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Plant domestication modifies a wild species genetically for human use. Among
thousands of domesticated plants, a major distinction is the difference between
annual and perennial life cycles. The domestication of perennials is expected to
follow different processes than annuals, with distinct genetic outcomes. Here
we examine domestication from a population genetics perspective, with a focus
on three issues: genetic bottlenecks during domestication, introgression as a
source of local adaptation, and genetic load. These three issues have been
studied nominally in major annual crops but even less extensively in perennials.
Here we highlight lessons from annual plants, motivations to study these issues
in perennial plants, and new approaches that may lead to further progress.

Introduction

Plant domestication is the genetic modification of a wild species to create phenotypes altered for
human needs [1]. For many major crops, domestication occurred ~10 000 to ~12 000 years
ago, when it correlated with a shift from hunter—gatherer to agrarian societies [2]. However, the
domestication of crops is an ongoing process, and crops like cranberries and pecans have been
domesticated as recently as the last ~150 to ~200 years [3,4]. Altogether, ~2500 plant species
have been either partially or fully domesticated. These species range from the ‘Big Three’ —
maize, rice, and wheat, which together provided over 35% of calories for human consumption in
2010 (http://facstat.fao.com/stats) — to other important global staples such as barley, soybean,
sorghum, and yams, to crops of limited use and geographic distribution like cherimoya (Annona
cherimola Mill) and starfruit (Averrhoa carambola L.).

Among the array of domesticated species, one major distinction is between annual and
perennial life cycles. The most important staple crops, including the Big Three, are annuals,
but perennial crops are also critically important; they include food and oil staples like apples,
grapes, olive, palms, and tree nuts and account for approximately one-eighth of the world's
total food-producing surface [5]. Importantly, it appears that the domestication process differs
dramatically between annuals and long-lived perennials, especially tree crops. Compared with
annuals, perennial crops tend to have been domesticated more recently, are typically out-
crossing, have extended juvenile periods, and are propagated clonally [4,5]. While the dynam-
ics of domestication in perennials differs markedly from that of annuals, the genetics of
domestication of perennials has been studied in less depth. Indeed, historically these species
have been considered intractable due to their long generation times and high rates of out-
crossing [3].

In this review we focus on the process and genetic consequences of plant domestication, with a
particular emphasis on potential differences between annual and perennial crops. To date,
genomic approaches — and particularly population-genetic approaches — have been applied
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The study of a handful of annual crops
has heavily influenced our understand-
ing of the genetics of domestication. In
contrast to annuals, the domestication
of perennials has generally occurred
more recently and involved clonal
propagation.

Annual and perennial domesticates
appear to differ in the severity of domes-
tication bottlenecks. New approaches
to studying demographic history pro-
mise to yield fresh insights into these
effects, particularly for perennials.

Both annuals and perennials are
understudied with respect to identify-
ing the genetic basis of local adaptation
and the contribution of introgression
to modern cultigens. Recent studies
suggest that wild-to-crop introgression
has been a particularly important
feature of the evolution of perennial
crops.

The ‘cost of domestication’, in terms of
increased genetic load, is an area of
growing interest. The magnitude and
effect of genetic load remains unchar-
acterized for perennial plants, where an
important contributor to load may be
somatic mutations among  clonal
variants.
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widely to annual plants but not to perennials. There is still much to learn about the genetic
patterns and consequences of the domestication of long-lived perennials.

The Process of Domestication

In theory, domestication of annuals is a straightforward process [6] (Figure 1, Key Figure). It
begins with an enhanced human awareness of a wild plant. Once the species is recognized as a
food source, it may be gathered and brought to a camp or village and left as refuse in a midden,
perhaps initiating cultivation before explicit domestication. From there, conscious and uncon-
scious selection for agronomic traits [7] — like photoperiod sensitivity, increased yield, increased
fruit or grain size, and loss of seed dormancy — leads to genetic modification. Once domesti-
cated, a successful crop is dispersed from its center of domestication to new geographic
locales. In these new locations, the crop must adapt to local conditions, through selection acting
to improve local adaptation of the domesticate and sometimes by hybridization with locally
adapted wild populations.

This model of domestication holds reasonably well for many annual domesticates. Maize, for
example, has been domesticated only once, ~9000 years ago in lowland Mexico [8]. After
domestication, it spread rapidly throughout the Americas [9] and the process of local adaptation
— for example, to higher-altitude growing areas in Mexico — may have included post-domesti-
cation hybridization with local, wild populations [10-12].

Nonetheless, the domestication process can vary widely, even among seed-propagated
annuals. For example, barley shows evidence of at least two domestications [13] — once in
the Fertile Crescent and again east of the Zagros Mountains [14] — and the genomic composi-
tion of barley landraces reflects contributions from distinct wild barley populations [15]. Other
examples of annual crops resulting from multiple domestications include common bean [16],
sorghum [17], and rice. Rice has been domesticated at least twice, in Asia [18,19] and in
Africa [20].

Key Figure

The Domestication Process in Annuals and Perennials

(A) Annuals: maize (B) Perennials: olive
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Figure 1. (A) The process of domestication for an annual like maize, modeled after [6]. (B) The process of domestication for
along-lived perennial crop like olive. In both cases, the arrow from wild populations to domesticates indicates the possibility
of introgression events that facilitate local adaptation after crop dispersion. Photographs are by the authors, except the
bottom photographs of corn, both of which are from Wikipedia.
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The domestication of annuals — and our level of understanding of that process — contrasts
dramatically with that of long-lived perennials. Like annuals, the domestication of perennials
begins with the recognition of the value of a species in the wild (Figure 1). However, some
perennials have long juvenile periods; for example, the juvenile period of olives lasts 15-20 years
[21]. Because of the duration of the juvenile period, the domestication of perennials may have
less frequently involved the movement of seeds and their subsequent propagation (Figure 1).
Rather, perennial domestication has relied more on clonal propagation [3], which has at least
three important consequences.

First, because most long-lived perennials are outcrossers [3,5], clonal propagation tends to
capture heterozygous genotypes. Second, because these genotypes may be maintained
indefinitely, many new mutations may arise somatically rather than sexually. Nonetheless, some
crossing does occur in the formation, maintenance, and improvement of perennial crops
(Figure 2). Third, as a consequence of extended juvenility and restricted sexual generations,
perennial domesticates tend to be younger in terms of generations relative to annuals [3,22]. In
addition, most perennial crops appear to have been domesticated more recently, for reasons
that are uncertain but may indicate that the technology for clonal propagation may have come
after the initial domestication of annual plants [4].

The number of domestication events has been poorly studied for perennial fruit crops, with a
few exceptions like apple (Malus x domestica Borkh.), grape (Vitis vinifera ssp. sativa) and
olive (Olea europaea ssp. europaea var. sativa). Both grapes and olives have been thought to
have multiple domestication centers [23], with as many as nine domestication events postu-
lated for olive [24]. However, recent studies are more consistent, with fewer domestication
events for both olive and grape followed by diversification via admixture with other pre-
cultivated or wild forms [25-27]. For apple, domestication occurred in Central Asia from Malus
sirvensii M. Roem, but there is also increasing evidence for a significant genetic contribution
from the wild relative Malus orientalis Uglitzk and the European crabapple (Malus sylvestris L.)
[28,29]. The number of domestication events in perennial crops is a topic that merits further
study.
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Figure 2. A View of the Domestication and Divergence of Perennial Tree Crops. This view encompasses the fact
that clonal propagation can be coupled with sexual outcrossing to generate genetic diversity that becomes the basis for new
clonal cultivars. In addition, somatic mutations introduce new variation into a clonal cultivar.
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Demography and Bottlenecks

Domestication often involves a genetic bottleneck and thus major crops carry less genetic
diversity than their wild progenitors. Once DNA sequencing became available, it was possible to
use nucleotide variation to model the dynamics of these bottlenecks. The first use of nucleotide
diversity data to infer past demographic history in any species examined the genetic bottleneck
associated with the domestication of maize [30]. The basic approach was to contrast DNA
sequence variability between maize and its wild ancestor to fit population genetic models to
summaries of the sequence data, assuming a demographic event (i.e., the domestication
bottleneck). Initial models were very simple, with the purpose of estimating the population-
genetic parameters of domestication. For example, using bottleneck models Zhu et al. (2007)
inferred that rice domestication was based on a bottleneck population of ~1500 individuals,
assuming that domestication took 3000 years [31].

The comparison of crop diversity with that of its wild ancestor has become a standard (and
expected) exercise in the study of crop genetic diversity. Genome-wide comparisons between
wild and crop germplasm have been applied to maize [32], rice [19,33], soybean [34,35],
common bean [36], and cucumber [37]. These studies suggest that the severity of bottlenecks,
as measured by the loss of diversity in the domesticate, vary substantially among annual species.
For example, maize is estimated to have retained 83% of the nucleotide diversity of its wild
ancestor [32] while soybean, tomato, and cucumber retain 64% [34], 38%, and 51% [37],
respectively. The reduction of genetic diversity has been even more drastic in wheat [38,39]. As
the data have become more comprehensive, so have the methods to explore demographic
history [40-42], including methods that are appropriate for application to a single heterozygous
genome sequence (Box 1). Note that these inferences are subject to sampling effects; that is, if
present-day populations do not represent the breadth of diversity of older populations, the effect
of the genetic bottleneck is likely to be underestimated. Similarly, if the incorrect extant wild
populations are sampled as representative of predomestication diversity, estimates of the
bottleneck could be misleading in either direction.

Domestication bottlenecks seem to be less severe in perennials than annuals. Miller and Gross
(2011) report that studies of perennial fruit crops suggest that they maintain an average of ~95%
of the neutral variation found in wild populations, while annuals retain an average of ~60%. Some
major fruit crops, such as apple [29,43], cherry [44], and grape [26], exhibit little to no loss of
diversity (although there are exceptions, like peaches [45]). Overall, the lack of dramatic
bottleneck effects may help explain why perennial fruit crops exhibit fewer phenotypic shifts
during domestication than do annual crops [4].

What mechanisms favor the retention of nucleotide variation within long-lived perennial crops?
The first is that cross-pollination is the dominant mating system and inbreeding depression is
often severe [5], such that the retention of genetic diversity is favored. Second, as we have

Box 1. Demographic Inference

The pairwise sequentially Markovian coalescent (PSMC) model [41] is a recent innovation. Rather than assuming a
simplified demographic model with few parameters, the PSMC can provide a more detailed history of population size with
fewer assumptions. The PSMC requires genomic data because it is applied to the full genome sequence of a single
diploid individual. The goal of the method is to find the time to most recent common ancestor (TMRCA) between the two
alleles carried by an individual. Because there are thousands of loci within the genome, the distribution of the TMRCA can
be inferred across loci, and this distribution provides insights into past demographic history. The PSMC has been
extended to the multiple sequentially Markovian coalescent (MSMC) to use samples from multiple individuals [98]. These
approaches have exciting potential because the genome of a crop of interest can be assembled de novo and serve as the
basis for demographic inference. To our knowledge these and similar models have yet to be applied to crop
domestication. However, the PSMC was used to investigate the domestication history of horses, an interesting case
for which the wild progenitor species is no longer extant [78].
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mentioned, perennials have generally passed through fewer generations since domestication;
since the winnowing effects of genetic bottlenecks accrue over time, this also favors the
retention of diversity. Third, perennials have overlapping generations, a feature that is also likely
to reduce the severity of bottlenecks. Finally, hybridization has often played a central role in the
origin and diversification of perennials. For example, genomic sequencing of citrus fruits has
revealed that cultivated mandarins feature admixture of Citrus maxima into the ancestral
mandarin species (Citrus reticulata) and that sour orange is an F; hybrid of C. maxima and
C. reticulata parents [46]. Similarly, interspecific hybridization has played a role in the formation of
apple [28], banana [47], strawberry [48], and several other species [3].

While long-lived perennial crops may not have a common history of severe genetic bottlenecks,
modern breeding is currently narrowing the genetic base of many long-lived perennial crops. For
example, in the USA 15 apple cultivars currently comprise 90% of apple production [49] and one
cultivar (Hass) accounts for 95% of avocado production [50]. Additionally, olive cultivars are
being developed for mechanical harvesting systems that require dwarfed trees and large yields
under high-density planting. Because only a small percentage of existing cultivars meet these
requirements, future cultivation may capture only a fraction of olive diversity. Thus, even if
perennial crops did not experience a strong domestication bottleneck, many are undergoing an
‘improvement bottleneck’ associated with modern breeding [43,44].

Introgression and Local Adaptation

Once domesticated, a successful crop is often dispersed from its domestication center to new
geographic locales (Figure 1). This dispersion necessitates adaptation to new environments.
Adaptation can be achieved by selection on new or existing genetic diversity within the crop, but
it is becoming apparent that adaptation is often achieved with the help of introgression.

Introgression may occur between a crop and its wild relatives or even between independent
domestication events of a single crop. As examples of crop-to-crop introgression, it is thought
that domestication genes have migrated between varieties of Asian rice [51]. African rice may
also have some features of introgression from Asian rice [52], although more recent analyses
seem to refute this possibility [20]. Similarly, flowering time alleles in cultivated European barley
appear to be introgressed from an independent domestication event in Central Asia [53] and
barley landraces exhibit evidence of genetic contributions from multiple locally proximate wild
barley populations in a manner that suggests that some genetic exchange among barley
domestications was adaptive [15]. Crop-to-crop introgression also occurs in long-lived per-
ennials; in avocado, for example, many modern cultivars are recent hybrids between trees
derived from three independent domestication events [54].

Wild-to-crop introgression may be another potent source for crop adaptation. At least within its
native range, the progenitor has a longer history of adaptation to local environments and as a
consequence should be better adapted (and include more adaptive variants) than newly
introduced crops [55]. For example, the adaptation of maize to the Mexican highlands may
have been facilitated by introgression with wild populations [11,12] and resistance to a fungal
pathogen in wheat was likely derived from introgression with wild populations [39].

In general, the history of admixture between crops and their wild progenitors has not been
sufficiently studied, particularly given the potential for the discovery of agronomically important
alleles in wild populations. There are several emerging analytical methods that can help deter-
mine whether a genomic segment has been introgressed. For example, the D statistic [56] relies
on the identification of an ancestral state (Box 2) to identify introgression between populations
(Figure 3). The computation of D requires data from three populations plus an outgroup that is
used to determine the ancestral state of variants. When it is applied to markers across the
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Box 2. Inferring the Ancestral State

The inference of the ancestral state of mutations plays an important role in the study of domestication. For agronomically
important phenotypic traits, the phenotypic state in the domesticate will either be largely absent (e.g., seed shattering) or
segregating within the wild progenitor (e.g., reduced branching). For SNPs, the vast majority of variants segregate in both
the crop and the wild progenitor. That is, they are older than the domestication event. These variants can be quantified in
terms of the descriptive statistics used in population genetics, by dividing SNPs into classes based on their occurrence in
either wild or domesticated samples. In most cases, the majority of SNPs will be ‘shared,” another portion will be ‘private’
to either group (with more private SNPs in wild samples), and few if any ‘fixed” differences will be observed.

The inference of the ancestral state of mutations requires comparison with a related species that can be used as an
outgroup (Figure ). The species should be closely related, such that there are few repeated mutations at a nucleotide site,
but distantly enough related that few polymorphisms are shared between the outgroup and the ingroup. In practice, the
best outgroup may not be the most closely related species, as the time to ‘reciprocal monophyly’ for most loci is ~1.7N
generations, where N is the population size, with 99% reciprocal monophyly at ~5.3N generations [99]. In practical terms
this means that, for a species like maize, it may be more appropriate to sequence a genome from the related genus
Tripsacum as an outgroup than other species in the genus Zea [95].

The inference of the ancestral state of SNPs has important applications to the study of domestication. Most directly, it
makes it possible to determine the absolute frequency of a variant in a population. This information can be used to test for
departures from models of neutral evolution, using the site frequency spectrum, including tests like Fay and Wu's H [100],
where an excess of high-frequency derived variants can be indicative of selection acting on a locus. Ancestral state
inference is also important for the identification of deleterious mutations and is especially important for reducing reference
bias [101]. Tests for introgression such as the D statistic described in Figure 3 also make use of the ancestral state of
mutations. Finally, it is crucial for the calculation of divergence times between a domesticate and its wild ancestor.

Time

Cultigen wild Outgroup
progenitor

Trends in Genetics

Figure I. Allelic History in a Crop and its Progenitor. The bold lines represent the genetic pool of a cultigen, its wild
ancestor, and an outgroup. The lighter lines represent allelic lineages within species. As drawn, the cultivar and wild
ancestor share several allelic lineages, representing segregating variation. Hence, an outgroup is necessary to infer the
ancestral state of mutations.
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Figure 3. A Schematic of the D Statistic, Which Requires Data from Three Populations (1, 2, and 3) and an
Outgroup (O). The outgroup is used to infer the ancestral state (A) of a genetic variant. The derived state (B) of the genetic
variant may be segregating among populations 1, 2, and 3, resulting in the three configurations in the figure. Among the
three configurations, Configuration 1 (BBAA) is expected to be most common because populations 1 and 2 are sister
populations sharing the most recent common ancestor. However, Configuration 2 (ABBA) and Configuration 3 (BABA) are
expected to be equally common in the absence of introgression. Summed over many genetic variants, gene flow either
between populations 1 and 3 or between populations 1 and 2 will skew the frequency of Configuration 2 (ABBA) versus
Configuration 3 (BABA), thus providing evidence of introgression.

genome, it may identify specific genomic regions with a history of introgression. The D test is also
known as the ABBA-BABA test, owing to the pattern of shared polymorphisms among the
sampled populations [57] (Figure 3).

Our impression is that wild-to-crop introgression may be even more important in perennials than
annuals, for two reasons. First, genetic similarity between wild populations and local cultivars is
found commonly in some long-lived perennials. In olives, for example, wild olives (O. europaea
Ssp. europaea var. sylvestris) survived in glacial refugia throughout Europe [58] and thus are likely
to contain locally adapted alleles. It may be unsurprising, therefore, that studies of wild and
cultivated forms suggest admixture on a local scale in Spain, Italy, and Turkey [59-61]. Second,
many crops, like olives and grapes, abound as local cultivars, raising the possibility that local
introgression contributed to the formation of these cultivars. It can be difficult, however, to
discriminate between local adaptation due to wild-to-crop introgression and the possibility of
sexual crossing between domesticated varieties and subsequent selection among seedlings
(Figure 2).

In general, while there have been many surveys of genetic diversity in long-lived perennial crops,
most have not utilized enough markers to identify the historical processes that produce locally
adapted cultivars. Increased emphasis on genomics — and genotyping methods like RAD-seq
[62] — will greatly aid these studies within perennial crops [5]. The increasing availability of
genome-wide markers is complemented by analytical approaches for studying demographic
history (Box 1) and introgression (Figure 3). For example, recent studies of apples and olives have
used approximate Bayesian computation (ABC) methods to test alternative models of popula-
tion history, including the inference of introgression between cultivars and wild relatives [25,28].
Both of these papers found evidence of modest but significant introgression between cultivars
and their local wild relatives. A complementary approach to ABC models will be tests of
association between SNPs and ecological data [63]; these will be particularly revealing about
adaptive introgression if SNPs that associate with ecological data are shared more often than
expected between nearby wild and cultivated populations.
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We close this section by noting that the ancestors of perennial crops and their wild relatives have
contributed genetic diversity in another important way, through rootstock. A wide variety of
rootstock confers adaptation to soil conditions and soil pathogens. This has been central to
overcoming epidemics of Phylloxera in grape and the Citrus tristeza virus (CTV) in Citrus [64,65].
Historically, the use of rootstocks has also facilitated the introduction of a cultivar into formally
‘wild” areas. For example, the grafting of centennial olives of southern Spain onto wild oleasters
may have instantaneously converted a wild forest into an olive orchard [66].

Genetic Load

As discussed above, domestication is often accompanied by a genetic bottleneck, particularly for
annual crops. One consequence of this demographic event is a shift in the efficacy of selection,
because efficacy scales with population size [67]. Because population sizes are smaller during a
bottleneck, selection is expected to be less effective with respect to both the fixation of positive
alleles and the removal of deleterious mutations. Because of the latter, some variants that reduce
fitness but are nonlethal will continue to segregate as deleterious variants.

The manner in which deleterious variants affect yield and productivity in crop species remains
poorly understood [68] and is expected to vary with the mating system and dominance
coefficients. We can, however, posit three general predictions: () the relative proportion of
deleterious variants will be higher in domesticates than in wild relatives, due to genetic
bottlenecks; (ii) deleterious variants will be enriched near loci subjected to strong positive
selection during domestication and improvement, due to hitchhiking effects [69]; and (ji)) the
relative proportion of deleterious variants will be reduced in elite cultivars compared
with landraces, because strong selection for yield will purge deleterious mutations from
the gene pool.

These predictions regarding the demography and the load of deleterious mutations are being
tested with empirical data, especially in humans (who, like annual crops, have experienced
bottlenecks at various times in their history). Generally these papers proceed by identifying
nucleotide variants throughout the entire genome and parsing variants to identify those pre-
dicted to have deleterious effects. There are multiple computational methods to predict whether
variants are deleterious — such as SIFT [70], Polyphen2 [71], PROVEAN [72], and others [73] —
but all tend to identify deleterious variants as variants that occur in highly conserved genic
regions and/or that confer radical changes on an amino acid sequence. Despite clear expecta-
tions, debate rages in the human literature about whether the accumulation of deleterious
mutations can be, or is expected to be, detected [74].

The data remain limited in crops, but the available evidence suggests that the accumulation of
deleterious alleles has occurred inrice [75], maize [76], and sunflower [77]; this effect has been
called the ‘cost of domestication’ [78]. These observations have potential implications for
breeding. Because selection is forced to act on the net fitness across all variants in a genomic
region [69], deleterious mutations linked to regions of agronomic value will reduce the efficacy of
selection [79]. This suggests the need to balance the strength of selection applied in breeding
against the effective rate of recombination within a population, which is a factor largely
determined by the effective number of breeding individuals [69]. One pragmatic approach
may be to incorporate deleterious variants into models used to make predictions for genomic
selection [68].

Are perennial crops likely to be subject to the same cost of domestication through the
accumulation of deleterious mutations? Empirically we do not know the answer, but the
predictions are not entirely clear either. On the one hand, three features of perennial cultivation
argue against the accumulation of deleterious mutations: (i) less-stringent domestication
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bottlenecks; (i) the possibility that some perennial crops cross with wild relatives (thus potentially
purging deleterious mutations through recombination and assortment); and (iii) lower mutation
rates than annual plants [80], so that the effect of new mutations may not be as substantial as for
annual crops.

On the other hand, perennial crops are often outcrossing, and recessive deleterious variants are
more rarely exposed to selection under an outcrossing mating system, resulting in the potential
to harbor a greater number of deleterious variants [81]. Perennial crops are also often propa-
gated clonally, with only occasional cycles of sexual selection (Figure 2). Clonality is equivalent to
along-term population size of one, so selection against deleterious mutations will not be effective
and deleterious somatic mutations have the potential to accumulate (Figure 2). There is evidence
that varieties often contain somatic mutations, because somatic mutations have been described
in apple, peach, pear, plum [82], and olives [66]. Somatic mutations have also generated
phenotypic variability that has become the basis for new varieties of Citrus and grape, among
others [65,83,84]. An unknown but appreciable number of these mutations may be caused by
transposable elements (TEs) [84-86] (see Outstanding Questions).

Somatic mutations have contributed to the formation of new fruit crop varieties, but we know
little about the mechanism and rates of their generation or about the proportion that are
deleterious. Genomic approaches may help address these questions and hence promote an
understanding of the trade-offs between clonal and sexual reproduction for these species [22].

Concluding Remarks

We have emphasized features of domestication that may differ between annuals and perennials,
but also emphasized shortcomings in our knowledge of both systems. For a few annuals, there
is a reasonable amount of information available about domestication in terms of the number of
domestication events, the effects of genetic bottlenecks, and even the targets of positive
selection during domestication [87]. However, even in these highly studied crops there are
outstanding questions about introgression, local adaptation, genetic load and a myriad of other
questions that can be addressed with population-genetic approaches (see Outstanding
Questions).

By contrast, the study of perennial domestication is at best nascent from a population-genetic
perspective. Many questions about the domestication of perennials and the subsequent steps of
dispersion and cultivar improvement remain to be addressed. Part of the lag in the study of
perennials has been slower genomics progress, but that obstacle is being overcome rapidly.
With an increase in genomic data, the study of perennials is poised to take advantage of
approaches and methodologies previously applied primarily to annual plants. The outcomes will
bring new insights about the process of domestication, the extent to which domestication has
influenced genomic architecture, and the relative importance of clonal versus sexual propagation
both within a crop and between the crop and its wild relatives.
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QOutstanding Questions

There are numerous outstanding ques-
tions regarding genetic diversity in both
annual and perennial domesticates.

Epigenetics. Although it remains some-
what open to debate, epigenetic varia-
tion may contribute to phenotypic
variation without underlying genetic
changes [88]. Thus, epigenetic shifts
may play a role in domestication, but
the interaction between epigenetics
and domestication remains unstudied.
Epigenetic mechanisms may be partic-
ularly important in clonal propagation
because clones are propagated from
adult tissue and because the shift from
juvenile to adult tissue is mediated in
part by miRNAs and other epigenetic
mechanisms [89].

TEs. TEs may play a major role in
domestication, for at least three rea-
sons. First, TEs are likely to be a pri-
mary source of the somatic mutations
that generate clonal diversity in peren-
nials (e.g., [90]). Second, there may be
enhanced TE activity in domesticates
as a consequence of demographic
shifts and selection. Third, TEs regulate
gene expression, both via direct
genetic effects and through interac-
tions with epigenetic mechanisms
[91]. TEs are known to have generated
mutations that have been crucial in the
phenotypic evolution of perennial crops
[92-94]. Unfortunately, TEs are typi-
cally disregarded in studies of crop
genomic diversity, which in our view
is akin to ‘throwing out the baby with
the bath water’.

Genetic inversions. Recent papers
have found large chromosomal inver-
sions that contribute disproportionately
to ecological divergence among wild
populations of the ancestors of domes-
ticated crops (e.g., [65,95]). These
observations raise at least three sets
of questions. First, are inversions
important contributors to local adapta-
tion? Second, if so, do they contribute
disproportionately relative to the
remaining genome or are they simply
easier to detect because they consti-
tute a large block of extended linkage
disequilibrium?  Finally, if they are
important in the wild ancestors of
crops, do they also contribute to the
local adaptation of crops?

Genetic convergence. It has long been
hypothesized that domestication is
mediated by similar sets of genes in
different taxa. To that end, Wang et al.
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