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Summary7

The study of crop evolution has focused primarily on the process of initial domestication. Post-8

domestication adaptation during the expansion of crops from their centers of origin has received9

considerably less attention. Recent research has revealed that, in at least some instances, crops have10

received introgression from their wild relatives that has facilitated adaptation to novel conditions11

encountered during expansion. Such adaptive introgression could bear importantly on the basic12

study of domestication, a↵ecting estimates of several evolutionary processes of interest (e.g., the13

strength of the domestication bottleneck, the timing of domestication, the targets of selection14

during domestication). Identification of haplotypes introgressed from the wild may also aid the15

identification of alleles that are beneficial under particular environmental conditions. Here we16

review mounting evidence for substantial adaptive wild introgression in several crops and consider17

the implications of such gene flow to our understanding of crop histories.18

Key Words: adaptation, domestication, gene flow, introgression, wild relatives19

Introduction20

Plant domestication is often conceptualized as a geographically constrained process, with crops21

originating from a wild progenitor within defined centers followed by expansion to the modern-day22

range of cultivation (Harlan, 1992). However, archaeological and genetic evidence are beginning to23

reveal that, in many cases, domestication has been temporally protracted and geographically di↵use24

(Fuller et al., 2014; Meyer et al., 2016; Wang et al., 2017). An additional aspect of the emerging25

complexity of domestication is the occurrence of beneficial gene flow from locally adapted wild26

relatives to crops during their expansion following domestication. It is this adaptive introgression27

that is the subject of this review.28

Adaptive introgression has three components: hybridization between di↵erentiated taxa, back-29

crossing to one of the parents, and selection on recombinant genotypes with progressively diminished30

linkage drag (Barton, 2001). In domesticated species, adaptive introgression would consist of crop-31

wild hybrids backcrossing to a crop followed by increase in frequency of adaptive wild alleles in32

the crop and selection against undesirable wild background. To date, the literature on crop-wild33

gene flow has largely focused on the risk of transgene introgression from domesticated crops into34

wild relatives (for a review, Stewart et al. 2003) and on modern plant breeding e↵orts to introgress35

desirable traits from wild relatives (for a review, Dempewolf et al. 2017). The potential for adap-36
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tive introgression of wild alleles into domesticated crops over evolutionary timescales has received37

considerably less attention. Recently developed methods have been applied to high-density marker38

data to detect genome-wide patterns of introgression, granting novel insight into the prevalence of39

adaptive introgression in crop histories. Results from these studies suggest there is a need to expand40

our conception of domestication to encompass the broadening of the genetic base of crops that oc-41

curred through adaptive gene flow from newly encountered wild relatives during post-domestication42

expansion.43

In this review, we: 1) briefly describe recent methods for detecting introgression, 2) present44

case studies suggesting wild-to-crop introgression has conferred local adaptation, 3) consider how45

introgression bears upon fundamental questions of domestication, and 4) describe key questions46

regarding crop adaptation through gene flow from wild relatives.47

Introgression methods and their application48

The decreasing cost of genome-wide resequencing and availability of reduced-representation geno-49

typing (e.g., GBS and RAD-Seq), combined with new analytical methods (Table 1), has facilitated50

comprehensive study of introgression across a broad spectrum of species. The methods reviewed51

here do not include those estimating introgression/migration rate as a component of broader de-52

mographic history (e.g., Approximate Bayesian Computation (ABC; Beaumont et al. 2002), dif-53

fusion approximations for demographic inference (�a�i; Gutenkunst et al. 2009), isolation with54

migration models (Hey & Nielsen, 2004), and methods utilizing the sequentially Markovian coa-55

lescent (e.g., PSMC; Li & Durbin 2011). Rather, we focus on three categories of methods that56

explicitly identify introgressed genomic segments based on the extent of di↵erentiation, patterns of57

nucleotide/haplotype sharing, and phylogenetic relationships.58

First, introgressed segments are expected to show low di↵erentiation from their source popula-59

tion. The F

st

and d

XY

statistics and derivates of d
XY

including G

min

(Geneva et al., 2015) and60

RND

min

(Rosenzweig et al., 2016) gauge di↵erentiation. The former two statistics are insensitive61

to rare migrants in a population and therefore lack power to detect very recent introgression, while62

the latter two overcome this limitation. These statistics have been further developed by adding63

di↵erentiation between both non-admixed (A) and admixed populations (B) and a source popu-64

lation (C) (Racimo et al., 2016). For example, the U

A,B,C(w,x,y) statistic summarizes the number65

of sites where an allele at frequency y in the source population (C) has a frequency higher than x66
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in the admixed population (B) and lower than w in the non-admixed population (A). A similar67

statistic, Q95
A,B,C(w,y), sets a hard cuto↵ at the 95th percentile of allele frequency in the admixed68

population (B) (Racimo et al., 2016). Further modifications have allowed specification of more than69

one source population (see details in Racimo et al. 2016). Since di↵erentiation-based methods can70

be calculated site-by-site, high-density, genome-wide data are not necessarily required. However,71

accuracy of introgression estimates is improved with more comprehensive data. Phased data are72

also not a prerequisite for di↵erentiation-based methods.73

Second, ancestry deconvolution (also known as local-ancestry inference and chromosome paint-74

ing) assigns genomic regions to source populations based on patterns of allele or haplotype sharing75

(Schraiber & Akey, 2015). One form of ancestry deconvolution utilizes a hidden Markov model to76

evaluate ancestry across admixed genomes through comparison to reference, non-admixed individu-77

als (e.g., HAPMIX Price et al. 2009). Another clusters admixed populations with reference samples78

using a sliding-window approach (e.g., PCAdmix, Brisbin et al. 2012 and LAMP, Sankararaman79

et al. 2008). A third version uses a Bayesian model (Pritchard et al., 2000) in which deviations from80

Hardy-Weinberg equilibrium are minimized through creation of genetic groups (e.g., fineSTRUC-81

TURE, Lawson et al. 2012). Ancestry deconvolution methods are better suited to high-density82

marker data given the intent to assign ancestry genome-wide. Many such methods also require83

accurate phasing of haplotypes.84

Phylogenetic relationships are applied to introgression detection using the ABBA-BABA statis-85

tic (also known as the D-statistic) and related metrics (Durand et al., 2011). These statistics make86

inferences regarding introgression based on genomic patterns of derived variants that are shared87

between populations or species. While the D-statistic is best suited to detection of introgression88

at the genome level, elaborations of the D-statistic including f̂

d

(Martin et al., 2015) and DFOIL89

tests (Pease & Hahn, 2015) are capable of localizing introgression to specific chromosomal regions.90

The former is quite similar to the D-statistic but is based on allele frequencies, and the latter can91

identify donor and recipient lineages of introgression in a more complex, five-taxon phylogeny. Like92

di↵erentiation methods, phylogeny-based detection of introgression can be employed using low-93

density data. However, because these methods require knowledge of whether an allele is ancestral94

or derived, data from a su�ciently diverged outgroup must be available.95

Collectively, introgression detection methods have been applied to several systems, frequently96

identifying instances of adaptive introgression (see applications in Table 1). For example, based97

on sequence divergence methods, introgression has been detected in Mimulus (i.e., monkeyflower)98
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species and appears to play a role in adaptation to pollinator preference and speciation (Stankowski99

& Streisfeld, 2015). Likewise, the HAPMIX ancestry deconvolution method was applied by Jeong100

et al. (2014) to detect introgression from the Nepalese Sherpa to Tibetans at loci controlling high101

altitude adaptation. Finally, the ABBA-BABA statistic has revealed introgression at wing col-102

oration loci conferring Müllerian mimicry across butterfly species (Consortium et al., 2012). Below103

we describe the nascent application of these methods to crop systems as well as implications for104

the study of domestication and adaptation.105

5

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27031v1 | CC BY 4.0 Open Access | rec: 11 Jul 2018, publ: 11 Jul 2018



Table 1: List of recently developed methods for detecting introgression and examples of their use

in empirical studies.

Methods Data Type References Applications

Divergence

Gmin biallelic SNP Geneva et al. (2015) Kingan et al. (2015)

RNDmin phased haplotype Rosenzweig et al. (2016) Roda et al. (2017)

U

A,B,C(w,x,y) and

Q95
A,B,C(w,y)

biallelic SNP Racimo et al. (2015) Sams et al. (2016)

Ancestry

Deconvolution

Hapmix
phased haplotype;

reference panel
Price et al. (2009) Hu↵ord et al. (2013)

RASPberry phased haplotype Wegmann et al. (2011) Christe et al. (2016)

MultiMix

phased/unphased

genotype; reference

panel

Churchhouse & Marchini

(2013)

Eyheramendy et al.

(2015)

PCAdmix phased haplotype Brisbin et al. (2012)
Moreno-Estrada et al.

(2014)

LAMP
phased haplotypes;

reference panel

Sankararaman et al.

(2008)
Patterson et al. (2012)

Phylogenetic

Relationship

ABBA-BABA/D-

statistics
biallelic SNP Durand et al. (2011) Consortium et al. (2012)

fd statistic biallelic SNP Martin et al. (2015) Zhang et al. (2016)

five taxon D

statistics
biallelic SNP Pease & Hahn (2015) Fontaine et al. (2015)
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Figure 1: Map of the natural ranges of wild relatives of four domesticated crops overlayed on average

annual temperature. Approximate domestication center for each crop is denoted by a triangle

Crop adaptation through introgression106

As range-wide genetic analyses of crops and their wild relatives have become feasible, evidence107

for substantial crop-wild introgression has been discovered in many important crops (Table 2).108

Below we present a summary of findings from maize, barley, rice, and potato, four systems in109

which crop-wild gene flow appears to have played an adaptive role. All four of these crops were110

domesticated in defined centers and have subsequently expanded to global distributions, a migration111
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that brought them into contact with new populations of wild relatives that are distributed across112

broad environmental gradients (Figure 1). For each case study we describe both what is known113

about a crop’s domestication history and the prevalence of adaptive introgression during expansion.114

1. Maize:115

The relationship between maize (Zea mays ssp. mays) and the teosinte Zea mays ssp. mex-116

icana (hereafter, mexicana) o↵ers a prime example of adaptive wild-to-crop introgression.117

Maize was domesticated from Zea mays ssp. parviglumis (hereafter, parviglumis) approx-118

imately 9,000 BP in the lowlands of the Balsas River Valley in Mexico (Matsuoka et al.,119

2002). From this domestication center, maize spread into the highlands of the Mexican Cen-120

tral Plateau, where it came into sympatry with mexicana. Introgression from mexicana to121

maize has been reported based on both morphological (Wilkes, 1977) and molecular (Doe-122

bley et al., 1987; van Heerwaarden et al., 2011) data. However, Hu↵ord et al. (2013) first123

localized mexicana introgression to chromosomal regions and provided evidence that it was124

likely adaptive. The authors identified nine genomic regions in several maize populations125

which consistently showed evidence of mexicana introgression based on ancestry deconvolu-126

tion methods including HAPMIX (Figure 2). These introgressed segments overlapped with127

QTL that had previously been shown to control anthocyanin content and leaf macrohairs128

(Lauter et al., 2004), traits known to be adaptive at high elevation. In a growth chamber129

experiment, the authors demonstrated that maize populations with mexicana introgression130

had increased height (a proxy for fitness) under highland environmental conditions. Height131

di↵erences were not detected under lowland conditions, providing further evidence of local132

adaptation.133

Populations of mexicana cannot be found outside the highlands of Mexico, yet maize has134

colonized and adapted to high elevation in a number of other regions. Wang et al. (2017)135

employed the ABBA-BABA and f̂

d

statistics to evaluate if maize with mexicana introgression136

was transferred to other highland regions or whether highland adaptation was obtained de137

novo outside of Mexico. Overall, analyses revealed that mexicana introgression was pervasive138

in maize from Mesoamerican high-elevation regions (the highlands of Mexico, Guatemala,139

and the southwestern United States), but that more distant high-elevation regions (e.g., the140

Andes) showed no mexicana ancestry. These findings are consistent with previous work141

suggesting high elevation adaptation in Andean maize likely occurred de novo (Takuno et al.,142
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Figure 2: Evidence of adaptive introgression from mexicana to Mexican highland maize on chro-

mosome 4. (a) Stacked bar plots of a HAPMIX introgression scan. For each population and

chromosomal position, red indicates maize ancestry and blue indicates mexicana ancestry. Data

obtained from Hu↵ord et al. (2013). ELP: EL Porvenir; IXT: Ixtlan ; NAB: Nabogame; OPO:

Opopeo; PUR: Puruandiro; SAC: Santa Clara; SAP: San Pedro; TEN: Tenango del Aire; XOC:

Xochimilco. The dashed vertical lines indicate a previously identified QTL for macrohairs and pig-

ment density in Lauter et al. (2004). (b) Phenotypic di↵erences between maize stems with (blue)

and without (red) mexicana introgression in QTL a↵ecting presence of pigment and macrohairs.

.

2. Barley:144

Barley (Hordeum vulgare ssp. vulgare) was likely domesticated multiple times from wild145

ssp. spontaneum roughly 8,000 to 10,000 BP. There is clear evidence of one domestication146

center in the Fertile Crescent (Badr et al., 2000; Morrell & Clegg, 2007), and others have147

supported additional eastern domestication events, potentially from ssp. spontaneum east of148

the Zagros Mountains (Morrell & Clegg, 2007) or from ssp. spontaneum var. agriocrithon149

in modern-day Tibet (Dai et al., 2012). However, recent research casts doubt on Tibetan150

domestication and suggests that var. agriocrithon is not a wild relative, but rather a hybrid151

of domesticated landraces (Pourkheirandish et al., 2018). Presently, the distribution of wild152

barley stretches from the eastern Mediterranean to west-central Asia, spanning clines in153

temperature, precipitation, soil type, and altitude (Morrell & Clegg, 2007). Cultivated barley154

is found throughout wild barley’s distribution and crop-wild hybrids are fertile and common155
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when these taxa co-occur.156

Poets et al. (2015) recently investigated the range-wide contribution of wild barley to lan-157

draces, assessing both genome-wide and geographical patterns of introgression. This study158

identified several lines of evidence consistent with wild introgression aiding the expansion and159

adaptation of domesticated barley. The authors utilized ancestry deconvolution methods to160

identify genomic regions of shared ancestry, which linked particular landraces to numerous161

wild relative populations. These results suggest landraces may have received wild introgres-162

sion on a continual basis during post-domestication expansion. However, barley landraces also163

showed an excess of ancestry from nearby wild relatives, indicating a prevalence of local and164

potentially adaptive gene flow. Limited admixture linkage disequilibrium and small tracts165

of identity by state suggest substantial recombination has occurred since initial crop-wild166

hybridization and that even locally introgressed chromosomal regions are ancient, perhaps167

dating to the early expansion of barley post-domestication. While these patterns suggest the168

possibility of adaptive introgression, wild barley haplotypes have yet to be definitively linked169

to specific adaptations in landraces.170

3. Asian Rice:171

The details of Asian rice (Oryza sativa) domestication are still debated. Certain genetic and172

archaeobotanical evidence point toward independent domestications of the two prominent va-173

rietal groups japonica and indica from the wild species Oryza rufipogon (rufipogon, hereafter)174

in China and the Indian Ganges plain, respectively (Fuller et al., 2010), with a potential175

third domestication event giving rise to the varietal group aus in Bangladesh or central India176

(Civáň et al., 2015). Other studies support a single domestication in China, with later diver-177

gence of japonica and indica (Huang et al., 2012; Molina et al., 2011) during crop expansion.178

For example, Huang et al. (2012) measured genetic distance between a range-wide sample179

of wild and domesticated rice, finding that japonica was likely domesticated near the Pearl180

River in Guangxi province, China, and that indica potentially resulted from hybridization181

between japonica and local rufipogon populations in southern and south-eastern Asia. In a182

re-examination of these same data, Civáň and colleagues (2015) found evidence supporting183

independent domestications of japonica, indica, and aus, as well as a hybrid origin (japonica x184

aus) of aromatic rice. A recent third analysis by Choi & Purugganan (2018) compared these185

two disparate results and concluded that domestication alleles (including LABA1, PROG1,186
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and sh1 ) arose during a single domestication event of japonica, and were introgressed into187

several wild rufipogon subpopulations (crop-to-wild gene flow), which thereby became the188

progenitors of other Asian rice varietals.189

The findings of Choi & Purugganan (2018) bear similarities to a hypothesis posited by190

Vaughan and colleagues (2008) that stresses the potential adaptive significance of crop-wild191

gene flow in rice. According to this hypothesis, domestication alleles arose in a single culti-192

vated rice population and subsequently introgressed into diverse cultivated populations (some193

japonica-like, some indica-like). As these domesticated populations spread further into new194

environments, they potentially received introgression from locally adapted wild relatives, re-195

taining alleles that improved fitness. While the precise history of domesticated rice remains196

in question, multiple lines of evidence indicate diverse wild populations have contributed to197

domesticated germplasm and suggest adaptive introgression may have played a role during198

the expansion of this important crop.199

4. Potato:200

Modern potato (Solanum tuberosum) was likely domesticated approximately 6,000-10,000 BP201

in southern Peru in sympatry with several wild relatives. The exact progenitor has remained202

in question for some time (Hawkes, 1988; Pickersgill & Heiser Jr, 1977; Spooner et al., 2005),203

but a distance-based phylogeny constructed using genotypic data from a Solanum diversity204

panel recently identified S. candolleanum as the most probable progenitor (Hardigan et al.,205

2015). The lack of clarity regarding a progenitor has been due, in part, to extensive post-206

domestication hybridization between potato and a number of related species.207

While potatoes are primarily propagated clonally, farmers do at times promote sexual repro-208

duction for improvement of the crop and development of new cultivars (Quiros et al., 1992).209

Close proximity of domesticated potatoes and wild relatives, active hybridization, and local210

selection pressure favoring wild haplotypes across a diverse range of biotic and environmental211

conditions have likely fostered an expansion of genetic diversity within potatoes subsequent to212

domestication (Brush et al., 1995). The prevalence of wild introgression was recently clarified213

in a broad survey of potato diversity by Hardigan and colleagues (2017). These authors dis-214

covered that tetraploid domesticates in particular had received extensive introgression from215

wild Solanum, documenting a continued broadening of the genetic base of potato as it spread216

away from its Peruvian origin. In certain cultivars, wild ancestry was estimated at upwards of217
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30%. Genes located within these introgressed regions were more likely to be highly expressed218

and stress-inducible, and contained loci related to disease resistance, drought tolerance, and219

heat tolerance, suggesting introgression conferred adaptations critical to survival, possibly fa-220

cilitating tolerance for new environmental pressures during range expansion (Hardigan et al.,221

2017).222

The four crop systems described in detail here represent particularly compelling examples of223

wild and potentially adaptive introgression. However, given their similar histories, many additional224

crops have likely benefited from wild-to-crop gene flow during post-domestication expansion (Table225

1). Across these four cases studies, some generalities can be observed. Data thus far indicate that226

wild introgression is often regional in its extent, but that, in certain cases (e.g., mexicana haplo-227

types detected in maize landraces from the Guatemalan or southwestern U.S. highlands), newly228

introgressed wild haplotypes can be disseminated more broadly. Additionally, when functional in-229

formation is evaluated, as in the maize and potato studies, introgression has been found to occur230

at loci conferring adaptation to novel conditions not found in a crop’s center of origin. The wild231

gene flow identified in these case studies raises a number of questions regarding both domestication232

and adaptation of crops.233

234
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Re-evaluating domestication235

A framework in which crops are domesticated from a single wild population or even a single species236

is an oversimplification when introgression has been extensive throughout a crop’s history. The237

addition of ongoing gene flow to our understanding of crop demography could therefore bear on238

fundamental questions of crop domestication:239

Where and from what taxa did a crop originate?240

Depending on the extent of post-domestication gene flow with new wild relatives, identification241

of a crop’s origin may be complicated or confounded entirely. Introgression between a crop and242

newly encountered taxa decreases divergence of the crop from these donors. This signal could243

be mistaken for origin rather than gene flow. For example, when determining a single origin of244

maize from parviglumis, Matsuoka and colleagues (2002) identified a paradox: while parviglumis is245

found exclusively in the lowlands of southwest Mexico, maize with allele frequencies most similar246

to parviglumis was found in the highlands of the Mexican Central Plateau. Several years later, van247

Heerwaarden et al. (2011) resolved the paradox by determining that widespread introgression in248

the highlands from mexicana, which is closely related to parviglumis, has caused maize from this249

region to appear ancestral. Similarly, as described above, extensive post-domestication adaptive250

introgression from potato wild relatives long obscured this crop’s origin.251

Beyond confounding detection of progenitor taxa, extensive introgression may necessitate a252

more nuanced view of crop origins. In cases like maize and potato it is important to recognize253

the substantial contributions of introgressing taxa to modern crops. While these crops may have254

originated from a single species or subspecies, the crops as we know them today have a broader255

genetic base.256

When was a crop domesticated?257

Estimates of the timing of initial domestication are often based on levels of sequence divergence258

between a crop and populations of its presumed progenitor (e.g., (Matsuoka et al., 2002; Molina259

et al., 2011)). In highly introgressed domesticates, these estimates will be based on comparison260

of both crop and introgressant haplotypes to those of the presumed progenitor. In such cases,261

divergence time is a mixture of time since domestication and time since split of the progenitor and262

the introgressing taxa. This phenomenon, in combination with divergence of modern crop samples263
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from true ancestral crop populations, ongoing evolution of crop progenitors, and genetic structure264

among wild relative populations, may help explain discrepancies between domestication dates based265

on genetic and archaeological data. More accurate estimates of the timing of domestication may be266

obtained from genetic data by excluding loci that show signatures of introgression or by explicitly267

including estimates of introgression when modeling a crop’s demographic history.268

How has genome-wide diversity been shaped by domestication?269

Measurement of the strength of the initial domestication bottleneck may also be impacted by adap-270

tive introgression during the spread of crops. Crop wild relatives have distinct demographies when271

compared to domesticates and may therefore have contrasting e↵ective population sizes (N
e

). The272

influence of wild relative introgression on estimates of the domestication bottleneck will depend on273

a number of factors including the magnitude of gene flow, the N
e

of the introgressing taxon, and the274

strength of selection on haplotypes following introgression. For example, substantial introgression275

from a wild taxon with a historically higher N
e

will lead to underestimates of the overall strength276

of the initial domestication bottleneck.277

What candidate genes were targeted by selection during domestication?278

Loci targeted by selection during domestication can be identified through so-called “bottom-up”279

approaches based on population genetic signatures (Ross-Ibarra et al., 2007). Ideally, candidate loci280

will be identified by first constructing a demographic model representing the history of the domesti-281

cate. In this approach, polymorphism data from neutral loci are fit to potential models of a crop’s282

demography and then statistical tests of selection are used to identify candidate domestication283

genes under the most likely model. Due to the uncertainty associated with any given demography,284

many studies identify domestication loci using a strict outlier approach in which loci showing, for285

example, the greatest reduction in nucleotide diversity or the highest allele frequency di↵erentia-286

tion in the domesticate relative to the wild progenitor are identified as candidates. Introgression287

during crop expansion may influence candidate gene detection using both demographic-modeling288

and strict-outlier approaches. For example, mexicana introgression into maize described above ac-289

counts for approximately 20% of the genome of maize in the highlands of Mexico (van Heerwaarden290

et al., 2011). Takuno and co-authors (2015) have shown that a demographic model incorporating291

this introgression is a significantly better fit to empirical data than a model lacking introgression.292

Failure to account for introgression in maize would therefore compromise domestication candidate293
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detection, particularly if a study contained maize samples from the Mexican highlands where mex-294

icana introgression is most prevalent. Likewise, introgression that increased nucleotide diversity in295

the domesticate or decreased di↵erentiation at domestication loci would confound a strict outlier296

approach. However, previous work, also in maize, has shown that known domestication loci are297

particularly resistant to wild introgression (Hu↵ord et al., 2013), likely due to ongoing selection298

favoring the domesticated phenotype.299

In summary, since post-domestication gene flow with wild relatives appears frequent during crop300

histories, investigations seeking to unravel fundamental questions of initial domestication must take301

this into account in order to accurately estimate parameters of interest.302

Investigating crop adaptation through introgression:303

While research in a subset of crops suggests adaptive wild introgression likely occurred, the scope304

and dynamics of this process remain poorly described or unexplored in many systems. In de-305

termining the extent and nature of adaptation due to introgression, several questions should be306

considered:307

Do geographic patterns of introgression inform our understanding of adaptation?308

Conservation of the genomic architecture of introgression across individuals, between populations,309

and across landscapes can help illuminate whether introgression is, in fact, adaptive. For exam-310

ple, if an introgressed chromosomal region is conserved across a broad ecogeographic region, this311

suggests it may impart adaptation to more widespread environmental or climatic variables (e.g.,312

cool temperatures at high elevation). On the other hand, if genetic architectures of introgression313

are conserved across individuals within a population but not across populations in the region, this314

suggests more local selective pressures (e.g., locally prevalent biotic pressures). Highly variable315

introgression across individuals would be more consistent with random gene flow than adaptation.316

Over what timescales and in what genomic regions can we reliably detect adap-317

tive introgression?318

Introgressed haplotypes are most easily detected with limited recombination post-hybridization.319

Therefore, recent introgressions (limited meioses) or those occurring in low recombination regions320

16

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27031v1 | CC BY 4.0 Open Access | rec: 11 Jul 2018, publ: 11 Jul 2018



such as centromeres or inversions are preferentially detected. While this can be problematic for the321

detection of ancient introgression, the fact that recombination degrades tracts of introgression at a322

relatively constant and predictable rate allows use of the genome-wide distribution of introgression323

tract lengths to date initial hybridization (as in Poets et al. 2015). Detection of introgression will324

also be a↵ected by mutation rate, e↵ective population size, the strength of selection on introgressed325

alleles, and the extent of divergence between donor taxa and a crop’s wild progenitor (e.g., highly326

divergent introgressed haplotypes will be easier to identify).327

From which wild taxa will introgression occur?328

As species become substantially diverged gene flow is limited due to Dobzhansky-Muller incom-329

patibilities and other pre- and post-zygotic barriers. Divergence time may therefore be a useful330

predictor of the possibility of gene flow between taxa. Hybridization may also be limited between a331

crop and a particular wild relative due to genetic load. For instance, gene flow from a wild relative332

with a small long-term e↵ective population size, and correspondingly high genetic load may not333

be favored by selection. This e↵ect has been observed in the case of Neanderthal introgression334

into humans, which was likely limited and relegated primarily to non-genic regions due to the high335

genetic load found within Neanderthal donor individuals (Harris & Nielsen, 2016).336

Can adaptive introgression inform crop improvement?337

Additional study of introgression in agroecosystems could lead to advances in crop improvement.338

As described above, loci underlying the domesticated phenotype can be more clearly identified339

by removing the confounding population genetic signals of introgression. Furthermore, adaptive340

introgression that is demonstrably tied to a specific environment represents a promising source341

of beneficial alleles that can be directly utilized in breeding to adapt crops to similar conditions.342

Finally, as the historic role of wild relatives in the adaptation of crops is clarified, their conservation343

may be more prioritized, particularly as a resource for breeding in the face of future climate volatility344

and change.345

Conclusions346

Recent innovations in both high-density marker data and methods for characterizing genome-wide347

patterns of introgression have helped reveal the extent and timing of gene flow in a number of348
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species. Application of these data and techniques has led to mounting evidence of crop-wild gene349

flow following initial domestication in several species. Substantial post-domestication gene flow with350

wild relatives can a↵ect inferences regarding domestication and may be an important mechanism351

through which crops adapted to novel conditions during global expansion. An accurate under-352

standing of the extent of gene flow is therefore important to both the basic study of crop evolution353

and to the identification of adaptive alleles for continued crop improvement. While some studies354

in crop systems have identified wild introgression, even fewer have e↵ectively linked introgressed355

alleles to adaptation. More comprehensive functional analyses and field evaluation will be critical356

for understanding the evolutionary and adaptive significance of introgression in crops.357
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