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Abstract

Plant conservation hinges on preserving biodiversity, which iscrucial for long-term
adaptation. Multiple studies have reported genetic evidence of crop-to-wild introgression in
phenotypically wild accessions of wild barley (Hordeum vulgare ssp. spontaneum). We
examined 318 Wild Barley Diversity Collection (WBDC) accessions for evidence of
introgression from cultivated barley. Using SNP genotype and exome capture data, we
performed local ancestry inference between the 318 WBDC accessions and cultivated barley to
identify genomic regions with evidence of introgression. Using the genomic intervals for well-
characterized genesinvolved in domestication and improvement, we examined the evidence for
introgression at genomic regions potentially important for maintaining a wild phenotype. Our
analysis revealed that nearly 16% (48 of 318) of WBDC accessions showed evidence of
introgression from cultivated barley, and up to 16.6% of the genome has been introgressed. All
accessions identified as introgressed based on domestication-related phenotypes show clear
genetic evidence of introgression. The size of runs of identity by state and local ancestry
inference suggests that most introgression did not occur recently. This study suggests along
history of genetic exchange between wild and cultivated barley, highlighting the potential for
introgression to influence the genetic makeup and future adaptation of wild populations, with
implications for plant conservation strategies.
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Introduction

Ex situ conservation is essential for preserving diversity in many animal and plant species
in the long-term. Plant conservation efforts have focused on maintaining collections of important
crops and their wild relatives. These resources are essential to meet the changing demands of
crop productivity, sustainability, and resilience of agriculture to added challenges such as climate
change (Schoen & Brown 2001; Bohra et al. 2022; Dempewolf et al. 2023; Flint-Garcia et al.
2023; McCouch & Rieseberg 2023). Preservation of natural habitats for the in situ conservation
of crop wild relatives offers many advantages, but individual natural populations can be readily
lost to land development, disturbance, or changing climate. Ex situ conservation offers the
further advantage of permitting phenotypic characterization in a common garden environment
and the accumulation of organized information collected about accessions (e.g., diversity levels,
traits, characteristics, etc.). Thisinformation is particularly valuable for researchers and plant
breeders to make informed decisions when selecting material for use (Dempewolf et al. 2023).
Introgression between crops and their wild relatives is common (Rieseberg & Wendel 1993;
Ellstrand 2003; Ellstrand et al. 2013) and sometimes adaptive (Morrell et al. 2005; Hufford et al.
2013).

Wild barley (Hordeum vulgare ssp. spontaneum) and cultivated barley (Hordeum vulgare
ssp. vulgare) are most readily distinguished by the lack of shattering of rachisin the cultivated
form; they are cytogenetically indistinguishable, cross readily and commonly hybridize in natural
settings (Harlan & Zohary 1966). Previous studies have reported that some wild barley
accessions maintained in gene bank facilities show evidence of introgression from domesticated
barley (HUbner et al. 2012; Fang et al. 2014; Jakob et al. 2014). These studies provide evidence
of introgression for individual accessions, but the proportion of the genome introgressed, recency
of introgression, and sources of introgression have not been characterized. The geographic
ranges of wild and cultivated barley overlap throughout the extensive range of wild barley in the
Near East, permitting many opportunities for crop-wild germplasm introgression (Harlan &
Zohary 1966). Archeological evidence also demonstrates along history of human utilization of
wild barley as afood source, with evidence of large-scale wild gathering of the grain dating to
23,000 years before present (YBP) (Kislev et al. 1992; Weiss et al. 2006). Domestication of
barley occurred roughly 10,500 Y BP (Willcox 2005) over a broad geographic region (Morrell &
Clegg 2007) and incorporating multiple wild populations as sources (Poets et al. 2015),
suggesting an extensive opportunity for both introgression and for populations of wild barley to
be altered by the domestication process.

Wild and domesticated barley can be distinguished phenotypically by arelatively small
number of canonical domestication and improvement-related traits. These traits are more
prevalent in wild barley but are not always exclusive to wild material. Wild barley has brittle
spikes at maturity (seed shattering), two rows of fertile florets in the inflorescence, rough barbs
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on relatively long awns, germination inhibition, and seed dormancy, and generally has more
tillers than cultivated barley (Zohary 1969; Pourkheirandish et al. 2015). Cultivated barley does
not have seed shattering, can be either two-rowed or six-rowed (an improvement trait), has
broader leaves and a larger stem diameter, shows no germination inhibition, and can have
smoother awns with smaller barbs (Harlan et al. 1973; Blumler et al. 19914).

The initial evidence of crop-to-wild introgression often comes from observed phenotypic
changes. For example, non-shattering is a characteristic of domesticated barley, but when non-
shattering is observed in wild individuals, it suggests introgression has occurred. Accessions
selected for Genbank preserved ex situ collections typically represent their population of origin
in the form of a single accession but carry only a portion of the diversity of the source population
and are not suitable for population-level analysis (Schoen & Brown 2001). Most approaches to
detect introgression have focused on species and population-level events occurring over many
generations (Hibbins & Hahn 2022) and are potentially not applicable here. Thus, our analysis
focuses on identifying introgression at the individual accession level.

There are multiple approaches for using molecular markers to detect recent introgression
at theindividual sample level. Thefirst approach isfocused on variants that have large allele
frequency differences between a source and recipient population or are private to a source
population. For example, Morrell et al. (2005) used “ cultivar-specific’ markers in sorghum to
identify weedy johnsongrass individuals showing evidence of introgression. Genetic distance
measures relative to labeled populations can also identify a history of hybridization (Pritchard et
al. 2000). Genetic assignment approaches can also identify admixed individuals subject to
introgression using more subtle allele frequency differences among populations. When used with
learning samples of individuals with pre-identified labels, genetic assignment approaches are
particularly powerful for identifying samples with ancestry derived from one or more
populations (Pritchard et al. 2000). A potentially more powerful approach to identifying shared
ancestry uses genomic segments shared among populations (Ralph & Coop 2013). This approach
has previously been applied to barley breeding populations to identify genomic regions
introgressed during crossing designed to improve disease resistance (Fang et al. 2013) and to
identify the relationships among breeding programs (Poets et al. 2016). Statistical frameworksto
identify genomic segments shared among individuals have continued to improve (Aguillon et al.
2022; Browning et al. 2023).

Gene bank repositories are intended to preserve plant genetic material and facilitate easy
access to these resources for research and plant breeding. The presence of cultivated-to-wild
introgression may impact the most appropriate use of individual accessions. Therefore, we
applied several evolutionary genetic approaches to the 318 wild barley (Hordeum vulgare ssp.
spontaneum) accessions and 2,446 domesticated (Hordeum vulgare ssp. vulgare) accessions with
SNP array and GBS datasets to address the following questions. 1) What proportion of the
genome is introgressed from cultivated to wild barley? 2) Where in the genome does
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introgression occur, and how large are the introgressed regions? 3) Is the size of introgressed
segments suggestive of recent introgression? 4) How often are genes contributing to
domestication-related traits introgressed into putatively wild plants? and 5) How is introgression
likely to impact inferences based on wild barley genotypic data?

Materials and Methods

Plant material

We analyzed 318 wild barley (Hordeum vulgare ssp. spontaneum) accessions and 2,446
domesticated (Hordeum vulgare ssp. vulgare) accessions that include both landrace and
cultivated barley as defined by passport data from the United States Department of Agriculture,
National Small Grain Collection (NSGC) (Mufioz-Amatriain et al. 2014). All of the wild
accessions are from the wild barley diversity collection (WBDC) (Steffenson et al. 2007), and
the domesticated accessions are composed of 803 landraces, and 1,643 cultivated accessions
(Poets et al. 2015) (Table S1). The wild accessions are primarily from collections at the
International Center for Agricultural Research in the Dry Areas (ICARDA), located in Syria,
while others are sourced from USDA or IPK gene banks. All accessions were self-fertilized for
three to five generationsto create inbred lines. Phenotypic data for flag leaf width/length,
penultimate leaf width/length, days to heading, plant height, awn length, spike length, kernel
number, and tiller number were collected from WBDC accessions grown in common garden
environments in the greenhouses in St. Paul, MN (see Supplemental File 1).

SNP array data

We used 318 WBDC accessions with 3,072 Barley OPA (BOPA) SNPs (Close et al.
2009) genotyped on the lllumina platform in Fang et al. (2014) (Table 1). Out of these 318
WBDC accessions, 25 WBDC accessions were also genotyped on the barley 9K SNP [llumina
iSelect platform (Comadran et al. 2012) in Nice et al. (2016). There are overlapping SNPsin the
BOPA and 9K SNPs. Once duplicates are removed, there are atotal of 7,812 SNPsthat are
polymorphic in both the BOPA and 9K SNP datasets. SNP genotypes for the WBDC were
filtered to include polymorphic sites only. SNP quality control procedures for the WBDC
accessions followed those in Fang et al. (2014) and include removing SNPs with > 15% missing
data and > 10% observed heterozygosity based on the rationale that too much missing data could
be from inaccurate genotypes and SNPs with high observed heterozygosity are likely errors.

We also utilized 2,446 NSGC Core accessions with 5,010 barley 9K SNPs genotyped in
Poets et al. (2015). NSGC Core genotyping was filtered to include only polymorphic SNPs.
SNPs with > 10% missing data and > 10% observed heterozygosity were removed, similar to
criteriain Poets et al. (2015). All BOPA and 9K SNP physical positions for the WBDC and
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NSGC Core accessions were updated relative to Morex_v3 of the reference genome (Mascher et
al. 2021) by usng BLAST comparisons of contextual sequences around each SNP following the
methods described in Le et al. (2019) (scripts for updating the physical positions are available in
Github at https://github.com/MorrellLAB/morex_reference). For the BOPA and 9K SNPs, we
used the consensus genetic maps for the WBDC and NSGC accessions from MufiozLJAmatriain
et al. (2011) and (Mufioz-Amatriain et al. 2014).

Phasing and imputing genotypes

Local ancestry inference analyses (used to test for introgression) required phased variants
and no missing genotypes. Thus, we inferred the phase of heterozygous sites and imputed
missing genotypes using Beagle v5.4 (Browning et al. 2018; Browning et al. 2021) for array
SNPs that had genetic map positions and physical positions relative to Morex_v3. Beagle uses
effective population size as a parameter to determine the hidden Markov Model (HMM) state
transition probabilities and recommends specifying appropriate effective population sizesin
inbred populations.

Here, wild and domesticated accessions were phased and imputed separately because
accessions in this study have been inbred, and there are differences in levels of diversity between
wild and domesticated accessions (Morrell et al. 2014) and, thus, effective population sizes (Ng).
We estimated N. of wild and landrace barley from 6 = 4Ngj1, where 1 is the mutation rate. Here,
we use a mutation rate of 5x 10 per site (Gaut & Clegg 1993), and 6y (Watterson 1975)
estimates of 6y = 5.6 x 10 in landraces (Morrell et al. 2014) and 6 = 8 x 10 in wild barley
(Morréll et al. 2006). For phasing and imputation, we used an estimated Ne = 280,000 for
domesticated accessions and N = 400,000 for wild accessions. The parameters for wild and
domesticated sets include burn-in = 3 and iterations = 12. All other parameters used Beagle's
defaults. Duplicate markers (where multiple markers had the same cM and physical positions)
and markers missing cM locations were excluded. Observed heterozygosity in the datasets was
compared before and after phasing and imputation to ensure the heterozygosity level was not
inflated due to the imputation process.

Genotyping-by-sequencing (GBS) data

We also used genotyping-by-sequencing (GBS) data reported by Sallam et al. (2017) that
includes 314 of the 318 WBDC accessions. GBS data of the WBDC accessions has higher SNP
density than the BOPA and 9K genotyping datasets, and because the GBS procedure involves no
discovery phase, it can decrease ascertainment bias. DNA extraction, library construction,
pooling, sequencing, read alignment, and SNP calling are reported in Sallam et al. (2017). GBS
variant positions were updated to the Morex_v3 reference genome (Mascher et al. 2021). SNPs
were filtered to retain only bi-alelic variants. SNPs were removed if GQ < 20, per sample DP <
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3 or DP> 70, allele balance deviation was greater than £10% from 0.5, > 10% heterozygous
calls, and > 20% missing genotype calls.

Inference of ancestral state

We inferred the ancestral state for each SNP in the genotyping datasets using whole-
genome resequencing data from Hordeum murinum ssp. glaucum (Kono et al. 2019). We used H.
murinum ssp. glaucum as the outgroup because phylogenetic analyses have placed this diploid
speciesin aclade close to H. vulgare (Jakaob et al. 2004). Raw sequence read processing steps
and methods followed those described in Kono et al. (2019). After standard sequence read
quality control steps and adapter trimming, read alignment was performed using Stampy v1.0.32
(Lunter & Goodson 2011) using prior divergence estimates of 3% with reads mapped against the
Morex v3 reference genome (Mascher et al. 2021). We generated cleaned BAM files using
Samtoolsv1.9 (Li et al. 2009) and Picard v2.20.2 (http://broadinstitute.github.io/picard), then
realigned around indels using GATK v3.8.1 (DePristo et al. 2011; Van der Auwera & O'Connor
2020). Therealigned BAM file was then converted to FASTA format usng Analysis of Next-
Generation Sequencing Data (ANGSD) v0.931 (Korneliussen et al. 2014). Inference of ancestral
state was performed using the respective downstream tools used for analyses. For the processing
steps above, the following steps were performed using “ sequence_handling” (Liu et al. 2022) for
quality control, adapter trimming, cleaning of BAM files, and realignment around indels. All
steps for processing and ancestral state inference are available on GitHub
(https://github.com/ChaochihL/Barley Outgroups).

Identifying introgressed individuals

Multiple WBDC accessions grown in the greenhouses at the University of Minnesota
showed evidence of introgression based on traits characteristic of domesticated barley (Fang et al.
2014; Poets et al. 2015; Nice et al. 2016). Thisincludes WBDC150, WBDC182, WBDC190, and
WBDC344, which showed evidence of introgression based on genotyping or the presence of
domestication-related traits, such as non-shattering or smooth awns. Multiple accessions from
west of the Caspian Sea were excluded from prior studies of wild barley and inference of the
origins of domesticated barley because of physical similarities to cultivated barley, such as seed
size and erect tillers (Fang et al. 2014; Poets et al. 2015). Thisincluded WBDC150, WBDC205,
WBDC217, WBDC227, WBDC228, WBDC229, WBDC231, and WBDC232. We identified
additional potentially introgressed accessions based on genetic distances observed in unrooted

neighbor-joining trees. We used the PHY LIP v3.695 program “dnadist” to generate distance
matrices and then “neighbor” for clustering (Felsenstein 2013). For “dnadist,” we used the F84

model, which incorporates different transition and transversion rates and an input
trangtion/transversion (TS/Tv) of 1.89 as estimated from the genotype data. Unrooted neighbor-
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joining (NJ) trees were then visualized with FigTreev1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/). All wild individuals were genotyped with markers
developed based on a discovery panel composed primarily of cultivated barley (Close et al. 2009;
Fang et al. 2013), which causes ascertainment bias (Clark et al. 2005). This causes greater
polymorphism in cultivated accessions that are more similar to the discovery pand (Moragues et
al. 2010). Thus, wild barley accessions with introgression from cultivated lines are polymorphic
for more markers, resulting in longer branch lengthsin the NJ tree (see Nice et al. (2016)). We
also calculated genetic distances using the WBDC GBS dataset. Because variantsin the GBS
genotyping are identified through de novo discovery, there is minimal ascertainment bias relative
to the BOPA/9K markers. These distance-based measurements were used to form an initial set of
wild accessions with evidence of introgression that could be used in downstream analysis.

To identify additional wild accessions with putative introgression, we used hap-ibd (Zhou
et al. 2020), which employs a seed-and-extend algorithm to detect segments of shared haplotypes.
We ran hap-ibd on the phased and imputed genotype data with the input parameters max-gap =
1000 and min-markers = 40. Then, we pulled only comparisons between one domesti cated
sample and one wild sample. The list of wild samples that had runs of identity-by-state with
domesticated samples was included in our initial query (Table S1).

Local ancestry inference

We identified the local ancestry of introgressed regionsin the full set of domesticated and
wild barley genotyping data using FLARE (fast local ancestry estimation) (Browning et al. 2023).
FLARE was designed for SNP-array and whole genome sequence data, achieves high accuracy
compared to existing tools, and scales well to large datasets. FLARE allows for an arbitrary
number of ancestries and unknown ancestry relationships among individuals in the reference
panel. Phased and imputed genotype data were used for the reference and query panels. Phasing
and genotype imputation were performed separately for the wild accessions and domesticated
accessions because they were genotyped on different platforms and to avoid artificially inflating
heterozygosity in the populations. The domesticated and wild genotype data were combined to
form the reference panel, where all SNPs with missing genotypes were removed. Only SNPs
with cM positions were included in analyses, and duplicate markers (i.e., the cM and physical
positions of SNPs with different IDs were identical) were excluded. For the reference pand, we
used the population labels based on passport data: wild, breeding, cultivar, genetic, landrace, and
uncertain. Likely introgressed individuals in our query population had the label
“wild_introgressed.” We ran FLARE with arandom seed under their SNP array data mode.
Output from FLARE was then visualized using chromPlot (Orostica & Verdugo 2016) and
ancestry proportions along with other summaries were calculated using a custom R script
(available at https://github.com/Morrell LAB/WildIntrogression). Individuals that showed <1%
introgressed SNPs were considered “wild” and recycled back into the reference panel wild
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population. The 1% threshold was chosen from the exploration of the introgressed regions.
Individuals with <1% of introgressed SNPs showed introgressed tract lengths that were, on
average, 0.4% of the shortest chromosome or 0.05% of the 4.2 Gbp barley genome. When the
longest introgressed segment in an individual makes up a small proportion of the genome, it is
much less likely from a recent introgression event. We repeated this process until we reached a
set of wild individuals that showed >1% of SNPs that had shared ancestry with domesticated
individuals.

Individuals with evidence of introgression were treated as a population to test for
introgression using the Patterson’s D statistical test (i.e., ABBA-BABA test) (Green et al. 2010b;
Durand et al. 2011). We used the genomics toolset from
https.//github.com/simonhmartin/genomics_general to run the ABBA-BABA test. We used wild
samplesfor P1, “wild_introgressed” samples for P2, and domesticated samples for P3, and a
Hordeum murinum sample (Kono et al. 2019) as the outgroup (Figure S2). We then tested for
gene flow between P3 and P2 (i.e., an excess of ABBA sitesrelative to BABA) at the genome-
wide and per chromosome scales.

Identifying known domestication-related genes

A literature search was performed to identify known barley genes that areinvolved in
domestication-related traits, such as the non-brittle rachis genes Btr1 and Btr2, which play roles
in seed dispersal (Pourkheirandish et al. 2015). Other domestication-related traits that differ
between wild and domesticated barley include awn and spikelet traits and seed dormancy. We
compiled information regarding the GenBank 1D, gene function, gene role, and the reporting
study (Table S2). Physical locations of the compiled genes were identified viaa BLAST
alignment against the barley Morex v3 reference genome (Mascher et al. 2021) using default
values. BLAST results were then filtered by > 95% identity, e-value < 0.0001, and bit score > 60,
and the top hit was selected based on the highest percent identity, lowest e-value, and highest bit
score. Final hits were processed and reformatted into a standard BED file format. When
GenBank IDs did not exist, physical locations of markers identified on the 50k Illumina Infinium
iSelect genotyping array (Bayer et al. 2017) were used. Only a few 50k markers were identified
in published papers and associated with barley genes. For the remaining genes, the trait
association between marker haplotypes and loci was used. A haplotype group of adjacent
markers can be identified if phenotypic data are available (Xu et al. 2023), this approach works
for smply inherited morphological traitsthat can be scored visually. Physical locations of the
50k SNPs relative to Morex_v3 of the reference genome (Mascher et al. 2021) were identified
with the same methods described above for the BOPA and 9K SNPs.
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Predicting geographic location

Wild barley collections, including the WBDC, have been used extensively to make
inferences regarding the geographic origins of domesticated barley, a cultigen derived from at
least two domestications (Morrell & Clegg 2007; Pourkheirandish et al. 2015; Civai & Brown
2017). Each accession is representative of the genetic composition of the population of origin.
Thus we use a deep-neural network-based approach (Battey et al. 2020) implemented in the
software locator to infer the geographic origin of introgressed samples based on genotyping data.

Inputs for this analysis are the genotyping data from the BOPA SNPs and the geographic
coordinates for samples. The geographic coordinates available for the WBDC are generally
limited to two decimal places, thus aresolution of ~1.1 km. Accessions with evidence of
introgression were treated as the query sample, and the balance of accessions were used for
training The analysisinvolved 178 iterations. Uncertainty of sample placement and a 95%
confidence interval for sample origin were determined based on 100 bootstrap replicates per

guery sample.

Data Availability

Genotyping data for the 318 WBDC accessions are available in the Data Repository for
the University of Minnesota (DRUM), http://doi.org/10.13020/D6B59N. The raw genotyping
datafor 2,446 landrace and cultivated accessions are available in FigShare,
https.//figshare.com/articles/dataset/Raw_Genotyping_Data Barley landraces are characterized

by geographically heterogeneous _genomic_origing/1468432. Additional files that are too
include as supplemental tables will be available through DRUM and are available for review at
https://drive.google.com/drive/folders/1-
79yKHmM_TkNgOJbYZO40QA7TSLIBSSOV 2usp=sharing. Scripts for data processing and
analysis are available in the GitHub repository:
https://github.com/M orrelILAB/WildIntrogression.

Results

Identification of introgression from domesticated barley into wild
relatives

Previous studies have shown evidence for crop-to-wild introgression in barley (Fang et al.
2014; Poets et al. 2015; Nice et al. 2016). Of the 318 WBDC accessions, 14 wild accessions
were initially thought to contain introgressions from domesticated accessions (defined here as
either landraces or cultivated accessions) (Table S1). These were accessions identified as
showing introgression in previous studies based on allele frequency differences, genetic distance
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observed in NJtrees, or phenotypic observations when the plants were grown in the greenhouse.
Using FLARE, weidentified 48 wild individuals with introgression from domesticated
accessions (Figure 1), hereafter wild-introgressed accessions. Eight of the 48 wild-introgressed
individualsidentified by FLARE were previously shown to beintrogressed (Table S1), as
indicated by wild samples with longer branches in NJ trees based on genetic distance measures
(Fang et al. 2014; Nice et al. 2016). In the GBS dataset of wild individuals, some of the longer
NJ tree branches corresponded with wild individuals identified in the genotype dataset, although
the difference was less pronounced (Figure S1).

Characterization of introgression

Local ancestry inference with FLARE (Browning et al. 2023) identified an initial set of
48 wild-introgressed lines, where a subset was also identified by the NJ tree (Figure 2). Here, we
defined wild-introgressed accessions as individuals with > 1% of SNPs identified as sharing
ancestry with a domesticated individual, and they will be used in the following analyses. The rest
of the samples wererelabeled as “wild.” In the 48 wild-introgressed accessions, there was an
average of 58.7 continuous segments (tracts) identified in each sample (Table S3), with atotal of
2,817 tracts of introgression (overlapped with 18,149 high-confidence genes). The average size
of introgressed tracts genome-wide was 1.7 Mbp + 8.1, and the average size per chromosome
ranged from 0.96-3.3 Mbp (Figure 3; Table $4). There were 11 tracts > 50 Mbp across nine
samples, six segments > 100 Mbp across six samples, and one tract > 200 Mbp in one sample.
The largest introgressed tract was 224.2 Mbp on chrlH in WBDC190 (Figure 4, the complete set
of chromosome plots will be availablein a DRUM repository). The introgressed tract > 100 Mbp
were identified in the accessions WBDCO016, WBDC092, WBDC182, WBDC190, WBDC275,
and WBDC344 (for acomplete list of accessions and the size of the introgression tracts, see
Table S5). Generally, long introgressed tracts are thought to have occurred recently because
there should be fewer opportunities for recombination to break up tracts of introgression (Martin
& Jiggins 2017). Occasionally, some longer tracts can occur by chance due to the stochastic
nature of inheritance (Ralph & Coop 2013). Still, tracts > 50 Mbp arerelatively rare (0.4% of all
tracts identified) and likely not due to historical shared ancestry.

For wild-introgressed accessions, we assessed evidence of gene flow from domesticated
accessions into wild accessions using Patterson’s D statistic, the ABBA-BABA test (Green et al.
2010a). Our ABBA-BABA test resulted in a genome-wide excess of ABBA sites over BABA (D
=0.083, Z =5.12) when P1 = wild, P2 = wild_introgressed, P3 = domesticated, and P4 =
outgroup (Figure S2). This suggests more shared derived alleles between domesticated samples
(P3) and wild-introgressed samples (P2), indicating gene flow between the populations. Based on
chromosome-level ABBA tests, al chromosomes except for chrSH and chr6H show evidence of
gene flow between wild-introgressed and domesticated samples (Table S6).
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Introgression and known domestication-related genes

To identify loci where introgression from cultivated barley could impact wild barley
populations, we used a literature search to identify 184 barley genes associated with a variety of
phenotypic changes (Table S2). We focus on domesti cation-related genes, based on the
definitions of Harlan et al. (1973). We do not include disease resistance related genes in our
primary comparisons because it is often not clear from published reports, including mutant
screens, if thereis naturally occurring variation that differentiates wild and cultivated
populations. This resulted in a subset of 125 genes included in downstream analyses, which will
be referred to as “domestication-related” genes from here on. Of the cloned domestication-
related genes identified, 20 genes (16% of domestication-related genes) overlapped introgressed
segments (Table S5). In wild-introgressed accessions, we identified 25 individuals where at least
one introgressed tract overlapped a domestication-related gene (Figure S3). WBDC344 had the
most introgressed tracts that overlap with domestication-related genes, some of which include
seed dormancy-related genes (HYNCED1, Qsd4) (Figure 4). WBDC344 was an individual
initially visually identified as wild-introgressed with the characteristics non-shattering, smooth
awn, Intermedium-C (modifier of VRSL, which regulates two-row versus six-row formation)
(Ramsay et al. 2011), and looked semi-dwarf. The overlap between introgressed segments and
domestication-related loci do not directly explain the observed phenotypes. This may be partly
due to the multigenic nature of many traits, only segments of the genome carry domestication
and improvement-related alleles, while the bulk of ancestry across the genome derives from wild
ancestry. Also, many of the currently cloned and well-studied genes are involved in crop
improvement rather than the early stages of domestication (see Table S2 for descriptions of gene
functions). The three other individuals (WBDC150, WBDC182, WBDC190) visually identified
as showing evidence of introgression were all identified as having introgressed segments based
on identity-by-state/identity-by-descent, local ancestry inference, and NJ tree approaches.

Wild introgressed barley phenotypes

To determineif there are phenotypes that can help distinguish between wild individuals
and wild-introgressed individuals, we looked at phenotype data collected on the WBDC
accessions (Supplemental File 1). Wider leaves are characteristic of domesticated barley (Figure
5). Flag leaf width in introgressed individuals appears slightly wider than in wild lines but is not
significantly different (P-value = 0.06485, Wilcoxon rank sum test). Awn lengths appear dlightly
longer in the wild compared to introgressed individuals, but again, these differences were not
significant (P-value = 0.5635, Wilcoxon rank sum test). For other measured traits, including flag
leaf length, penultimate leaf length, plant height, days to heading, kernel number, and tiller
number, there were no discernible differences between wild and introgressed individuals (Figure
).
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Impact of introgression on genetic composition

We used genotyping data and estimation of location of origin for introgressed samplesto
determine how genetic composition was altered by introgression. Accessions with the highest
proportion of introgression demonstrated relatively large geographic displacements. WBDC016
and WBDC344 have estimated cultivated introgression in 11.6% and 16.6% of the genome,
respectively (Table S3), and both demonstrate relatively large shifts in geographic placement
(Figure 6). WBDCO016, for example, is shifted from a sample location in the southern Zagros
Mountains to a 95% confidence interval of placement in the Southern Levant, closer to the wild
populations that are most smilar to Western cultivated barley (Poets et al. 2015). Alternatively,
samples with very low levels of introgression have an inferred 95% confidence interval of origin
centered on their collection location; see WBDC061 and WBDC231 in Figure 6. For some
samples, notably those from the Caspian Searegion, intermediate levels of introgression result in
very broad 95% confidence intervals of geographic placement based on genotypes (Figure S5).

Discussion

Introgression between cultivated plants and wild relatives is common (Ellstrand 2003)
and can impact the genetic composition of wild populations (Hufford et al. 2013; Wang et al.
2023), with implications for the conservation of natural populations (Wang et al. 2023).
Hybridization is particularly likely when cultigens and their wild relatives occur in sympatry, are
reproductively intercompatible, and have similar chromosomal composition. Thusit is not
surprising that hybrids between wild and cultivated barley are commonly observed in natural
populations (Harlan & Zohary 1966). Consistent with previous studies (Hubner et al. 2012; Fang
et al. 2014; Jakaob et al. 2014; Nice et al. 2016), we identified individuals showing evidence of
domesticated introgression into wild barley.

On average, 6% + 6.8% of SNPsin each wild introgressed individual were inferred to be
derived from domesticated samples, which make up on average 2.4% +3.3% of the 4.2 Gbp
genome (Mascher et al. 2021). The largest total amount of introgression appeared in WBDC344
(16.6% of the genome identified as introgressed) (Figure S2). Although many of the introgressed
wild samples identified showed relatively short tracts of introgression, individuals with more
obvious domestication-related traits typically have larger tracts of introgression. Thisis most
likely because individuals with larger tracts of introgression tend to have more introgressed
segments overall (Figure S6), and thus more opportunities for domestication-related genes to be
present.

All four WBDC individuals identified as potentially introgressed based on the presence
of cultivated barley phenotypes were confirmed to be subject to introgression from cultivated
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barley (see Figure 2). Among eight additional accessions from west of the Caspian Seathat
resemble cultivated barley in plant architecture, six show evidence of introgression, with only
WBDC205 (from southern Russia) and WBDC217 (from Armenia) not appearing to be
introgressed. Introgressed samples from this region show moderate levels of introgression
(Figure 2).

Local recombination rate impacts the size of regions introgressed in experimental wild to
cultivated barley populations, with large tracts introgressed in low recombination regions
(Dreissig et al. 2020). Larger tracts of introgression tend to occur near the centromere, whereas
shorter segments tend to occur towards the distal ends of the chromosomes. Thisislikely due to
the pericentromere showing reduced rates of recombination in barley (Ktinzel et al. 2000; Baker
et al. 2014; Le et al. 2019). Self-fertilization in wild barley after an initial hybridization event
limits the opportunity to break up larger introgressed segments, particularly in genomic regions
with alow crossover rate (Chakraborty & Smouse 1988; Martin & Jiggins 2017).

First-generation hybrids contain complete chromosomes from the cultivated donor.
Despite selfing rate of >98.2% in both cultivated (Abdel-Ghani et al. 2004) and wild barley
(Brown et al. 1978), effective recombination in early generations after hybridization will break
introgressed segments into smaller tracts of introgression. The median size of introgressed tracts
is31.4 Mbp, with a small number of tractsin the 125-225 Mbp size range, relative to barley
chromosomes that are >500 Mbp in length (Figure 4). Among the 48 introgressed individuals,
the median number of introgressed segmentsis 21.5 (Table S3). Because the WBDC is an ex-situ
collection, there is potential for hybridization to occur during seed replication in gene banks, and
there is evidence that introgression is more common in gene bank lines than in wild populations
(Jakob et al. 2014). It is possible that some of the introgression observed occurred during seed
replication. However, chromosome-scale tracing of introgressed tractsis also highly suggestive
of introgression in natural environments before seed collection for preservation at the gene bank
facilities. Also, georeferenced locality (passport) data places many of the wild barley source
populations near grain fields, orchards, or from locations with a high density of irrigated
agriculture. Given the proximity between wild and cultivated barley sinceinitial domestication, it
is plausible that much of the introgression observed involves retaining introgressed segments
from hybridization in natural populations.

Introgressed regions and domestication genes

We found 50% of the high-confidence genes annotated in the Morex v3 reference
genome overlapped introgressed regionsin at least one wild barley line. We identified a set of
125 genes related to domestication or improvement in barley. Of these, 38 were cloned genes
with areference sequence interval that could be defined based on nucleotide sequence positions.
Introgressed wild barley lines can carry many domestication-related alleles (Figure 4) while
showing minimal trait-based evidence of introgression. Thisis likely due to the multigenic nature
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of many traits, such that introgression from cultivated sources remains cryptic because only a
portion of genes that modify atrait are from domesticated sources.

The lack of diagnostic traits for introgression

We find phenotypic differences between wild-introgressed barley and wild barley, but no
singletrait or combination of traitsisdiagnostic of introgression (Figure 5; Figure S3). Wild
barley has extensive phenotypic diversity (Steffenson et al. 2007), with desert ecotypes (Volis et
al. 2002) for example, that are phenotypically distinct from plants from other regions. One trait
that could diagnose introgression is a non-shattering phenotype (characteristic of domesticates)
observed in awild individual (Harlan et al. 1973; Blumler et al. 1991b). However, the presence
of non-shattering is insufficient to identify most individuals with significant introgression.

Wild introgressed samples as a genetic resource

The wild-introgressed individuals remain valuable genetic resources because a large
proportion of the genome of each accession carries wild aleles. Lines with relatively small tracts
of introgression can be treated as near-isogenic lines, which isolate genomic segments from
cultivated barley in awild barley genetic background.

Introgression and evolutionary inference hybridization

Previous studies have emphasized the role of hybridization of wild and cultivated barley
during the maintenance of ex-situ collections (Jakob et al. 2014) and the potential for recent
introgression to impact studies of evolutionary history and genetic provenance of domesticates.
Given that wild and cultivated barley are grown in close proximity during seed production in
gene banks, hybridization is quite likely. However, our results identify many relatively small
genomic regions impacted by introgression (Figure 4), consistent with older introgression events
preserved in inbreeding lineages.

Though there is extensive migration across the range of wild barley, with haplotypes at
many genes shared species-wide, significant population structure is evident at alarge proportion
of loci (Morrdl et al. 2003; Morrell & Clegg 2007). The mgjority of haplotypes at any locus
occur in both wild and cultivated barley (Morrell et al. 2014; Schmid et al. 2018), but
introgression from cultivated lines has the potential to introduce haplotypes that differ from those
that predominate in the recent, coalescent history of local populations. For samples with the
largest degree of introgression, including WBDC016 and WBDC344, thiswill shift the genetic
composition sufficiently to dramatically change the genotype-based inference of location of
origin. WBDCO016 has an inferred location of origin ~800 km west of the collection site, while
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WBDC344 is shifted ~650 km to the southwest (Figure 6). Among samples with low levels of
introgression, the effect on geographic placement is modest (Figure 6; Figure S5).

The effects of including introgressed samples in comparative analyses will vary based on
the nature of the analysis. For many applications, such as inferring the geographic origins of
domestication-related traits by identifying extant wild accessions that carry haplotypes that are
the most similar to those associated with domestication or improvement allele (Komatsuda et al.
2007; Pourkheirandish et al. 2015), introgression will cause greater variance in the apparent
geographic distribution of haplotypes among wild populations. WBDC355 (also known as
OUHG602), has often been used as a comparator in studies cloning individual barley genes (Nair
et al. 2010). OUH602 also has published genome assembly(Sato et al. 2021). We found 0.198%
introgression from cultivated lines, but this did not result in the presence of domesticated barley
genomic segments at any of the loci examined here (Figure S7).

The introduction of haplotypes through introgression could also create admixture linkage
disequilibrium (Chakraborty & Smouse 1988; Briscoe et al. 1994) and extended haplotype
homozygosity (Voight et al. 2006). Extensive introgression, such that introduced haplotypes
predominate, could result in false positive signals of selection. Nucleotide sequence diversity and
population differentiation, as measured by Fsr, could also be altered by introgression, with the
introduction of new haplotypes increasing the variance in the distribution of coalescence times
and thus also inference based on the number of segregating sites or pairwise diversity in the
sample (Austerlitz et al. 1997). Introgression will also reduce the degree of allele frequency
differentiation among populations, potentially impacting studies seeking to identify adaptive
variants using environmental association. One study seeking to identify adaptive variants using
environmental association and Fsr outliers Fang et al. (2014) reported excluding 14 of the 318
WBDC accessions where introgression was most evident. Poets et al. (2015) reported culling the
WBDC to 284 accessions to avoid including individuals with introgression in a panel used to
infer the geographic contributions of wild barley populations to cultivated barley. Relatively
aggressive removal of introgressed samplesis likely warranted in studies focused on wild
populations expected to have along history of local adaptation. Also, for applications such as
identifying targets of selection, it would be preferable to exclude wild introgressed individuals.

There isalong history of using advanced backcross populations to incorporate segments
of the wild barley genome into cultivated lines (Pillen et al. 2003; Maurer et al. 2015; Nice et al.
2017). These studies typically report the introgression of wild barley into cultivated lines,
followed by backcrossing to cultivated lines that are more tractable as a study population and
have potentially desirable agronomic traits. Samples with some degree of introgression may not
be particularly disruptive in genetic mapping studies where mixing of wild and cultivated
ancestry isaprimary goal (Pillen et al. 2003; Maurer et al. 2015; Nice et al. 2017).

Identification of introgressed line can inform decisions on plant material preservation in
gene banks. This could include renewed efforts at collecting wild lines in regions from which
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most current accessions are introgressed. Our study found that introgression can go undetected or
is only detectable through genetic means, but understanding the levels of introgression present in
populations can help researchers make informed decisions related to genetic resource
preservation.
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Figure 1. An unrooted neighbor-joining tree of wild genotyped accessions based on the WBDC
BOPA dataset. Blue circles are wild-introgressed samples identified by FLARE (local ancestry
inference). Yellow indicates accessions with > 20 Mbp tracts of introgression, and red indicates
accessions with > 50 Mbp tracts of introgression. The tracts were identified by FLARE using
introgressed regions with the full set of domesticated and wild barley SNP genotyping data.
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Figure 2. The proportion of SNPs in wild accessions that were assigned domesticated ancestry.
Light blue and dark blue represent alternate genotypes assigned to either wild or cultivated
(categorized as domesticated) populations. Grey represents homozygous reference genotypes that
were not counted towards introgressed segments.
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on average. Domesticated barley typically have wider leaves and shorter awn lengths than wild
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Figure 6. Predicted geographic location of WBDC genomes using the locator tool. The figure
depicts the uncertainty in the geographic location predictions for each WBDC sample using 100
bootstrap replicates. Blue points correspond to sample locationsin the training set. Thered
circles indicate the true geographic location of each query sample. Black points are predicted
locations generated from bootstrap replicates, and black lines outline the 95% confidence
intervals based on bootstrap replicates.
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Supplemental Figures
Figure S1. Unrooted neighbor-joining tree of wild genotyped accessions based on genotyping-

by-sequencing.
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Figure S2. Photos depicting characteristic phenotypic differences between wild and
domesticated barley. The cartoon depicts an ABBA-BABA test for gene flow, treating wild
introgressed individuals as a population.
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Figure S3. The number of introgressed segmentsin wild individuals that overlap cloned barley
genes potentially involved in domestication.
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Figure $4. Digributions of the traits flag leaf length, penultimate leaf length (Flagl leaf length),
plant height, days to heading, kernel number, and tiller number in wild-introgressed versus wild
barley accessions. Wild introgressed accessions here are those with > 21 Mbp introgressed tract
lengths on average.
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Figure S5. Predicted geographic location of WBDC genomes using locator tool. Shows
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analysis approach. The predictions are derived from 100 bootstrap samples. Blue point
corresponds to a predicted location generated from a bootstrap, red marks true geographic
location of sample and black shows region where 95% of bootstrap prediction occurred.
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Figure S6. The proportion of the genome identified as introgressed in each wild individual
compared to the number of introgressed segments identified in each sample.
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Figure S7. Introgressed segments are shown for WBDC355 (OUH602). Red segments are
introgressed regions from domesticated accessions, and light blue segments have wild ancestry.
The dot represents centromeres for each chromosome. Annotations are gene name abbreviations
(Table S2) when domestication-related genes overlap introgressed regions.
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