of a common

gene set in two geographically distinct domestication

processes [34�]. Two independent domestication events

within a species can also have dramatically different do-

mestication targets such that only 10% of the putative

domestication sequences are shared between two domes-
Current Opinion in Plant Biology 2015, 24:47–53
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tication processes in common bean [36]. A re-sequencing

analysis of �1500 O. rufipogon and O. sativa accessions

resolved a long controversy about the domestication history

of O. sativa. The final conclusion is that O. sativa experi-

enced only one domestication event that japonica was first

domesticated from O. rufipogon and then crossed with local

wild accessions to generate indica [12��].

Epigenomic changes with crop domestication
and breeding
For nearly all crops tested, a large proportion of their

phenotypic variation cannot be fully explained by QTLs

from linkage mapping or GWAS [38]. This so-called

missing heritability is at least in part due to epigenetic

mechanisms. Understanding the contribution of epige-

netic modification in crop domestication and breeding

will be crucial for further improvement of crops [39].

Heritable epigenetic changes, including DNA methyla-

tion and histone modification can modulate the genome

accessibility for transcriptional machineries, therefore

contribute to phenotypic variation [39,40]. In plants,

DNA methylation occurs in cytosine bases of all three

sequence contexts: CG, CHG and CHH [41]. Like ge-

netic mutations, DNA methylation mutations can arise

spontaneously, which create heritable epialleles with a

rate of 10�4 to 10�5 methylation polymorphisms per CG

site per year [42], which is much higher than the genetic

mutation rate (10�8 to 10�9) in both Arabidopsis [43] and

maize [24��]. Such a relative high epimutation rate gen-

erates abundant epialleles with high stability. For exam-

ple, the epialleles of Fie-1 in rice can bring a dwarf stature

and various floral defects without nucleotide changes but

with hypomethylation, reduced H3K9me2 and increased

H3K4me3 in its 50-region [44]. Also, an epiallele of Cnr
locating in the promoter of a SBP-factor gene controls

fruit ripening in tomato [45]. Whole genome profiling of

DNA methylation in wild Arabidopsis accessions and

maize inbred lines revealed widespread existence of

SMPs (single methylation polymorphisms) and DMRs

(differentially methylated regions) in natural populations

[42,46,47�,48�]. An important question is how many of

these DNA methylation variants are controlled by genetic

variation, and how many of them are purely epigenetic

factors that arise spontaneously? QTL mapping for meth-

ylation variations in soybean recombinant inbred lines

indicated that there are several DMRs not co-segregating

with genetic variation [49], suggesting that some DNA

methylation polymorphisms are independent of genetic

determinants.

Several recent studies suggest that DNA methylation can

also have a role in controlling heterosis. DNA methylome

analysis in rice hybrids demonstrated that 0.8% of the

cytosines had methylation changes between either of the

parents and that in the hybrid [50]. Similarly, two studies

in Arabidopsis revealed that DNA methylation level had

increased globally in hybrids [51,52]. These DNA meth-
Current Opinion in Plant Biology 2015, 24:47–53 
ylation epimutation sites are usually covered by small

RNAs, indicating a potential role of RNA-directed DNA

methylation (RdDM) pathways in modulating the DNA

methylation remodeling in hybrids [51]. Similar results

have also been seen from the analysis of methylomes and

transcriptomes of four elite Chinese maize inbred lines

with known breeding pedigree information (Shaojun Xie

et al., unpublished).

Similar to genetic dissection of QTLs, two strategies,

linkage mapping through isogenic lines [53��] and EWAS

[54�] (epigenome wide association studies) analysis, can

be used to find agronomically important epi-QTLs. Re-

search on epi-QTL linkage mapping in Arabidopsis using

isogenic lines demonstrated that six DMRs served as epi-

QTLs, which accounts for a substantial (60–90%) propor-

tion of heritability for two complex traits: flowering time

and primary root length [53��]. Until now, only a few

EWAS analyses have been performed in humans on traits

such as smoking [55], aging related phenotypes [56],

body-mass index [57] and Alzheimer’s disease [58].

EWAS typically requires �30� coverage of each sample

to accurately profile DNA methylation level by whole-

genome MethylC-seq, which limits large-scale popula-

tion epigenetic studies in crops such as maize with

relatively large genome size [59] due to sequencing costs.

With sequencing costs continually declining, it is very

likely that such an association analysis can be carried out

for agronomic traits in major crops in the future.

Traits and underlying genes subject to
selection
During domestication, conscious and unconscious selec-

tion occurred in a variety of traits such as seed shattering,

plant architecture and inflorescence-related traits. Several

important genes controlling these traits have been cloned

using classical map-based cloning approaches, for exam-

ple PROG1 [60,61], GIF1 [62], tb1 [63], tga1 [26] and sh1
[64]. Apparently, traits controlled by a small number of

large-effect QTLs are more easily domesticated. For

example, the domestication of tomato from small berries

to large fruit size was relatively rapid, with a major QTL

fw2.2 [27] accounting for �30% of the phenotypic

changes.

Selections during breeding are more specific on traits that

are valuable to humans, although many overlap with those

of domestication. Grain size and tiller number/angle are

highly selected during rice breeding. As such, large num-

bers of QTLs related to these traits have been well

characterized: GS3 [65], GS5 [66], GW2 [67], GW5 [68]

and DEP1 [69] for grain size; and Ghd7 [70], MOC1 [71]

and IPA1 [72] for plant architecture. It is not surprising

that many of the domestication and breeding QTLs for

any specific traits are functionally closely related or even

biochemically interact with each other. Our future work

will not only be the understanding of a particular QTL,
www.sciencedirect.com
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but also hopefully the characterization of the entire

network or pathway of the important domestication or

breeding traits.

Conclusions and future perspectives
The advent of genomics in recent years has provided us

an unprecedented opportunity for studies of crop domes-

tication and breeding. With large amount of genome-wide

population genomics data become available, large num-

ber of selective sweeps are being identified in a high

throughput manner. Genomic variations in both genic

and non-genic regions were shown to be correlated with

crop domestication and breeding improvement, with

many underlying large effect domestication genes and

breeding genes cloned. In the near future, selective

sweeps will be identified with higher resolution and fewer

error rates due to the availability of even larger amount of

genomics data. Comparison of the potential domestica-

tion and breeding regions of closely related crop species

will help to identify a number of common loci that are of

special agronomic importance. Biological functions of

genes locating in many of these selective regions will

be understood, although they may just account for rela-

tively small effect of domestication and breeding im-

provement. Of particular, more examples of non-coding

functions responsible for domestication and breeding will

be presented in the future. In addition, the understanding

of the contribution and mechanism of epigenetic varia-

tions on crop domestication and breeding will be much

improved.
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